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Abstract

Bifrontal transcranial direct current stimulation (tDCS), with the anodal electrode overlying the right and the cathodal electrode
overlying the left dorsolateral prefrontal cortex, has been shown to suppress tinnitus significantly in 30% of patients. The source
localized resting-state electrical activity is recorded before and after bifrontal tDCS in patients who respond to tDCS to unravel the
mechanism by which tDCS suppresses tinnitus. The present electroencephalography study (N = 12) provides support for the ability
of bifrontal tDCS to suppress tinnitus intensity and tinnitus-related distress by modulation of the pregenual anterior cingulate cortex,
parahippocampal area and right primary auditory cortex in resting-state spontaneous brain activity. These findings provide direct
support for tDCS having an impact not only directly on the underlying dorsolateral prefrontal cortex but also indirectly on functionally

connected brain areas relevant for tinnitus distress and tinnitus intensity, respectively.

Introduction

Tinnitus is a common and disturbing symptom, characterized by the
perception of sound or noise in the absence of an external auditory
stimulus. Ten to fifteen percent of the Western population perceives
tinnitus continuously (Axelsson & Ringdahl, 1989). This auditory
phantom percept is often associated with symptoms such as anxiety
(Langguth et al.,, 2007), depression (Langguth ef al., 2007), sleep
disturbances (Cronlein et al., 2007) and distress (Scott & Lindberg,
2000).

Recently, transcranial direct current stimulation (tDCS) has been
reintroduced as a non-invasive procedure of cortical stimulation
(Nitsche & Paulus, 2000; Nitsche eral, 2001; Vanneste &
De Ridder, 2011). When tDCS is applied in humans, a relatively
weak constant direct current is passed through the cerebral cortex via
scalp electrodes (Nitsche & Paulus, 2000). Depending on the polarity
of the stimulation, tDCS can increase or decrease cortical excitability
in the brain regions to which it is applied (Nitsche & Paulus, 2000).
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 (Dymond et al., 1975).
Anodal tDCS typically has an excitatory effect on the underlying
cerebral cortex by depolarizing neurons, whereas the opposite occurs
under the cathode due to induced hyperpolarization (Nitsche &
Paulus, 2001; Nitsche et al., 2003). This effect of tDCS typically
outlasts the stimulation by an hour or longer after a single treatment
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session of sufficiently long stimulation duration (Nitsche & Paulus,
2000, 2001).

Several tDCS studies targeting the dorsolateral prefrontal cortex
(DLPFC) demonstrated clinically beneficial results in treating major
depression (Fregni et al., 2006a), as well as reducing impulsiveness
(Beeli et al., 2008) and modulating the emotional response to pain-
related pictures (Boggio et al., 2009). In a recent study (Fregni et al.,
2006b), it was demonstrated that not only auditory cortex tDCS can
modulate tinnitus perception but also bifrontal tDCS, placing the
anodal electrode on the scalp overlying the right DLPFC and the
cathodal electrode overlying the left DLPFC (Vanneste et al., 2010b).
However, in only 30% of patients does it exert a tinnitus-suppressing
effect (Vanneste et al., 2010b).

Although the clinical and functional changes induced by tDCS have
been pursued, little is known about the underlying neurophysiological
mechanisms. Such knowledge could lead to a better understanding of
the working mechanism of tDCS as well as of the neurobiology of
different pathologies in general and tinnitus in particular.

The eftect of bifrontal tDCS on tinnitus intensity might be mediated
via the DLPFC’s inhibitory modulation of the auditory cortex (Knight
et al., 1989), which is involved in tinnitus intensity coding (van der
Loo et al., 2009), whereas tinnitus-related distress might be more
directly suppressed via its local activity analogous to what has been
observed in depression (Fregni et al., 2006a). However, if tDCS and
transcranial magnetic stimulation share some commonality in their
working mechanism, an alternative hypothetical explanation for the
observed effect might be related to a modulation of neural activity in the
rostral or pregenual anterior cingulate cortex (prACC), which deter-
mines whether transcranial magnetic stimulation on the auditory cortex
results in successful tinnitus distress suppression (Plewnia ez al., 2006).
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In order to understand how frontal tDCS modulates an auditory
phantom percept, this present study probes the neurophysiological
differences before and after tDCS in a group of patients with tinnitus
who are known to respond in a single-blinded placebo-controlled way
to bifrontal tDCS. We used electroencephalography (EEG) recordings
to localize the cortical sources of resting-state electrical brain activity
associated with a clinical tinnitus reduction induced by bifrontal tDCS.

