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Abstract

Chronic tinnitus, the continuous perception of a phantom sound, is a highly prevalent audiological symptom. A promising
approach for the treatment of tinnitus is repetitive transcranial magnetic stimulation (rTMS) as this directly affects tinnitus
related brain activity. Several studies indeed show tinnitus relief after rTMS, however effects are moderate and vary strongly
across patients. This may be due to a lack of knowledge regarding how rTMS affects oscillatory activity in tinnitus sufferefs
and which modulations are associated with tinnitus relief. In the present study we examined the effects of five different
stimulation protocols (including sham) by measuring tinnitus loudness and tinnitus-related brain activity with
Magnetoencephalography before and after rTMS. Changes in oscillatory activity were analysed for the stimulated auditofy
cortex as well as for the entire brain regarding certain frequency bands of interest (delta, theta, alpha, gamma). In line wit|
the literature the effects of rTMS on tinnitus loudness varied strongly across patients. This variability was also reflected in the
ITMS effects on oscillatory activity. Importantly, strong reductions in tinnitus loudness were associated with increases |n
alpha power in the stimulated auditory cortex, while an unspecific decrease in gamma and alpha power, particularly in lef
frontal regions, was linked to an increase in tinnitus loudness. The identification of alpha power increase as main correlate
for tinnitus reduction sheds further light on the pathophysiology of tinnitus. This will hopefully stimulate the development
of more effective therapy approaches.
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Introduction animals and humans demonstrate that the tinnitus sensation is
o . o ) ) associated with hyperactivity in subcortical and cortical auditory
Tinnitus is defined as the subjective perception of a sound in thgain structures. This hyperactivity is reflected in an enhanced
absence of any physical sound source. If persisting longer thangontaneous firing rate [12—14], elevated bursting activity [13,15]
certain amount of time, conventionally between six and twelveynq increases in neural synchrony that have been shown to
months, it is usually regarded as ‘chronic’, reflecting Cli“ica|correspond closely to hearing loss [16]. Roberts et al. (2010)

experience that the phantom sound will persist. Chronic tinnitus ispostulate that, among these processes, the increase in neural

a common phenomenon with a prevalence of 5-15% of thegynchrony seems to be most relevant for the actual generation of
population in western societies [1,2]. In 1-3% of the population

e . > ; . ! ) -~ tinnitus as it has the potential to impact postsynaptic targets and
tinnitus is associated with severe distress including psychiatiger it cortical and downstream neurons into a tinnitus percept.
problems (e.g., depression), sleep disturbances, concentratigfs gle of altered synchrony in tinnitus is strongly supported by

problems or work impairment [1]. To date, there is no effective gy,jies that report changes in oscillatory brain activity associated

treatment that reliably eliminates tinnitus [1], partly because thew'th tinnitus [7,17-19] on a subcortical and cortical level. On a

processes that generate and maintain tinnitus and its assoclatgfly - rical level, for instance, abnormal low-frequency activity in

problems are not_ cc_;mpl_etely underst_ood. A broao_l CONSENSUy o thalamus can lead to disturbances in the thalamo—cortico—
however, is that tinnitus is generated in central brain structure

ther than in th ioheral audit ; Evid fhalamic network (thalamocortical dysrhythmia, TCD) and
rather than in the peripheral auditory system. Lvidence Come?hereby influence perception [20]. On the cortical level it has

from clinical s_tudies showing that the tin_nitus percept persists EV&een shown that oscillatory activity in the so-called alpha band (8—
aftler tran;sectlon (f th_f agdnory n(_er;/edflb_rtis [3;’4]' f hai ﬂZ Hz), which has been related to inhibitory processes [21], is
N most cases, Unnitus 1S associated with a damage of hair Cepgy,,caq jn the auditory cortex of tinnitus patients [10]. Power

in the inner ear [5,6], resulting in pathological neuronal activity in increases were found for low frequencies in the delta [10] to theta

central structures [7-10]. Various neurophysiological processes f nge [20,22,23,24] and in gamma power compared to normal

different levels of the auditory system that are elicited by hearin .
A . - ring controls [7,18,25].

loss have been suggested as being involved in the generation 0O . S .

A promising treatment approach for chronic tinnitus is

tinnitus [9]. Hearing loss, for instance, results in a loss of inhibitio . . . ; .
and a reorganisation of the tonotopic map [11,1]. Studies inn[ranscramal magnetic stimulation (TMS) [26,27] as this affects
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brain activity directly, thereby holding the potential to influence 2. Experimental Design

abnormal ongoing brain activity related to tinnitus. Particularly  patients underwent five sessions of rTMS, including the
in its repetitive form (rTMS; [28,29]), it has been shown (mostlymeasurement of tinnitus loudness and brain activity with MEG
in the motor system) that stimulation-induced changes obefore and after rTMS, resulting in a dataset of 100 MEG and
excitability and plasticity outlast the period of stimulation. A 100 tinnitus loudness measurements(@g2). In the five sessions,
growing number of studies indeed point to tinnitus relief after afive different rTMS protocols were applied, with a minimum
series of ten ITMS sessions (for an overview see [30]), witlhterval of one week between sessions and using a randomized,
effects lasting for up to four years [31]. However, the effectsingle-blind, placebo-controlled design. For an overview of the
show great interindividual variability [27,32] and only moderate study design, see Figure 1.

effect sizes [33]. Only few studies have investigated the effects of

rTMS on auditory cortical activity in tinnitus sufferers and 3 Measurement of Tinnitus Loudness

which aspects of these modulations are relevant for tinnitus gefore the first and after the second MEG recording, patients

relief. In a previous study, we were able to demonstrate thajyere asked to match the loudness of their tinnitus to a reference
various forms of single session rTMS (particularly cTBS, iTBSgne of 1 kHz (tinnitus intensity matching; TIM). This procedure

and 1Hz rTMS) could reduce the auditory Steady State considers the absolute hearing threshold of the 1-kHz tone so that
Response (aSSR), which is in turn correlated with subjectivelyhe matched tinnitus intensity is expressed in ‘sensation level'.
perceived tinnitus loudness [34]. In the context of the sameaqditional to this psychoacoustic assessment, the patients estimat-
study we also collected resting MEG activity. To date, nogq their perceived tinnitus loudness on a visual analogue scale

published reports have investigated the impact of rTMS on(yAsS) ranging from 0 (‘not loud at all’) to 10 (‘extremely loud’).
spontaneous oscillatory brain activity in tinnitus patients - a

potentially fundamental element in the generation of tinnitus4 patg Acquisition with MEG

