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Abstract: An increasing amount of studies apply repetetive transcranial magnetic stimulation (rTMS) to
treat chronic tinnitus, yet the neurophysiological impacts have remained largely obscure. Several studies
show that endogenous brain rhythms may be enhanced via diverse brain stimulation techniques apply-
ing rhythmic stimulation. Here, we investigated in normal hearing participants whether application of
rTMS (left auditory cortex) with an individualized alpha frequency was capable of increasing alpha
activity in stimulated auditory regions in a sustained manner. Behavioral intensity discrimination per-
formance worsened for the rTMS group as compared to Sham. Electroencephalography (EEG) data,
however, clearly show that this functional inhibition is not accompanied by increases of auditory corti-
cal alpha. Even though more pronounced power reductions for the rTMS group were observed at
slower frequencies (delta to theta range) at stimulated and other sites of the left hemisphere, they were
unrelated to behavioral changes. Our results also strongly suggest that the amount of power modula-
tions at these slower frequencies is strongly dependent on pre-rTMS power, thus supporting current
state-dependency notions. Strong relationships to behavioral changes were in particular observed for an-
terior cingulate cortex (ACC) beta power and posterior cingulate cortex (PCC) beta connectivity. More-
over, these beta band measures were strongly inter-related and when viewed together specifically
sensitive to behavioral changes in the rTMS group. We conclude that currently alpha frequency rTMS is
not a promising avenue for the treatment of chronic tinnitus and that beneficial effects could be medi-
ated via nonauditory systems. Our study argues for the value of combined EEG-TMS studies when
investigating the impacts of rTMS. Hum Brain Mapp 35:14-29, 2014.  © 2012 Wiley Periodicals, Inc.
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Tinnitus is a widespread audiological symptom affecting
~10% of the general population [Eggermont and Roberts,
2004]. It can be characterized by the continuous conscious
percept of a sound (e.g., pure tone or narrow band noise)
without an objectively identifiable sound source and can
have severely debilitating effects on everyday life. Despite
the absence of an exact understanding of the neurophysio-
logical processes, most neuroscientists agree that in most
cases the sensation is related to altered features of ongoing
brain activity that have been triggered by a hearing dam-
age, usually a cochlear lesion [Weisz et al., 2006].
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Following experimental treatments putatively inducing tin-
nitus sensations in animals, several studies have indeed
disclosed drastic changes in spontaneous activity in multi-
ple auditory brain regions such as the primary and sec-
ondary auditory cortex [e.g., Norefia and Eggermont,
2003], the dorsal cochlear nucleus [Kaltenbach et al., 2004],
or the inferior colliculus [Basta and Ernst, 2004]. The ma-
jority of these studies employ firing rate as critical depend-
ent variable; however, some studies have also added
evidence for synchronized firing [e.g., Norefia and Egger-
mont, 2003]. In most neuroscientific frameworks, the main
underlying mechanism for the changes in spontaneous ac-
tivity is assumed to be an excitatory—inhibitory imbalance
in circumscribed auditory regions [for a review see Egger-
mont and Roberts, 2004]. Neuroscientifically based inter-
ventions normally aim at reestablishing normal patterns of
ongoing brain activity, e.g., by sound-based therapies
[Okamoto et al., 2010], neurofeedback [Dohrmann et al.,
2007], or by invasive or noninvasive brain stimulation
techniques [De Ridder et al., 2008; Langguth et al., 2007].
However, so far most studies are usually capable of only
reporting moderate overall levels of symptom reduction
that is sometimes overshadowed by an extreme interindi-
vidual variability to respond to the therapeutic interven-
tions [for reviews see Langguth et al., 2008; Plewnia, 2010].
It is thus likely that tinnitus is either a far more complex
phenomenon than currently assumed by neuroscientists
[for a review see Eggermont and Roberts, 2004] or that
current clinical measures are not sufficiently reliable (on a
single patient basis) in interfering with tinnitus-relevant
neuronal processes.