Materials and methods
Patients

Twelve subjects suffering from chronic tinnitus participated in the
study (nine males, three females). The mean age was 50.45 years
(range 41-56 years) and the mean tinnitus duration was 4.75 years
(SD 1.02 years). Subjects were included if they had already responded
to bifrontal tDCS a minimum of 4 months before the study started and
had suppression of a minimum of 25% on both tinnitus perception
(‘How loud is your tinnitus?’) and tinnitus distress (‘How distressful is
your tinnitus?’), and had no placebo response during the sham
stimulation. These patients were selected from a database of 100
patients of whom 29 patients were responders to tDCS. Twelve
patients were willing to collaborate in this study.

Of the 12 patients, three reported dominant left, seven bilaterally
equal and two dominant right lateralized tinnitus. Seven subjects
reported narrow-band noise tinnitus and five reported pure-tone
tinnitus.

The study protocol has been approved by the Antwerp University
Hospital IRB (‘Comité voor medische ethiek’).

Transcranial direct current stimulation

Direct current was transmitted by a saline-soaked pair of surface
sponges (35 cm?) and delivered by a specially developed, battery-
driven, constant current stimulator with a maximum output of 10 mA
(Neuroconn; http://www.neuroconn.de/). For each patient receiving
tDCS the negative electrode (cathode) was placed over the left DLPFC
and the positive electrode (anode) 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. For sham tDCS, placement
of the electrodes was identical to real tDCS. Direct current was first
switched on in a ramp-up fashion over 5 s. Current intensity (ramp
down) was gradually reduced (over 5 s) as soon as the direct current
reached a current flow of 1.5 mA. Hence, sham tDCS only lasted 10 s.
The rationale behind this sham procedure was to mimic the transient
skin sensation at the beginning of real tDCS without producing any
conditioning effects on the brain. The order of the sham and real tDCS
was randomized over the different patients. There was 1 week
between the two stimulations. Only patients were blinded to the
stimulation design (i.e. single blinded).

A visual analogue scale for tinnitus perception (‘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 used before (pre) and directly after (post) tDCS
stimulation.

For comparing pre- and post-tDCS results on tinnitus perception
and tinnitus distress, a Wilcoxon signed rank test (one-tailed) was
performed as our results were not normally distributed due to the small
sample size. A similar analysis was performed comparing pre-tDCS
results of the current study with the results obtained in the same
patients 4 months previously as well as post-tDCS results for both

tinnitus intensity and tinnitus distress. In addition, Pearson correlations
were also calculated between the amount of suppression (pre-tDCS —
post-tDCS) in the current study and the results obtained 4 months
previously.

Electroencephalography recording

The EEG recordings (Mitsar-201, NovaTech, http://www.novate-
cheeg.com/) were obtained in a fully lighted room with each
participant sitting upright on a small but comfortable chair. The
actual recording lasted approximately 5 min. The EEG was sampled
with 19 electrodes (Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8,
P7, P3, Pz, P4, P§, O1 and O2) in the standard 10/20 international
placement, referenced to linked ears and impedances were checked to
remain below 5 kQ. Data were collected with the 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 244 Hz and subsequently transposed into EUREKA! Software
(Congedo, 2002), plotted and carefully inspected for manual artifact
rejection (i.e. episodic artifacts including eye blinks, eye movements,
teeth clenching, body movement or electrocardiography artifact). In
addition, an independent component analysis (ICA) was conducted to
further verify whether all artifacts were excluded. To investigate the
effect of possible ICA component rejection, we compared the power
spectra in two approaches: (i) after visual artifact rejection only
(before ICA) and (ii) after additional ICA component rejection (after
ICA). To test for significant differences between the two approaches
we performed a repeated-measure ANOVA, considering the mean band
power as the within-subject variables. Average Fourier cross-spectral
matrices were computed for the bands delta (2-3.5 Hz), theta (4—
7.5 Hz), alphal (8-10 Hz), alpha2 (10-12 Hz), betal (13-18 Hz),
beta2 (18.5-21 Hz), beta3 (21.5-30 Hz) and gamma (30.5-44 Hz).
We then computed the discrete frequencies between 2 and 44 Hz. The
EEG was recorded before the real or sham stimulation and immedi-
ately (i.e. 1 min) after real or sham tDCS with associated reporting of
the tinnitus perception and tinnitus distress.