[9.10]. In order to better understand the pathophysiology of ~rhe \MEG recordings were carried out using a 148-channel
tinnitus and also to systematically advance tinnitus therapies, Ui/hole-head magnetometer system (MAGNESTM 2500 WH, 4D
i; e_ssentia! to k_now if and how oscillatory brain activity i_n Neuroimaging, San Diego, USA) installed in a magnetically
tinnitus patients is modulated by rTMS and what changes ingpieiged chamber (Vakuumschmelze Hanau). Prior to the
_oscnlatory activity are crucial for tinnitus suppression. This VieWecording, individual head shapes were collected using a digitiser.
is also strongly supported by Fuggetta and colleagues Whe,ticinants lay in a supine position and were asked to keep their
emphasized that we will gain further insight into therapy eyes open and to focus on a fixed point on the ceiling during the
approaches and the pathophysiology of a variety of neurologicgcording. The recording time was five minutes. MEG signals
disorders by investigating rTMS effects on TCD-like EEG \yere recorded with a sampling rate of 2034.51 Hz and a hard-
patterns [23]. With the current data we are_able to _sh_ow - ONyjired high-pass filter of 0.1 Hz. MEG measurements were
the level of group as well as single subject statistics - thlyngucted before and after TMS. The time interval between the

tinnitus relief after rTMS is associated with an increase in alphagng of the TMS session and the start of the second MEG
activity in the auditory cortex, thus supporting the relevance ofrecording did not exceed five minutes.

alpha activity for tinnitus [10].

5. Brain Stimulation with TMS
Methods TMS stimulation (biphasic magnetic pulses) was administered
1. Participants with a figure-of-eight coil (coil winding diameterx25 mm;

Ten patients with chronic tinnitus participated in the current Magnetic Coil Transducer C-B60, Medtronic) connected to a

study (7 males, 3 females). The mean age of the participants w agPro X 100 TMS stimulator (Medtronic A/S, Skoviunde,
) . . . . Denmark).
49.8 years (range: 21-70). Patients were recruited via advertise-_. ; . . L
Five different stimulation protocols were applied in random-

ments in the local newspaper and flyers posted at the University ofed order over five sessions separated by at least one week: 1-
Konstanz. Tinnitus severity was assessed with Hallam’s [3 z rTMS (1 train with 1000 pulses, frequency 1 Hz), individual

Tinnitus QuestionnaireXinnitus- Fragebogen; [36]), revealing a mean . -
score of 29.9 (range: 8-59). Half of the patients reported unllateraﬁlpha frequency 'rTl.VIS (IAF; 20 trains with 50 pglses and 25
e ; . ol L : - - seconds inter-train interval, peak frequency ranging between 8
tinnitus (4 with left-sided tinnitus, 1 with right-sided tinnitus), while . . . .
o . . S . and 12 Hz), continuous theta burst stimulation (cTBS; 200
the other half indicated having perceived the tinnitus bilaterally. . L
. i . . i : bursts at a frequency of 5 Hz with bursts consisting of 3 pulses
We only included patients with a maximum tinnitus duration of . . ) . . i .
. L . - at 50 Hz), intermittent theta burst stimulation (iTBS; 10 trains
four years, as the impact of rTMS on chronic tinnitus declines with . o
L h . . of 10 bursts at a frequency of 5 Hz with bursts consisting of 3
longer tinnitus duration [26]. All patients were informed about the - P
gulses at 50 Hz and an 8 seconds inter-train interval), and a

content of the study as well as the potential risk factors an lacebo sham stimulation (4Soil angulation, applying the IAF
underwent a thorough anamnesis concerning potential contrain-protocol) Individual aloha fre uencg Was d]efir?gdyasg the peak of
dications for TMS (previous personal or family history of epilepticp : P q y P

seizures, cardiac pacemaker, pregnancy, neurodegenerative dthe power spectrum (between 8 and 12 Hz) at temporal sensors
’ P » Preg Y, 9 IR "the first MEG recording. For an illustration of the different

eases, b_rain i_njuries). Further_more, patients with p.SyChiatriC 0brotocols see right upper panel of Figure 1. The patients were
qeurologmal dlsorQers' accord!ng to the M.LN.I .(M'n' INterna- piing to the TMS condition. The intensity of the stimulation
tional Neuropsychiatric Interview, German Version 5.0.0) andwas adjusted according to the resting motor threshold (RMT) —a

}N'th ?Et'co?véjlsa;‘_th orEiLa_quéI:lzer Tted'ca;'ot?] wEre_ exc_lwe?common procedure in TMS studies [37]. RMT was measured
rom the study. e Ics Lommittee of the Lniversity o by delivering single pulses at the optimal site over the motor

_Konstanz apprqved_the gxperlmental proced_ure and _the Particortex and defined as the lowest stimulation intensity required
ipants gave their written informed consent prior to taking part in ¢, producing visible hand muscle contractions in at least five

the study. out of ten trials as it has been done in previous studies [37]. For
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Figure 1. Experimental design.  Patients underwent five sessions with five different rTMS protocols (including Sham). In each session, tinnitus
loudness and oscillatory brain activity were measured before and after rTMS. The right upper panel illustrates the different stimulation protocols
doi:10.1371/journal.pone.0055557.g001

1-Hz rTMS, IAF, and sham stimulation, intensity was set to out of 100 data sets (one from the cTBS and one from the IAF
110% of the RMT and for iTBS and cTBS to 80% of the protocol) had to be excluded because of very poor data quality. In
RMT. Thus, the intensities we applied were slightly higher thana second step, the data sets were processed using an Independent
those used by Huang et al. [87] for motor cortex stimulation. Component Analysis (ICA; http://sccn.ucsd.edu/eeglab/) to
To prevent hearing damage caused by the loud clicking soundorrect for heartbeat-related artefacts. We entered 80 randomly
of the TMS device, patients were required to use earplugssampled trials into the ICA in order to get independent
Patients were seated in a comfortable chair while the TMS coikomponents with a distinct time course and spatial topography.
was fixated with a mechanical arm. The handle of the coil We identified those components (two in the majority of cases) that
always pointed upwards. In case of right-ear or bilateralcaptured cardiac activity through visual inspection. Afterwards,
tinnitus, the coil was placed over left Heschl's gyrus by movinghe respective weights of the ICA were applied to the whole data
2.5 cm upwards from T3 on the line between T3 and Cz and set, artefact components were removed and the original data were
then 1.5 cm perpendicularly in a posterior direction, analogous+econstructed without the impact of the artefact. To ensure similar
ly over right Heschl's Gyrus in case of left-ear tinnitus. Thissignal-to-noise-ratio for direct comparisons between the placebo
procedure has been proven to reliably position the TMS coil(sham) and active TMS conditions, the trial number was adjusted

over the auditory cortex [38]. to the minimum remaining trial number for the two time points
(pre and post) and the compared conditions (sham and the
6. Data Analysis respective active TMS protocols). To keep trial numbers in a