Based on our own work [Weisz et al., 2011; Weisz et al.,
2007a] and current notions on alpha activity in cognitive
neuroscience [see Jensen and Mazaheri, 2010], we assume
that in humans and at a macroscopic level one relevant
process contributing to tinnitus may be a reduction of
ongoing alpha activity in auditory cortex. In general, based
on multiple strands of evidence, the old notion of alpha
activity constituting an “idling rhythm” [e.g., Pfurtscheller
et al.,, 1996] is giving way for the notion that it represents
the excitatory—inhibitory balance at least in sensory and
motor brain regions: reduced levels of alpha activity
appear to represent “excitatory” states, whereas high lev-
els may constitute “inhibited” states of the respective corti-
cal regions [see Weisz, 2011 for a review on alpha in
audition]. For example, spatial attention in the visual
[Thut et al., 2006; Worden et al., 2000], the somatosensory
[Bauer et al.,, 2006] and the auditory [Miiller and Weisz,
2012] modality appear to modulate pretarget alpha activity
in a spatially very selective manner. Furthermore, pre-
TMS alpha have been shown to be strongly inversely cor-
related with relevant behavioral outputs such as Motor
Evoked Potentials [Sauseng et al., 2009] or the perception
of phosphenes [Romei et al., 2007]. Recently in an exciting
study, Haegens et al. [2011] were capable of directly dem-
onstrating the relationship between alpha power as well as
phase in somatosensory, motor, and premotor regions of a

monkey and firing rate. In previous works, we were able
to show significant reductions of alpha activity in puta-
tively auditory cortical regions of chronic tinnitus patients
[Weisz et al., 2005] and also gave first evidence that by
normalizing ongoing spontaneous activity via neurofeed-
back significantly reduces tinnitus symptoms [Dohrmann
et al., 2007; Weisz, 2011].

From a clinical point of view, the selective as well as
sustained enhancement of alpha power in affected audi-
tory cortical regions thus appears to be a promising path-
way to pursue in finding effective treatments for tinnitus.
This leaves us however with the practical problem how
this can be reliably achieved. One promising possibility
that needs to be further developed is electroencephalogra-
phy/magnetoencephalography (EEG/MEG) neurofeedback
using a high spatial coverage of electrodes/sensors [see
Hartmann et al., 2011; Weisz, 2011]. By applying advanced
inverse methods, alpha activity can be fed back to the
patient with an improved spatial specificity. However sev-
eral pragmatic arguments make neurofeedback an unfav-
orable option in practice, e.g., the application of a high
amount of electrodes, the treatment of online recorded
artifacts as well as the difficulty of the task itself. Using
repetetive transcranial magnetic stimulation (rTMS)
applied to the auditory cortex [for an example, application
of rTMS in tinnitus to nonauditory areas see Kleinjung
et al., 2008] constitutes an alternative. The large majority
of previous studies mainly used the low frequency (1 Hz)
variant and has shown that this method is indeed capable
of inducing statistically significant reductions of tinnitus
symptoms [see Plewnia, 2010 for an overview]. Reductions
of tinnitus symptoms (operationalized differently across
different studies) show a strong study-to-study variability
ranging between 8 and 50% (~20% on average; figures
taken from the recent review by Plewnia, 2010). Overall,
from a clinical viewpoint the effects are moderate at best
[see Langguth et al., 2008], complex (e.g., showing usually
an inverse relationship with tinnitus duration), and in par-
ticular it is hardly known how rTMS applied to the audi-
tory cortex affects brain activity. Recently, cognitive
neuroscientific studies have demonstrated that application
of electric or magnetic stimulation in a rhythmic manner
at distinct frequencies is capable of inducing behavioral
effects conform with current notions on the functional rele-
vance of naturally occurring rhythms [e.g., Thut and Mini-
ussi, 2009]. A well known study in this context using time-
varied transcranial direct current stimulation (tDCS) was
performed by Marshall et al. [2006] showing that applica-
tion of anodal slow oscillation stimulation (0.75 Hz) during
slow wave sleep significantly increases declarative memo-
ries. This study suggests that an external force may be
used to entrain an endogenous oscillator thereby enhanc-
ing its effect a notion that finds direct support in a study
by Ozen et al. [2010]. The authors were able to demon-
strate that transcranial electrical stimulation (TES) applied
at slow frequencies entrains neuronal activity in wide-
spread cortical regions of mice being most potent during
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Figure 1.
Depiction of experimental phases. Before the experimental intervention (rTMS/Sham) resting
EEG and behavioural performance data (intensity discrimination tasks) were assessed. During the
experimental intervention, stimulation frequency was individually adapted to the IAF derived

from the first resting EEG recording.