Source localization

Standardized low-resolution brain electromagnetic tomography (sLO-
RETA) was used to estimate the intracerebral electrical sources that
generated the scalp-recorded activity in each of the eight frequency
bands (Pascual-Marqui, 2002). sLORETA computes the electric
neuronal activity as current density (A/rnz) without assuming a pre-
defined number of active sources. The sLORETA solution space
consists of 6239 voxels (voxel size 5 X 5 X 5 mm) and is restricted to
the cortical gray matter and hippocampi, as defined by the digitized
Montreal Neurological Institute 152 template (Fuchs et al., 2002).
Scalp electrode coordinates on the Montreal Neurological Institute
brain are derived from the international system (Jurcak et al., 2007).
The tomography of sLORETA has received considerable validation
from studies combining LORETA with other more established
localization methods, such as functional magnetic resonance imaging
(Vitacco et al., 2002; Mulert et al., 2004), structural magnetic
resonance imaging (Worrell et al, 2000) and positron emission
tomography (Dierks et al., 2000; Pizzagalli ef al., 2004; Zumsteg
et al., 2005). Further sSLORETA validation has been based on
accepting as the ground truth the localization findings obtained from
invasive, implanted depth electrodes, for which there are several
studies in epilepsy (Zumsteg et al., 2006a,c) and cognitive event-
related potentials (Volpe et al., 2007). It is worth emphasizing that
deep structures such as the anterior cingulate cortex (Pizzagalli et al.,
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2001) and mesial temporal lobes (Zumsteg et al., 2006b) can also be
correctly localized with these methods.

Connectivity

Brain connectivity can refer to a pattern of anatomical links
(‘anatomical connectivity’), statistical dependencies (‘functional con-
nectivity’) or causal interactions (‘effective connectivity’) between
distinct units within a nervous system (Honey et al, 2007). The
present research focuses on functional connectivity, which captures
deviations from statistical independence between distributed and often
spatially remote neuronal units. Statistical dependence may be
estimated by measuring the correlation or covariance, spectral
coherence or phase-locking (Sporns & Kotter, 2004; Sporns et al.,
2004; Friston, 2005).

Coherence and phase synchronization between time series corre-
sponding to different spatial locations are usually interpreted as
indicators of the ‘connectivity’. However, any measure of dependence
is highly contaminated with an instantaneous, non-physiological
contribution due to volume conduction (Pascual-Marqui, 2007b).
However, Pascual-Marqui (2007a) introduced a new technique (i.e.
Hermitian covariance matrices) that removes this confounding factor.
As such, this measure of dependence can be applied to any number of
brain areas jointly, i.e. distributed cortical networks, the activity of
which can be estimated with SLORETA. Measures of linear depen-
dence (coherence) between the multivariate time series are defined.
The measures are expressed as the sum of lagged dependence and
instantaneous dependence. The measures are non-negative, and take
the value zero only when there is independence and are defined in the
frequency domain: delta (2-3.5 Hz), theta (4-7.5 Hz), alphal (8—
10 Hz), alpha2 (10-12 Hz), betal (13-18 Hz), beta2 (18.5-21 Hz),
beta3 (21.5-30 Hz) and gamma (30.5-45 Hz). Based on this principle,
the lagged linear connectivity was calculated. The regions of interest
were for the DLPFC [Brodmann Area (BA) 9 and BA46)] (Vanneste
et al., 2010b), prACC (left and right BA24, and left and right BA32)
(Schlee et al., 2009), left and right parahippocampus (PHC) (BA27
and BA29) (Vanneste et al., 2010a, 2011) and right primary auditory
cortex (Al) (Weisz et al., 2007). These regions of interest were
defined based on previous literature (Weisz et al., 2007; Schlee et al.,
2009; Vanneste et al., 2010a,c, 2011) as well as on the source
localized EEGs.