6.1. Preprocessing. We analysed the data sets using Matlab comparable range, maximum trial number was set to 90.
(The MathWorks, Natick, MA, Version 7.5.0 R 2007b) and the 6.2. Spectral power analyses derived from auditory
Fieldtrip toolbox [39]. We separately extracted two-second epochsortex. As patients had to leave the MEG between pre and
from the continuously recorded MEG signal for the measure-post-TMS sessions, all analyses were performed at source level in
ments, resulting in 150 trials for the pre (baseline) and post-TM®rder to obtain robust effects, in contrast to a potential analysis at
condition, respectively. We then performed artefact rejection insensor level, which would have been more susceptible to altered
two steps. First, we visually inspected trials for eye movement@ead positions in the sensor helmet (from pre to post as well as
muscle artefacts or channel jumps and rejected the affected trialgver different days).
Furthermore, we eliminated dead and very noisy channels. Two
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For each patient, we created a head model fitted to the head. 000 bootstrapped medians. The median was used in order to not
shape of the first MEG measurement using a multisphereoveremphasize extreme values. We subsequently extracted the
approach [40]. This yielded a grid covering the entire brain with 95% confidence intervals (Cl) for the median for each stimulation
a resolution of 1 cm and assured that the same grid would be usddrm respectively. If the confidence interval did not include 0, the
in a single participant across all sessions. The leadfield for eadffect could be considered as significant (power modulation
grid point, however, was separately calculated for each session s@nificantly different in the active TMS vs sham TMS condition).
account for potentially altered positioning of the sources with We performed this procedure for both, the modulation of
respect to the sensors. tinnitus loudness and the modulation of auditory oscillatory

Data were then analysed for the region of interest, defined aactivity in the frequency bands of interest.
the auditory cortex (Brodman Area 41 & 42; Talairach atlas) 6.4. Signatures of auditory brain activity reducing
ipsilateral to the TMS stimulation side. We also investigatedtinnitus loudness. Apart from analyses that focused on
oscillatory brain activity contralateral to the stimulation side. consistent modulations of tinnitus loudness and oscillatory activity
This analysis did not reveal any consistent effects; we thus dafter the different TMS protocols, we wanted to identify the
not describe them in further detail. In order to estimate powersignatures of oscillatory brain activity that are decisive for a strong
spectra for the region of interest, we employed a multitapereduction or an enhancement of tinnitus loudness. Hence, we
spectral estimation method [41] to the ICA-corrected raw datadefined the most effective stimulation protocol (among active TMS
and kept the complex Fourier coefficients. We used a differentonditions) inreducing tinnitus loudness according to the TIM
smoothing for low (2-12 Hz) and high frequencies (30-90 Hzpcores for each patient and analysed the according modulations in
so that the data were multiplied with a set of orthogonal oscillatory activity. We repeated this procedure for the stimulation
Slepian tapers, yielding a frequency smoothing-iof-1 Hz for protocols thatincreased tinnitus loudness. For the selection of the
low and +/ —5 Hz for high frequencies. We then constructed according TMS protocol we used the TIM scores as they clearly
spatial filters (with fixed orientation) using the lcmv-algorithmseparated the different protocols, whereas the VAS scores were
(Icmv beamformer; [42]) for each grid point within the region of more ambiguous (i.e., different protocols lead to identical
interest. This was again accomplished for low and highmodulations of tinnitus loudness). Note that we obtained similar
frequencies respectively by filtering the non-ICA corrected dataesults when excluding the ambiguous cases in the VAS
in the corresponding frequency bands (2-12 Hz, 30-90 Hz)assignment compared to the TIM assignment.

Afterwards, we projected the complex values into source space We conducted a further bootstrap statistic (the same method as
by multiplying them with the accordant spatial filters and by described above) for the five frequency bands of interest (delta,
calculating the complex modulus of the values. We therebytheta, alpha, low gamma, high gamma) and for both increasing
obtained absolute power values for each voxel within the regiomnd decreasing tinnitus loudness protocols. We thereby defined the
of interest. By averaging the values in the region of interest weignatures of neuronal activity resulting in tinnitus loudness
obtained one single value for each frequency. This procedurelecreases/increases within the same participants.

was repeated for each patient, for both time points (pre and 6.5. Auditory alpha power modulation for the individual

post) and for the five different conditions (4 active TMS patients. The group results showed a high inter-individual
protocols & sham). Finally, spectral source estimates weneriance for all investigated stimulation protocols, but also hinted
normalized for each patient and condition by calculating aat the potential of rTMS for treating tinnitus when it is applied in
(post-pre)/pre ratio, reflecting the modulation of oscillatory an individually optimized way (i.e. selecting protocol that increases
power from pre to post TMS intervention. It should be noted auditory alpha power, see results section; see also Discussion
that we focused on frequencies of interest that were derivethdicating that this issue needs more definite confirmation). In
from previous studies on altered auditory oscillatory power inorder to address the clinically highly relevant question of the
tinnitus patients: delta (1-3 Hz; [10]), theta (4—6 Hz; [20,22]; neuronal changes on an individual level we decided to add a single
alpha (8-12 Hz; [10]), gamma ([7,18,25]) subdivided in lowsubject analysis. This was done to elucidate the pattern of how
gamma (30-70 Hz) and high gamma (70-90 Hz). In the nextauditory alpha activity is modulated in the individual patients by
step, these values were statistically tested. the different stimulation protocols, in order to obtain information