Source analysis

In order to identify potential differences in brain electrical activity
between conditions, SLORETA was then used to perform voxel-by-
voxel between-condition comparisons of the current density distribu-
tion. Non-parametric statistical analyses of functional sLORETA
images (statistical non-parametric mapping) were performed for each
contrast employing a f-statistic for paired groups and corrected for
multiple comparisons (P < 0.05). As explained by Nichols & Holmes
(2002), the statistical non-parametric mapping methodology does not
require any assumption of Gaussianity and corrects for all multiple
comparisons. We performed one voxel-by-voxel test (comprising 6239
voxels each) for the different frequency bands.

Region of interest

Furthermore, the log-transformed electric current density was aver-
aged across all voxels belonging to the region of interest, for DLPFC
(BA9 and BA46), respectively, left and right separately for the delta
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(2-3.5 Hz), theta (4-7.5 Hz), alphal (8-10 Hz), alpha2 (10-12 Hz),
betal (13-18 Hz), beta2 (18.5-21 Hz), beta3 (21.5-30 Hz) and
gamma (30.5-45 Hz) frequency band.

For comparing pre- and post-tDCS log-transformed current densi-
ties, a Wilcoxon signed rank test was performed as our results were
not normally distributed due to the small sample size.

The log-transformed electric current density was also averaged
across all voxels belonging to the region of interest, for left and right
DLPFC (BA9 and BA46) (Vanneste et al., 2010b), prACC (left and
right BA24, and left and right BA32) (Schlee et al., 2009), left and
right PHC (BA27 and BA29) (Vanneste et al., 2010a, 2011) and the
right A1 (Weisz et al., 2007) separately for all discrete frequencies
between 2 and 44 Hz.

Pearson autocorrelations were calculated for, respectively, the left
and right DLPFC before and after tDCS. Further Pearson cross-
correlations were calculated between the right DLPFC and, respec-
tively, the prACC, left and right PHC, and right Al.

Results
Transcranial direct current stimulation results

A comparison was made between pre-sham and pre-real tDCS for,
respectively, tinnitus perception [Z(12) = —0.81, P = 0.42; pre-real
tDCS, M = 6.83, SD 1.52 vs. pre-sham tDCS, M = 7.17, SD 1.19] and
tinnitus distress [Z(12) = —1.13, P = 0.26; pre-real tDCS, M = 7.29,
SD 1.17 vs. pre-sham tDCS, M =7.54, SD 0.98] indicating no
significant differences. As pre-sham and pre-real tDCS do not differ,
we combined them into one baseline score for, respectively, tinnitus
perception and tinnitus distress.

The analysis indicated a significant effect for tinnitus perception
[Z(12) = =3.09, P <0.01] and tinnitus distress [Z(12) = -3.07,
P < 0.01] (see Fig. 1). Comparing baseline with post-real tDCS, an
improvement was demonstrated for tinnitus perception of 41.67% and
tinnitus distress of 43.20%. A comparison between baseline and post-
sham tDCS yielded no significant effect for both tinnitus perception
[Z(12) = -0.38, P=0.56] and tinnitus distress [Z(12)= —0.71,
P =0.56], whereas a comparison between post-real and post-sham
tDCS yielded a significant effect for both tinnitus perception
[Z(12) = =3.10, P <0.01] and tinnitus distress [Z(12) = -2.81,
P < 0.01]. All patients showed a reduction of a minimum of 25%
on both tinnitus perception and tinnitus distress when comparing post-
real tDCS with post-sham stimulation. The effect of the real tDCS

109 m Baseline
W Post-real tDCS
97 m Post-sham tDCS

Visual analogue scale

Tinnitus perception

Tinnitusdistress

F1G. 1. Baseline, post-real tDCS and post-sham tDCS visual analogue scale
for tinnitus perception and tinnitus distress (**P < 0.01).
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remained for between a minimum of 18 h and a maximum of 62 h,
with a mean duration of 24 h.

The patients’ baseline scores for tinnitus perception (M = 7.00, SD
1.34) and tinnitus distress (M = 7.42, SD 1.24) did not differ in a
significant way in comparison to the baseline scores 4 months
previously for, respectively, tinnitus perception (M = 6.86, SD 1.21)
and tinnitus distress (M = 7.33, SD 1.61) [Z(12) = —0.45, P = 0.65
and Z(12) = -0.27, P=0.78]. No significant differences were
obtained post-real tDCS between tinnitus perception (M = 4.08, SD
1.73) and tinnitus distress (M = 14.17, SD 1.91) in comparison to their
post-real tDCS scores 4 months previously for perception (M = 433,
SD 1.50) and tinnitus distress (M = 4.50, SD 1.68), respectively
[Z(12) = =1.34, P = 0.18 and Z(12) = —1.61, P = 0.11]. In addition, a
correlation showed that the amount of suppression for tinnitus
perception (r=0.78, P <0.01) and tinnitus distress (r = 0.67,
P <0.05) in this study strongly correlated with the amount of
suppression obtained 4 months previously.

Pre- vs. post-real transcranial direct current stimulation source
analysis

Source analysis revealed a significant increase of alpha 1 activity after
tDCS in the prACC in comparison to pre-tDCS (see Fig. 2).
Significantly decreased activity was also found for beta3 and gamma
in the right Al and the inferior primary somatosensory cortex post-

tDCS in comparison to pre-tDCS (see Fig. 2). Table 1 shows the
significant voxels, respectively, for alphal, beta3 and gamma
frequency bands when comparing post-tDCS minus pre-tDCS. No
significant effects were obtained for delta, theta, alpha2, betal and
beta2.

Region of interest analysis: dorsolateral prefrontal cortex

A region of interest analysis revealed a significant decrease in current
density for the left DLPFC after tDCS in comparison to pre-tDCS
[Z(12) = =2.04, P < 0.05 for BA9 and Z(12) = -2.22, P < 0.05 for
BAA46] (see Fig. 3). In contrast, a region of interest analysis revealed a
significant gamma increase in current density for the right DLPFC
after tDCS in comparison to pre-tDCS [Z(12) = 1.91, P = 0.05 for
BA9 and Z(12) =2.04, P<0.05 for BA46] (see Fig. 3). No
significant differences were found for the other frequency bands,
namely delta, theta, alphal, alpha2, betal, beta2 and beta3.

Functional connectivity

For the theta frequency band, increased lagged phase synchronization
(functional connectivity) was found between the right DLPFC and,
respectively, the left and right PHC and the right A1 when comparing
post-real tDCS with pre-real tDCS (see Fig. 4A). Increased theta

Alpha1 (8-10 Hz)

(2]

+Sem (X))

Gamma (30.5-44 HZ)
A

=10

[Y) 45 0

=5 1] +5cm [X)

+5cm (K]

F1G. 2. Results for sSLORETA analysis indicating significant increased synchronized activity in the prACC for the alpha 1 frequency band (8—-10 Hz; top panel), and
decreased synchronized activity in the A1 for the beta3 (21.5-30 Hz; middle panel) and gamma (30.5-44 Hz; bottom panel) frequency bands when comparing pre-

real and post-real tDCS.
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TABLE 1. Significant voxels and Montreal Neurological Institute coordinates
for, respectively, alphal, beta3 and gamma frequency bands when comparing
pre-real and post-real tDCS

Voxel Brodmann
X Y Z value area Name
Alphal -5 35 10 1.97 24 prACC
-5 30 15 1.95 24 prACC
-5 35 5 1.93 24 prACC
-5 35 15 1.92 24 prACC
0 30 15 1.92 24 prACC
-5 25 15 1.92 24 prACC
0 35 10 1.91 24 prACC
Beta3 65 =30 35 -2.35 40 Right A1l
65 =30 30 -2.34 40 Right A1
60 -30 30 -2.34 40 Right Al
60 =30 35 -2.35 40 Right A1
55 -30 30 -2.33 40 Right Al
65 -35 30 -2.32 40 Right Al
65 -35 35 -2.32 40 Right A1
60 -35 30 -2.31 40 Right A1
55 -30 35 -2.31 40 Right Al
55 =30 25 -2.31 40 Right A1
50 -30 30 -2.31 40 Right Al
60 -30 25 -2.30 40 Right A1l
65 -30 40 -2.30 40 Right Al
65 -25 35 -2.30 2 Right S1
Gamma 65 =25 40 -3.52 2 Right S1
65 =25 35 -3.48 2 Right S1
65 =20 40 -3.47 1 Right S1
65 -30 40 -3.46 40 Right A1l
65 =20 35 -3.44 1 Right S1
60 =25 40 —3.44 3 Right S1
65 -30 35 -3.43 40 Right Al
60 =25 35 -3.42 2 Right S1
60 -20 40 -3.40 4 Right M1