6.3. Statistical analyses of the  pre-post how the high variability within the protocols is made up. We
modulations. Statistical analyses were performed using Rtherefore repeated the same analysis as described in the section on
version 2.11.1 for Mac OS X (www.r.project.org). As the complex‘ Spectral power analyses derived from auditory cortex’, focussing on alpha
study design entailed a small sample size and we identified variopswer (as this was the most illuminating frequency band based on
‘outliers’ that, after precise investigation, we did not wish to treathe group level results; see results section) however this time
as real outliers, we used a bootstrap approach for the statisticakojecting the complex fourier spectra of thiggle tials onto our
analysis. The ‘outliers’ or extreme values were not due to poosources of interest. We then performed a single patient statistic by
data quality, but rather reflect strong interindividual differences incomparing the pre-post ratios of the single trials for each patient
the different stimulation protocols with somehow systematiand TMS condition separately. Therefore, 5000 bootstrap
patterns (only for specific TMS protocols and in patients withreplicates of the median were generated. We subsequently
very short tinnitus duration; see Figure S1 in the supplementaéxtracted the upper and lower quantiles corresponding to a
material for comparison). Therefore, we decided not to excludeprobability of 5% and obtained the confidence intervals (ClI) for
these cases and instead use robust statistics. We always compagadh patient and stimulation form, respectively. This bootstrap
the pre-post ratios of the active TMS conditions against shanprocedure was in line with the one described above. Note that we
using a bootstrap approach (‘boot’ package included in R). Thushere did not control for multiple comparisons so that the results
the sham values were subtracted from the activation values fahould be interpreted on an explorative level only.
each patient. After that we created 1000 new samples from the In a second step, we defined the most effective stimulation
original sample (by drawing with replacement). For each of thesprotocol in reducing tinnitus loudness according to the TIM (as
new samples (having the same size as the original sample) thkeady described for the group level in the sectionSandtures of
median was calculated. We thereby obtained a distribution ofwditory brain activity reducing tinnitus loudness’) for each patient
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separately and performed a single patient statistic quantifying thenodulated for the other stimulation protocols (Figure 2; upper
auditory alpha power modulation for the selected stimulationpanel). The reduction of subjective tinnitus loudness (VAS) was
protocols. We further related the extent of the auditory alphamarginally significant for the 1-Hz (95% C#:0.4 to 0) and cTBS
power modulation to the extent of the tinnitus loudness reductionprotocols (95% CI:—.25 to 0), whereas it turned out to be
(ranked from 1 to 10 with 1 reflecting the strongest loudnessnarginally enhanced for the IAF stimulation (95% CI: 0 t0.26).
reduction). This procedure was repeated for the stimulationITBS did not consistently change the tinnitus loudness (see Figure 2
protocols that increased tinnitus loudness. (lower panel) for comparison). TIM (median:.08) and VAS
6.6. Signatures of whole brain activity reducing tinnitus (median:.06) values were not significantly modulated by sham
loudness. Although it was not the focus of the present study, westimulation.
examined the signatures of oscillatory brain activity in non-

auditory regions that are decisive for a strong decrease or increage Modulations of Auditory Oscillatory Brain Activity for

in tinnitus loudness. We thus performed a whole brain analysis fthe Different Stimulation Protocols Compared to Sham
the stimulation protocol (individually selected) that most effectively Auditory oscillatory activity was not consistently modulated for

reduced or enhanced tinnitus loudness according to the TIM and . B .
analysed power modulations from pre to post-TMS in the the delta (1-3 Hz), theta (4-6 Hz) and low gamma (3070 Hz)

frequency bands of interest (delta, theta, alpha, low gamma, higﬁequency bands (data shown in Figure S2 in the supplemental

amma). For this purpose, we performed Dynamic Imagin cn(material)—that is, the confidence interval of all bootstrap statistics
9 ’ purp ! P y ging crossed the zero line. In contrast to this, power modulations in the

Coherent Sources (DICS), introduced by Gross and colleaguesI O - .
[43]. This beamformer technique optimally estimates the poweral pha_ band were significantly reduced fgr the lAF. stimulation
: ) : . . - (median:—.07, 95% Cl: —.54 to —.02) and iTBS (median=.10,
for a certain location while suppressing activity at all other950/ Cl: —.20 to —.004), while no consistent differences were
locations. The headmodel and leadfield were taken from the prior > /> ="~ i ' -

apparent in the cTBS and 1-Hz protocols (see Figure 3 upper

ROI analysis. For each grid point, we constructed a spatial filter anel). Eurthermore, oscillatory power in the high gamma band
from the cross-spectral density matrix of the MEG signal (not IcAP . ’ y P 9gng

; 0-90 Hz) was significantly reduced for 1-Hz rTMS (median:
cleaned) at the frequency of interest (delta, theta, alpha, low ang o B - - i
high gamma) and the respective leadfield. Thereafter we applied 11, 95% CI:—.24 to —.004) and iTBS (median: .10, 95% Cl:

the spatial filters to the Fourier-transformed ICA-cleaned dataf'21 to —.02), while no consistent differences were apparent in

(multitaper analysis) for the frequency of interest and divided th&TBS and IAF stimulation (Figure 3, lower panel). Note, that we

values by an estimate of the spatially inhomogenous nois id not control for multiple comparisons, so that the results should

(obtained for each gridpoint on the basis of the smallest value &e interpreted at an explorative level _only. . L
the covariance matrix) in order to normalise this across Power modulatlons after sham stlmulat!on were not signifi-
participants. Afterwards we interpolated the resulting activationc@nt (median of alpha power: .08; median of high gamma
volumes to the individual MRI of the patients and normalised POWer-06).

them to a template MNI brain provided by the SPM2 toolbox ) . ) . )
(http://mww.fil.ion.ucl.ac.uk/spm/software/spm2). For statistical 4. Signatures in Auditory Oscillatory Power that Result in
analysis, we calculated (post-pre)/pre ratios for each voxel of thtrong Modulations of Tinnitus Loudness

source solutions respectively and tested these relative valuesSelecting the stimulation protocol (only active TMS protocols
against zero by applying a voxel-wise t-statistic. To correct fowere considered, not sham) that was best in reducing tinnitus
multiple comparisons, we defined a minimum cluster sizeloudness for each patient individually resulted in a strong tinnitus
(minimum number of neighbouring voxels above a given thresholdeduction from pre to post rTMS for both the subjective (VAS;
that are required for a significant cluster) with AlphaSim providedmedian: —.27, 99% CI: —.9 to —.14, only unambiguous cases
by the Afni Package (http://afni.nimh.nih.gov/afni/doc/manual/  included) and objective (TIM; median:.13, 99% CI: —.30 to
AlphaSim.pdf). We thereby preserved the main non-auditory—.03) loudness measure. We would like to stress that this result
regions ¥ 770 voxels) that were modulated by an effective tinnitusvas expected as we by definition selected the most effective
loudness-reducing or enhancing TMS stimulation in the frequencystimulation protocols. However, by including this analysis we

bands of interest. could in a next step derive the signatures in oscillatory activity,
which were related to tinnitus relief. Importantly, for every patient,

Results we could identify a ‘real’ TMS protocol that was better at reducing
o . . tinnitus compared to the placebo sham stimulation (according to

1. Individual Tolerance of the TMS Stimulation TIM scores). Loudness reductions and a distribution of the

None of the patients showed serious side effects of rTMSontributing stimulation protocols are shown in Figure 4.

apart from transient mild to moderate discomfort due to muscle Analogously, we selected the stimulation protocols that
contractions, involuntary movements of the jaw and cutaneougonsistently increased objective tinnitus loudness (TIM; median:
sensations during TMS stimulation. One patient experienced a10, 999% CI: .01 to.24). It should be noted that as we could not
mild headache after stimulation, which disappeared withoutselect the stimulation protocols that enhanced tinnitus loudness
medication after several hours. Another patient reported periodginambiguously with the VAS scores for the majority of patients
of complete absence of the tinnitus lasting for several minutegnly possible in 4 of 10 patients), we disregarded these values
after 1 Hz rTMS. Three patients reported a worsening of their jy fyrther analyses. The loudness increase and a distribution of
tinnitus after IAF stimulation lasting for several hours up to athe contributing stimulation protocols are illustrated in Figure 5.