Alphal, 8-10 Hz; beta, 21.5-30 Hz; gamma, 30.5-45 Hz; S1, primary sensory
cortex; M1, primary motor cortex.
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F1G. 3. Region of interest analysis for the left and right DLPFC pre-real and
post-real tDCS for the gamma band frequency (*P < 0.05).

functional connectivity was also found between the left PHC and,
respectively, the left DLPFC and the prACC. For the gamma
frequency band, decreased functional connectivity was found between
the right DLPFC and the left DLPFC, prACC, right Al and left and
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right PHC comparing post-real tDCS with pre-real tDCS (see Fig. 4b).
Decreased gamma functional connectivity was also found between the
left DLPFC and the left PHC and prACC, and between the right Al
and the right PHC and the prACC.

Autocorrelation of the dorsolateral prefrontal cortex

Autocorrelations were very similar between the left and right DLPFC
before tDCS, with high correlations between all frequencies within the
2-20 Hz range, and between all frequencies within the 20-45 Hz
range (see Fig. 5). Correlations higher than 0.40 or lower than —0.40
were significant (P < 0.05).

In comparison to pre-tDCS, post-tDCS correlations between current
densities for 2-20 Hz were decreased, for both the left and right
DLPFC. High-frequency current density correlations were less
attenuated.

Cross-correlation between the dorsolateral prefrontal cortex
and, respectively, the pregenual anterior cingulate cortex, left
parahippocampus, right parahippocampus and right primary
auditory cortex

Before tDCS, the right and left PHC and A1 demonstrated very similar
correlated activity with the right DLPFC, except for less correlated
activity between low frequencies (2—-10 Hz) of the DLPFC and high
frequencies (3045 Hz) of Al (see Fig. 6). Correlations higher than
0.40 or lower than —0.40 were significant (P < 0.05). Correlated
activity between the right DLPFC and prACC was almost an
autocorrelation except for less correlated activity between low
frequencies (2—10 Hz) of the DLPFC and high frequencies (30—
45 Hz) of prACC. There was highly correlated activity between the
beta band of the DLPFC and low gamma band activity of the prACC.

Bifrontal tDCS seemed to only exert minimal changes in the low-
frequency correlated activity between the DLPFC and PrACC, but a
theta (DLPFC) and beta (PrACC) disengagement post-real tDCS in
comparison to pre-real tDCS was also noted.

The most striking finding, however, between pre- and post-tDCS
was the similarity between the effect exerted by DLPFC tDCS on the
right PHC and right A1 current densities, and the difference between
the effect on the left and right PHC. More specifically, for the right
PHC and right Al, only delta correlations and gamma correlated
activity remained, with some beta—gamma correlated activity. For the
PHC, bifrontal tDCS had a more pronounced impact on the left PHC
in comparison to the right PHC. Post-tDCS, almost all activity
between the DLPFC and left PHC became decorrelated, mostly
between theta activity in the DLPFC and all activity in the left PHC.
This same pattern of DLPFC theta decorrelation was noted to all other
frequencies in the prACC, right PHC and right Al.

Comparing post-real tDCS with pre-real tDCS, a general trend was
visible with decorrelated current density activity between theta for one
region (respectively, prAAC, left and right PHC, and right A1 with
right DLPFC and vice versa) and the higher frequency bands
(respectively, prAAC, left and right PHC, and right Al with right
DLPFC and vice versa).

Pre- vs. post-sham transcranial direct current stimulation
electroencephalography source analysis

The EEG source analysis revealed no significant effect post-sham
tDCS in comparison to pre-sham tDCS for delta, theta, alphal, alpha2,
betal, beta2, beta3 and gamma.
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FIG. 4. Functional connectivity for the theta (A) and gamma (B) frequency bands when comparing pre-real and post-real tDCS. The red color shows increased
connectivity, whereas the blue color shows decreased activity. A, anterior; L, left; P, posterior; R, right; S, superior. For interpretation of color references in figure

legend, please refer to the Web version of this article.

Discussion

In the present work we demonstrated that, when electrodes are
placed over the DLPFC (the anodal electrode overlying the right
and the cathodal electrode overlying the left DLPFC), suppression
of tinnitus intensity and tinnitus-related distress can be obtained
associated with changes in spontaneous regional brain activity.
More precisely, we found increased activity in the prACC for the
alphal frequency band and decreased activity in the right Al for
the beta3 and gamma frequency band after real tDCS in
comparison to pre-treatment. Furthermore, a region of interest
analysis revealed for gamma activity an increase in the right
DLPFC and a decrease in the left DLPFC after real tDCS. A
comparison between pre- and post-sham tDCS revealed no
significant differences in brain activity, suggesting that sham
stimulation exerted no effect on brain activity.

In addition, connectivity analysis revealed a general decrease in
gamma functional connectivity between the DLPFC, prACC, left and
right PHC, and the right A1 when comparing post-real tDCS with pre-
real tDCS. An opposite trend was found for theta connectivity, i.e. a

general increase in functional theta connectivity between the DLPFC,
prACC, left and right PHC, and the right A1 when comparing post-
real tDCS with pre-real tDCS.

Autocorrelations for, respectively, the left and right DLPFC further
revealed a decorrelation for low-frequency interspectral current
density activity post-real tDCS in comparison to pre-real tDCS.
Cross-correlations revealed disengagement between theta and, respec-
tively, alpha and beta for the right DLPFC and, respectively, the
prACC, left and right PHC and the right A1, and vice versa.

Pregenual anterior cingulate cortex, dorsolateral prefrontal
cortex

Our results indicate that the spontaneous activity changes not only in
the DLPFC but also in other brain areas such as the prACC and right
Al. This is in accordance with a recent bifrontal tDCS study that
revealed differences in current densities directly under the electrodes
as well as in other brain structures (Sadleir ef al., 2010) functionally
and topologically connected to the stimulated area (Polania et al.,
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FIG. 5. Autocorrelations for log-transformed current density in the left and right DLPFC from 2 to 44 Hz (» > 0.40 is significant, P < 0.05).

2011). The DLPFC has reciprocal anatomical connections to the
prACC (Pandya et al., 1981; Vogt & Pandya, 1987; Yukie & Shibata,
2009), which has anatomical connections to the posterior parahippo-
campal area (Yukie & Shibata, 2009) and auditory cortex (Yukie &
Shibata, 2009), permitting lagged phase functional connectivity
changes within these areas.

Our results are in accordance with a previous study revealing that
cathodal tDCS significantly decreased, whereas anodal tDCS slightly
increased gamma frequency powers (Antal et al., 2004). In addition,
autocorrelations further demonstrated a desynchronization for inter-
spectral current density correlations and disengagement between the
frequency bands post-tDCS in comparison to pre-tDCS for the left and
right DLPFC. The modulation of gamma oscillatory activity in the
DLPFC has been closely related to several cognitive and behavioral
processes (Farzan et al., 2010).

After bifrontal tDCS, increased alpha activity was found in the
prACC. Increased alpha activity has been found to correlate with
reduced levels of anxiety (Cahn & Polich, 2006). The prACC has
been implicated as the affective subdivision of the anterior
cingulate cortex and a key target for antidepressant drugs (Bush
et al., 2000; Freedman et al., 2000; Barbas et al., 2003). This area
is an important component of a network for mood regulation and
related functions (Mayberg, 1997; Bush ef al, 2000; Freedman
et al., 2000; Barbas et al., 2003). The prACC is a key marker of
therapeutic response in depression treatment, including pharmaco-
therapy (Mayberg, 1997, Mulert ef al, 2007) and deep brain
stimulation (Mayberg et al., 2005). Its activity also predicts the
amount of tinnitus distress reduction with transcranial magnetic
stimulation targeting the superior temporal gyrus (Plewnia ef al.,
2006). 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 (Elithorn, 1953; Beard, 1965). Therefore, modulating
the frontal cortex by tDCS could influence the emotional

component by similar mechanisms, albeit less invasive and less
destructive.

Auditory cortex and parahippocampal cortex

Bilateral tDCS of the DLPFC might exert its tinnitus-suppressing
effects via a combination of mechanisms, modulating both tinnitus
intensity and tinnitus distress: tinnitus intensity by modulating gamma
band activity in the auditory cortex (van der Loo et al., 2009), and
tinnitus distress by mediating an alpha-oscillation-controlled network
consisting of the PHC, subgenual anterior cingulate cortex, amygdala
and insula and associated beta activity in the dorsal anterior cingulate
cortex (Vanneste et al., 2010a). The DLPFC is connected with the
ipsilateral auditory cortex via the PHC (Grunwald et al, 2003;
Boutros et al., 2005, 2008; Korzyukov et al., 2007), and the PHC is
involved in sensory gating (Boutros ef al, 2008), i.e. reducing
redundant or irrelevant auditory input.