few days. We could not identify any signatures of oscillatory activity in the
stimulated auditory cortex related to a stroigrease in tinnitus

2. Tinnitus Loudness Modulations for the Different loudness (see Figure 6). However, when looking at the modulations

Stimulation Protocols Compared to Sham of oscillatory power that were associated with a strong tinnitus

Matched tinnitus loudness (TIM) was significantly reduced forloudnesseduction, it turned out that a significant power enhance-
1-Hz rTMS (median: —.15, 95% CI: —.04 to —.27) and not ment in thealpha band was related to the tinnitus reduction (TIM
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Figure 2. Consistent changes in tinnitus loudness after the four active TMS protocols compared to sham. The upper panel displays

tinnitus loudness modulations that were measured with a matched-intensity approach (TIM), while the lower panel illustrates tinnitus loudness
modulations that were quantified with a visual analogue scale (VAS). Sham effects are visualised in the right panel. Shown are the 95% confidence
intervals. The small bars display the median. The asterisk indicates significant modulations, while the cross points to marginally significant
modulations. According to the TIM, tinnitus loudness was reduced after 1-Hz rTMS. A trend pointing to a tinnitus reduction was revealed after 1-Hz
rTMS and cTBS, while tinnitus loudness was marginally enhanced after IAF rTMS.

doi:10.1371/journal.pone.0055557.g002

alpha: median: .03, 95% CI: .01 to.04, VAS alpha: median:.15,alpha power for aubgroup of the patients (95% confidence interval
95% CI: .03 to.21). Delta, theta and gamma (low and high) powemot including zero). In detail, alpha power was significantly
were not consistently modulated and varied strongly (confidenceodulated after application of 1 Hz rTMS in 4 of 10 patients
intervals included zero). This was true for both, subjective tinnitugagainst sham 2 of 10), after IAF rTMS for 4 of 10 patients (against
loudness (VAS) in the six patients that could be unambiguousligham: 4 of 10), after cTBS in 10 of 10 patients (against sham: 5 of
assigned to one stimulation protocol as well as objective tinnitus0) and after iTBS in 3 of 10 patients (against sham: 3 of 10).
loudness (TIM) (see Figure 6 for comparison). However, the direction of the effects was not consistent resulting in
the high variance and the lack of an effect on group level. This
5. Auditory Alpha Power Modulation for the Individual leads to the important conclusion that the variance is not due to
. individual participants with extreme values (this risk was already
Patients
: . . ... reduced by choosing the median), but that the effects of specific
Following the group results that showed a big variance within__. . ) . . .
. 4 o . __stimulation protocols on different patients are indeed highly
the stimulation protocols concerning tinnitus loudness modulationS _ . ; . .
. o . . ._Variable. An overview of the auditory alpha power modulations for
and also oscillatory activity modulations together with a potential

. . . . - ~. " the single patients is given in Figure 7.
key role of enhancing auditory alpha power in reducing tinnitus To investigate if the association between auditory alpha power
loudness (see section above) it is now depicted howdh@ual g y apha p

focussed on auditory alpha power. This statistic should b
interpreted at an explorative level only as we did not control for

multiple comparisons. The single subject statistics point to a higgeparately (as done before on a group level). We thereby disclosed

|nter|nd|V|dl_JaI Vaf'ab"'ty within the stl_mu_lgnon protocols. OV?r' an interesting pattern of auditory alpha power modulations for the
all, each stimulation protocol had a significant effect on aUd'tory‘tinnitus reducers”: In particular the patients with a very strong

odulations for the individually most effective stimulation
rotocol in reducing tinnitus loudness for the individual patients
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Figure 3. Consistent changes in oscillatory activity after the four active TMS protocols compared to sham. The upper panel displays

alpha power modulations, while the lower panel illustrates modulations of high gamma power at the stimulated auditory cortex. The stimulated
region and region of interest are displayed on the right side. Shown are the 95% confidence intervals. The small bars display the median while the
asterisks indicate that the modulations were significant. Alpha power was significantly reduced after IAF rTMS and iTBS, while gamma power was
significantly decreased by 1-Hz rTMS and iTBS (uncorrected).

doi:10.1371/journal.pone.0055557.9g003

tinnitus loudness reduction showed a strong auditory alpha powearea. The power modulations in non-auditory regions related to a
increase. The correlation between the individual auditory alphatinnitus worsening are displayed in Figure 9.

power increase and the concomitant tinnitus loudness decrease

was significant (Spearman’s rank correlation rho=-.64,05). Discussion

In contrast, the stimulation protocols that were most effective in ) ] S
enhancing tinnitus loudness revealed a rather inconsistent pattern /N the current study, we show how oscillatory brain activity is
(Spearman’s rank correlation rho=—.37, p not significant) what ignodulated in tinnitus patients by the application of four different
in line with the inconsistent auditory cortex group results for theTMS protocols (compared to sham) that are currently explored for
tinnitus enhancers’. The individual alpha power modulationsreatment. We first focused on short-term modulations of

related to a strong reduction (and enhancement) of tinnitusoscillatory activity and tinnitus loudness that were consistent
loudness are displayed in Figure 8. across patients for the specific TMS protocols, though overall

effects were relatively small and varied strongly across patients. In
a second step we identified the most effective stimulation protocols

6. Signatures of Non-auditory Oscillatory Power that in decreasing (and increasing) tinnitus loudness and looked at

Result in a Strong Tinnitus Loudness Modulation

decrease. However, we could identify left-hemispheric dominang:
reductions in oscillatory activity related to an increase in tinnitu
loudness. Gamma power was significantly<.(il, corrected)
reduced in a left prefrontal (ventromedial frontal), a left precentra
and a left parieto-temporo-occipital region. Furthermore, alpha
power was reduced £{p01, corrected) in a left superior frontal

ower analysis to further corroborate at an explorative level how
he individual patients reacted to the different rTMS protocols. As
expected from the group results, there was a high interindividual
variability of the different rTMS protocols on alpha power and,
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Figure 4. Changes in tinnitus loudness after application of the individually most effective stimulation protocol. The upper panel

displays tinnitus loudness modulations that were measured with the tinnitus intensity matching procedure (TIM), while the lower panel illustrates
tinnitus loudness modulations that were quantified with a visual analogue scale (VAS). The 99% confidence intervals are shown on the left side. The
small bars display the median. The asterisks indicate significant modulations. As expected tinnitus loudness was significantly reduced after
application of the individually selected protocol that was best in reducing tinnitus. The distribution of these protocols is displayed on the rigltutes

Note that, as the ambiguous cases (when selecting the most effective protocol with VAS) were included for this illustration, the summed frequency of
occurrence can be higher than the total number of patients.

doi:10.1371/journal.pone.0055557.9g004

importantly, the extent of the auditory alpha power increase waswith the few reports on this relatively new stimulation paradigm
crucial for the extent of the tinnitus loudness reduction. Thistested for the treatment of tinnitus [45,46]. At first glance, the
finding is of direct clinical relevance, since it suggests the potentitdend pointing to an average increase in tinnitus loudness after IAF
of auditory cortex alpha power as a predictor for treatmentstimulation was rather unexpected, as most studies using high-

outcome on an individual level. frequency rTMS demonstrated a transient reduction of the
tinnitus percept in the majority of the patients [47-50]. However,
1. Consistent Modulations of Tinnitus Loudness these discrepancies were likely due to differences in the exper-

We demonstrate that 1-Hz rTMS most consistently reducedimental designs. In most studies, alterations in tinnitus loudness
tinnitus loudness (measured with a subjective and objectivevere assessed immediately after rTMS, whereas we assessed
measure) compared to sham. However, the effects were re|ative¢ylanges about 10-15 minutes after rTMS. Moreover, the duration
small and varied across subjects. This is in line with currenff stimulation may play a role [51] as we measured tinnitus
literature on rTMS in tinnitus treatment that reports an impact of loudness after the application of 1000 pulses, in contrast to a
repeated 1-Hz rTMS sessions at the auditory cortex, albeit withmaximum of 200 pulses in all previous studies on tinnitus.
moderate effect sizes and great interindividual variabilityConsistent with the present data, that in average point to a
[26,30,44]. Regarding the subjective estimates of tinnitus loudnesgisinhibition of the auditory cortex and increased tinnitus loudness
we additionally observed a trend for an overall reduction inafter prolonged high-frequency rTMS, studies in the motor system
tinnitus loudness after cTBS and, furthermore, an increase irBhow increased excitability and facilitated motor responses after
tinnitus loudness after IAF rTMS. Again results were only Such an extensive stimulation [52-54].
moderate and varied strongly across patients (significant only on
a trend level). The trend of a tinnitus relief after cTBS is consistent
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Figure 5. Changes in tinnitus loudness after application of the stimulation protocol that enhanced tinnitus loudness. The upper panel
displays tinnitus loudness modulations that were measured with the tinnitus intensity matching procedure (TIM), while the lower panel illustrates
tinnitus loudness modulations that were quantified using a visual analogue scale (VAS). The 95% confidence intervals are shown on the left side. The
small bars display the median. The asterisks indicate significant modulations. As expected tinnitus loudness was significantly reduced after
application of the individually selected protocol that worsened tinnitus. The distribution of these protocols is displayed on the right side. Ndtatt as

the ambiguous cases (when selecting the most effective protocol with VAS) were included for this illustration, the summed frequency of occurrence
can be higher than the total number of patients.

doi:10.1371/journal.pone.0055557.9g005

2. Consistent Modulations of Oscillatory Activity in excitability after high-frequency (in the alpha range) rTMS
We would like to emphasize that the group effects on auditoryand iTBS [29,54,61-63]. Therefore, the decrease in alpha
oscillatory activity were in general very small and should be rathepower after rapid-rate rTMS and iTBS fits well into the
interpreted at an explorative level. Alpha power (8-12 Hz) waditerature and furthermore extends the role of high-frequency
significantly reduced (uncorrected) after treatment with IAF rTMSITMS and iTBS in increasing excitability from the motor to the
and iTBS in the auditory cortex ipsilateral to rTMS. It has been auditory system.
demonstrated that a decrease in alpha power is linked to Ithas to be mentioned here that the described effects of reduced
disinhibition, whereas an increase in alpha power reflects activauditory alpha power after high-frequency rTMS and iTBS were
inhibition of the underlying neuronal tissue [19,21,55-60]. only moderate. However, this weak (IAF rTMS, iTBS) or also
Regarding oscillatory activity in tinnitus patients, it has beenabsent (1 Hz rTMS, cTBS) group effects were not due to absent
shown that tinnitus patients exhibit a reduced alpha peakeffects in the individual patients but rather to a great interindi-
compared to normal controls, which is putatively linked to Vidual variability as reflected by the single-patient analysis. The
reduced inhibition in the auditory cortex [10,19]. Thus, we suggestmost powerful stimulation protocol, in the sense of affecting brain
that the decrease in alpha power after rTMS is related to aactivity in most patients, for instance was cTBS: 10 of 10 patients
disinhibition and hence an increase in excitability of the stimulated5 of 10 when testing against sham) showed a significant
auditory cortex. modulation (uncorrected) of auditory alpha power after the
To our knowledge, the impact of high-frequency rTMS or application of cTBS, 3 of them reducing and 7 of them enhancing
iTBS on auditory cortex excitability has not yet been investigated, significantly auditory alpha power. For every stimulation protocol
despite the presence of the above-mentioned studies on tinnitug'e could find such a subgroup of patients that showed a strong
Research in the motor system usually reports an enhancemefi@odulation of auditory alpha power, albeit the direction of the
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Figure 6. Modulation of oscillatory activity for the most effective TMS protocols. Shown are changes in oscillatory activity at the

stimulated auditory cortex after application of the rTMS protocols that were best in reducing (black bars) and enhancing (grey bars) tinnitus lossine
The upper panel displays power modulations that were associated with the tinnitus intensity matching procedure (TIM), while the lower panel
illustrates power modulations that were related to the visual analogue scale (VAS). Displayed are the 95% confidence intervals for power modslation
in the stimulated auditory cortex and the different frequency bands (delta, theta, alpha, low gamma, high gamma). The small bars show the median,
while the asterisk indicates the power modulations as significant. Note that we observed too many ambiguous cases for the VAS with respect to an
increase in tinnitus loudness; we could thus not specify the according signature in oscillatory activity. Alpha power was significantly enhanceshwh
tinnitus loudness was most effectively reduced by rTMS.