Both animal and human invasive electrophysiological recordings in
the PHC and hippocampus demonstrated that auditory sensory gating
is mediated by a network, which includes the auditory cortex,
cingulate cortex, prefrontal cortex and PHC (Grunwald ef al., 2003;
Boutros ez al., 2005, 2008; Korzyukov et al., 2007). Our connectivity
results demonstrate that the gamma connectivity between the right
DLPFC, PHC and auditory cortex decreased, whereas theta connec-
tivity between these areas increased after tDCS. It is therefore possible
that bifrontal tDCS induces parahippocampal sensory gating, and
thereby modulates auditory cortex activity. A recent study demon-
strated that tinnitus intensity is related to gamma band activity in the
contralateral auditory cortex (van der Loo ez al., 2009). As bifrontal
tDCS can suppress beta3 and gamma activity in A1, tDCS might have
a direct or indirect effect on the tinnitus intensity. If unilateral tinnitus
indeed originates from the contralateral auditory cortex gamma band
activity, it is expected that tDCS with right anodal and left cathodal
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Pre-real tDCS DLPFC CD

PHC left CD prACC CD

PHC right CD

Al right CD

2 a1

Post-real tDCS DLPFC CD

——

F1G. 6. Correlations for the log-transformed current density between the right DLPFC and, respectively, the prACC, left PHC, right PHC and A1l from 2 to 44 Hz.
Left column demonstrates the current density (CD) correlations between the right DLPFC and PrACC, right DLPFC and left PHC, right DLPFC and right PHC, and
right DLPFC and right Al. Right column demonstrates the CD correlations between the right DLPFC and PrACC, left and right PHC, and right Al after anodal

tDCS over the right DLPFC (r > 0.40 is significant, P < 0.05).

DLPFC stimulation would better suppress left-sided than right-sided
tinnitus. This hypothesis was indeed confirmed in a previous bifrontal
tDCS with the same stimulation protocol (Vanneste et al., 2010a).

Autocorrelations and cross-correlations

As bifrontal tDCS decorrelates activity in the DLPFC and between the
ACC, PHC, Al and DLPFC between theta and alpha and beta might
influence long-range connectivity. tDCS induces a lagged phase
desynchronization of gamma band activity and increased lagged phase
synchronization of the theta band. It is conceivable that bifrontal tDCS
induces a cross-frequency decoupling between the DLPFC, PHC and
Al. It has been shown that cross-frequency coupling of beta/gamma
to theta phase is important for working memory (Axmacher et al.,
2010) and bifrontal tDCS can modulate working memory (Fregni

et al., 2005; Boggio et al., 2006). Studies in the visual field further
revealed that both perceived and non-perceived visual stimuli cause a
similar increase of gamma oscillations in the EEG, but only perceived
stimuli induce a transient long-distance synchronization of gamma
oscillations across widely separated regions of the brain (Melloni
et al., 2007; Gaillard et al., 2009). In addition, only visual stimuli that
are consciously perceived induce enhanced theta oscillations over
frontal regions and demonstrate an increase of the P300 component of
the event-related potential, and an increase in power and phase
synchrony of gamma oscillations (Melloni et al., 2007). The question
arises whether an analogous mechanism might occur in the auditory
system. The P300 seems to interrupt and reset ongoing activity to what
is being processed in the DLPFC, or in working memory (Manes
et al., 2002). It is therefore hypothetically conceivable that bifrontal
tDCS modulates the tinnitus percept by cross-frequency decoupling in
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the theta—beta/gamma network. However, further research is needed
to confirm or disprove this hypothesis.

Conclusion

In conclusion, the present EEG study provides support that bifrontal
tDCS with the anodal electrode overlying the right DLPFC and the
cathodal electrode overlying the left DLPFC can suppress tinnitus
intensity and tinnitus-related distress transiently. Bifrontal tDCS
modulates the prACC, PHC areas and right Al in resting-state
spontaneous neuronal activity. These findings provide direct support
that tDCS has an impact not only directly on the underlying DLPFC
but also indirectly on other brain areas relevant for, respectively,
tinnitus distress and tinnitus intensity.
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