doi:10.1371/journal.pone.0055557.9g006

effect (decrease or increase) was rather inconsistent. This findikgirthermore, gamma power in the auditory cortex contralateral to
can explain the high interindividual variability in treatment effects the tinnitus percept has been suggested to reflect the loudness of
observed in many clinical trials [27,30] on a neuronal basis andhe tinnitus percept [18].
puts into question the possibility to develop a ‘standard therapy’ Several studies have investigated the impact of low-frequency
for the treatment of tinnitus. As the different stimulation protocolsrTMS (=1 Hz) on neuronal and behavioural outcomes. It has
had specific effects on brain activity dependent on the individuabeen demonstrated that low-frequency rTMS decreases cortical
patient, different patients may profit from different stimulation excitability [28,61] (for an overview see [66]), reduces gamma
protocols. However, this assumption has still to be tested moractivity in schizophrenic patients [67], improves inhibitory
conclusively by assessing the re-test reliability of the results.  function in tinnitus patients [26,27], reduces auditory metabolic
High gamma power (70-90 Hz) was consistently modulatedactivity in tinnitus patients [68] and reduces tinnitus loudness
after two of the 4 active rTMS protocols: we detected a significanivhen applied during repeated sessions [26]. This is consistent with
reduction (uncorrected) after 1-Hz rTMS as well as after iTBS inresults from the present study that demonstrate a decrease in
the stimulated auditory cortex. In contrast to the alpha rhythm, gamma power in the stimulated area and thus a reduction in
gamma oscillations are associated with higher-order functions anauditory cortical activity after 1-Hz rTMS.
active sensory processing [64,65]. It has been demonstrated thatThe effects of iTBS are rather variable and inconsistent
tinnitus patients exhibit enhanced auditory gamma powerregarding different stimulation areas: iTBS has been related to
compared to controls [7,20,25] and that auditory gamma activityan enhanced motor cortex excitability [62] and an increased
is also increased during transient tinnitus after noise trauma [17]gamma power in the sensory-motor cortex of rats [69] which is in
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Figure 7. Modulation of auditory alpha power in the individual patients. Depicted are modulations of auditory alpha power in the

individual patients and for the four active TMS protocols (black bars) and sham (grey bars). Shown are the 95% confidence intervals (uncorrected).
The small bars display the median. The asterisks indicate significant modulations from pre to post TMS. The orange boxes point to significant
modulations against sham stimulation. TMS modulates alpha activity significantly already in individual patients: 1 Hz rTMS (4 of 10, against Sbam: 2

10), cTBS (10 of 10, against sham 5 of 10), IAF rTMS (4 of 10, against sham 4 of 10), iTBS (2 of 10, against Sham 3 of 10), however, not consistently into
the same direction (increase vs decrease of alpha power).

doi:10.1371/journal.pone.0055557.9g007

opposition to our finding of reduced gamma power after iTBS. 3, Signatures of Oscillatory Activity Associated with a
[69,70] as well as a reduction in the auditory steady-state respongg4in Regions

after iTBS [34]. In general, reports on the effects of iTBS on
excitability of cortical regions apart from the human motor cortex

are rare and s_ugges_t that the effects are not Simply tra_msf_erable tients profited from different protocols. Importantly, for every
non-motor brain regions [71,72]. The only study investigating the,atient sham stimulation was worse at reducing tinnitus loudness
effect of iTBS on tinnitus loudness did not reveal any consiste 5, the best ‘real’ rTMS protocol. For about half of the patients
effects [45]. Furthermore, a reduction in auditory gamma activity 1 , (TMs was most successful while the other half profited from
after iTBS does not necessarily point to a generally reducener protocols such as IAF rTMS and cTBS. However, we would
excitability since we also detected a decrease in alpha powgke 1o stress here that the identification of individually most
(rather pointing to increased excitability) following iTBS aseffective specific stimulation protocols might have been confound-
described above. ed by spontaneous fluctuations in tinnitus loudness. Despite being
All these inconsistencies in sum, we emphasize that thgossible, this is unlikely as sham stimulation in no case was
relationship of alpha power, gamma power and the perceptiongentified as the most successful protocol. For definitively ruling
of tinnitus loudness is not sufficiently understood to date angyt this alternative explanation assessment of test re-test reliability
would require further research. In the following section we,py further studies will be needed.
however, attempt to further enlighten the role of auditory alpha Having selected the most effective stimulation protocol for each
power as a prerequisite for a change of tinnitus perception. patient, we were then able to elucidate if the different rTMS
protocols having in common to effectively reduce tinnitus loudness

As expected tinnitus loudness was most effectively reduced by
individually selected stimulation protocols implying that different
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Figure 8. Modulation of oscillatory activity for the most effective TMS protocols and the individual patients. Shown are the changes in

oscillatory activity at the stimulated auditory cortex for the individual patients after application of the rTMS protocols that were best in redggin
(upper panel) and enhancing (lower panel) tinnitus loudness. Shown are the 95% confidence intervals for the individual patients. The small bars
display the median. Patients are ordered according to the strength of the tinnitus loudness decrease (upper panel) or increase (lower panel). The gre
line illustrates the correlation between the extent of the alpha power modulation and the extent of the tinnitus loudness modulation (ordered from 1

to 10). When tinnitus loudness is maximally reduced (range of TIM value$.63-0) the extent of the alpha power modulation is negatively correlated

with the extent of the loudness reduction (RHO: —.61<a 05), thus the patients with the strongest alpha power increase were the patients with the
strongest tinnitus loudness decrease. In contrast, When tinnitus loudness was maximally increased no such correlation was evident (RHO: —.37, p not
significant).

doi:10.1371/journal.pone.0055557.g008

also affect ongoing auditory cortical activity in a specific way. Ouralpha power. Due to the fact that within categories patients that
findings demonstrate that a strong reduction in tinnitus loudnesgrofit and do not profit from a specific protocol are automatically
was associated with an enhancement of alpha power in thétermingled such an analysis is less sensitive in detecting tinnitus
stimulated auditory cortex (ipsilateral to rTMS), while delta, thetarelief specific modulations than an individualised analysis. It rather
and gamma power were not consistently modulated and variedocuses on modulations that are specific for the selected
strongly. Therefore, we suppose that an increase in alpha power istimulation protocol regardless of its potential to strongly reduce
the auditory cortex is crucial for the reduction of tinnitus loudnesstinnitus. We therefore think that the individualised analysis is more
whereas auditory delta, theta and gamma power seem to beowerful to derive the features associated with tinnitus relief. It
related to more unspecific effects. This is in line with studies thasuggests the importance of alpha power increases in the auditory
have demonstrated a normalisation in alpha power after successfoabrtex as such a relevant feature to effectively reduce tinnitus.
tinnitus treatment using a neurofeedback approach [73,74]. Notably, due to the correlational approach of the current study
Importantly, the specific role of auditoryipia power does not we are not able to draw any conclusions about the directionality of
contradict the results on thewerage modulations of tinnitus the effects. Thus further studies are needed to clarify whether an
loudness and oscillatory activity described in the first part of theéncrease in auditory alpha power indeed causes tinnitus relief,
discussion where on average effective stimulation protocols (suethether it rather reflects reduced auditory processing when
as 1 Hz rTMS) were not associated with increases in auditory
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Figure 9. Changes in oscillatory activity in non-auditory brain areas for the most effective stimulation protocols. Shown are the
changes in oscillatory activity in non-auditory brain areas after application of the rTMS protocols that were most effective in enhancing tinnitus
loudness. The upper panel displays brain regions with power modulations in the alpha band, while the lower panel illustrates the areas exhibiting
modulations in gamma power. Displayed are comparisons from pre to post rTMS and are quantified in t-values. Gamma power was significantly
(p<.01; corrected) reduced in a left prefrontal, a left precentral and a left parieto-temporo-occipital region. Alpha power was reduced.(q;
corrected) in a left superior frontal area.

doi:10.1371/journal.pone.0055557.g009

tinnitus is reduced spontaneously or whether both effects arturther corroborates the role of alpha power in the active

caused by a third mechanism. inhibition of cortical brain regions [19,21,56,58,60] and extends
We would like to point out that most studies on signatures inits role in the pathophysiology of brain diseases with an excitatory-

oscillatory activity related to tinnitus include comparisons betweeinhibitory imbalance such as tinnitus [1,10]. As tinnitus is

tinnitus patients and normal hearing controls [7,10,22,23,25]. Thepredominantly characterised by a hyperexcitation in auditory

observed differences in neuronal activity are therefore nobrain regions [30], we suggest that enhancing auditory alpha

unequivocal and could be due to many unspecific mechanismactivity is most relevant for the relief of tinnitus, putatively by

appearing in the tinnitus patients related to emotional or cognitiveincreasing ongoing inhibitory mechanisms.

processes such as attention and evaluation. It is thus of great

interest to identify the specific neuronal signatures in tinnitus4. Signatures in Oscillatory Activity Associated with an

patients (in this case oscillatory activity) that are related to a strongycrease in Tinnitus Loudness after rTMS in Non-auditory
decrease (or increase) in tinnitus loudness compared to thgain Regions

‘normal’ tinnitus perception and to find out which of these | his study we were not able to identify any extra-auditory

signatures must be modulated in order to successfully reduc§gnatures in oscillatory activity related to tinnitus loudness
tinnitus [88]. With respect to our data, we again emphasise theeqction, However, we found that an increase in tinnitus
importance of an alpha power increase in the auditory cortex fon,,qness was associated with a decrease in gamma and alpha
an alleviation of the tinnitus percept. This is further substantiatedqyer predominantly in left frontal regions. Specifically, tinnitus
by the single-patient auditory alpha power analysis showing thabgness increases were related to reduced alpha power in the left
the patients with the strongest tinnitus loudness decrease were a§9perior middle frontal region, which is in line with findings of

the patients with the strongest alpha power increase. Thencreased activity in middle frontal and superior frontal regions in
association between high auditory alpha power and tinnitus reliefijiys patients [75]. The increase in tinnitus was further
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associated with gamma power reductions in the left prefrontal, leftelief is of high relevance as it provides an initial orientation for an
precentral and left posterior temporal cortex pointing to aindividualized treatment approach. Future clinical studies may
deactivation of these regions when tinnitus loudness increasedim at identifying the optimal rTMS protocol having the potential
Various studies underpin the relevance of a frontoparietal networko reliably increase alpha activity in the temporal cortex in the
in tinnitus perception [76-79]. It has been postulated that theindividual patient in order to enhance clinical efficacy. On the
prefrontal cortex integrates sensory and emotional aspects @fkher hand, increases in the tinnitus sensation were related to
tinnitus [8] and is part of a network associated with consciousilterations in a left-lateralised fronto-centro-parietal network,
tinnitus perception [10,79]. Transcranial direct current stimula- confirming the relevance of this network for tinnitus perception.
tion [80] and transcranial magnetic stimulation [81] of the |ncrease in tinnitus loudness may thus either result from
prefrontal cortex led to a decrease in tinnitus intensity and distrespropagated rTMS effects on non-auditory (mostly left frontal)
A deactivation of the left prefrontal cortex associated with reducegyrain regions or may be unspecific. More comprehensive clinical
positive affect [82,83] and an increase in pain perception [84] is iNyjals are needed in order to further explore the observed effects of
line with the worsening of the tinnitus found in the present StUdY-temporaI rTMS on cortical oscillations in tinnitus patients,

The precentral region has been related to the attentional controfegarding in addition to this clinical relevance and the persistence
for the selection of auditory stimuli [85] and parieto-temporo- o these effects.

occipital regions were active during verbal auditory hallucinations

[86]. . .
However, the relevance of the observed top-down networkSUpportIng Information

including left frontal and centro-parietal regions for the generationFigure S1 Distribution of extreme values, exemplary

of tinnitus and the significance of reduced alpha and gammafor alpha power modulations. The upper panel illustrates a

power in the sense of activation and deactivation must beboxplot distribution of the data for the different rTMS protocols.

investigated through further studies. It should also be noted thaExtreme values were detected after cTBS, IAF rTMS and iTBS,

the lack of effects in non-auditory regions related to tinnitusand not after 1-Hz rTMS and sham. The lower panel illustrates

reduction might be biased by the fact that the intervention wasthe relation between tinnitus duration and auditory alpha power

targeted at the auditory cortex. One may speculate that changes imodulation. Extreme values are exclusively associated with very

tinnitus loudness through interventions focussing on other braighort tinnitus duration.

areas may reveal different patterns of network alterations. (PDF)

5. Conclusion Figure S2 Consistent changes in oscillatory activity

The present results have shed further light on the pathophys2fter the four active TMS protocols (1 Hz rTMS, cTBS,
iology of tinnitus and will hopefully stimulate the development ofAAF *TMS, iTBS) compared to sham. The upper left panel
more effective therapy approaches. It appears essential t%llsplays delta power m_odulatlons, the upper right panel illustrates
determine the signatures in auditory and non-auditory brainth€t@ power modulations and the lower left panel shows
regions that are associated with the tinnitus percept in order tgnedulations of low gamma power at the stimulated auditory
better understand this complex disease and to be able to devel&@MeX- The stimulated region and region of interest is displayed on
more effective treatments. In this study we focused on thdhe lower right side. Shown are the 95% confidence intervals. The

relationship of tinnitus loudness changes and changes in oscillatojn@ll bars display the median. No significant power modulations
activity in the stimulated auditory cortex and in other cortical Were found either in the delta, theta or in the low gamma band.

regions. Our study confirmed that a reduction in tinnitus loudness(PDF)
is possible using conventional rTMS approaches; however, in line
with most other studies, the general relief of the tinnitus percepAcknowledgments
was small and varied strongly across patients [27]. This patter
was also reflected in the neurophysiological data.

Beyond that we identified the signatures in oscillatory brain
activity that relate to tinnitus reliefReductions in the tinnitus -
sensa)t/ion were associated with increases in alpha power in tf']AéUIhor Contributions
stimulated auditory cortex, meaning that the intervention had Conceived and designed the experiments: NM IL BL NW. Performed the
specific effects. The identification of alpha power increases in thexperiments: NM IL. Analyzed the data: NM. Contributed reagents/
stimulated area as the relevant mechanisms of action for tinnitu§1aterials/analysis tools: NM BL NW. Wrote the paper: NM.

Q\Ie thank Thomas Elbert for helpful discussions during the design of the
study and Ursula Lommen for help in acquiring the data.
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