sleep. Unfortunately, for alpha frequency stimulation we
are not aware of equivalent invasive works, nevertheless
sensory entrainment [e.g., Mathewson et al., 2010] as well
as entrainment via brain stimulation sometimes combined
with EEG are highly suggestive that alpha entrainment is
possible in the visual modality [e.g., Thut et al., 2011]. How-
ever, in these studies effects are short-lived and bound to
the period of stimulation [e.g., Thut et al., 2011; see however
Zaehle et al, 2010 using transcranial alternating current
stimulation (tACS)]. Also, it has to be remarked that the
great majority of alpha entrainment works have been con-
ducted in the visual system also generally using very brief
pulse sequences which cannot be directly compared to the
paradigms usually employed in clinical settings. Further-
more, more conventional use of alpha (“high frequency”)
rTMS in the motor system [Pascual-Leone et al., 1994] shows
sustained decreases of motor evoked potentials (MEPs),
which is indicative of an increase of excitability. Naturally,
the latter finding does not fit with the assumption that alpha
rTMS would be associated with sustained increases of alpha
activity. To summarize, the findings with regards to alpha
rTMS paradigms is mixed (e.g., depending on the
approach), however with some existing evidence that its
application may indeed increase alpha activity transiently,
even though data supporting sustained increases is missing
[see however Veniero et al., 2011 for application of 1, 5, and
20 Hz rTMS to the motor system]. Even though far less
common than the low frequency variant, some reports exist
describing the results of alpha rTMS in tinnitus. A single
session study by Plewnia et al. [2003] showed transient
symptom reductions, whereas the only study applying
alpha rTMS repeatedly (10 sessions) by Khedr et al. [2008]
could even show reductions after several months. However,
especially the latter study showed that there was no selec-
tive advantage of alpha frequency rTMS over other stimula-
tion forms. This opens up the questions: Whether the
classical division in excitatory and inhibitory stimulation
forms is a valid one with regards to tinnitus and whether
clinical improvements using rTMS are achieved via nonspe-
cific (i.e., stimulation independent) effects on auditory corti-
cal activity or alternatively via unknown influences on
nonauditory areas. Less than its efficacy in treating tinnitus
in its current form, for the current work it is of greater

importance to understand how the application of alpha
rTMS modifies auditory cortical activity, which is crucial in
estimating its potential use in a clinical setting.

The latter mentioned point was exactly the motivation
of the current work. In this study, we concretely seek to
investigate the effects of rTMS with an individualized
alpha frequency (IAF) in modulating electrophysiological
brain activity as well as behavior. We are able to show
that while worsening of behavioral performance was evi-
dent following IAF rTMS (i.e., suggestive of a functional
inhibition), this effect is unlikely mediated directly via au-
ditory cortical activational changes.

MATERIAL AND METHODS
Participants

The experiment was completed by 30 healthy partici-
pants (age: M = 27.66 years, SE = 1.95; 20 females)
recruited mainly via flyers posted at the University of
Konstanz. They were assigned pseudorandomly into two
experimental groups rTMS and Sham according to an
ABAB-design (see below). Before the experiment, all par-
ticipants were screened in detail for factors excluding a
participation in the experiment (e.g., metallic implants, his-
tory of epilepsy, or other neurological/psychiatric disor-
der, pregnancy, etc). Participants reporting tinnitus were
also not included into this study. After introducing the
participant to the laboratory and explaining in detail the
procedures of the experiment, written informed consent
was given by the participant. The procedures were
approved by the Ethical Committee of the University of
Konstanz. For their participation in the ~2 h experiment
the participant received 20 €.

Procedure and Behavioral Task

All experimental data were collected at the EEG/TMS
laboratory of the Clinical Psychology group of the Univer-
sity of Konstanz. Each experimental session was divided
into three phases, one before the experimental intervention
(pre-TMS in Fig. 1), one after the experimental intervention
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(post-TMS in Fig. 1), and the experimental intervention
itself (either rTMS or Sham; see below). The sequence
within the pre- and post-TMS phase was kept identical,
starting with a resting EEG measurement of 5 min dura-
tion. During this period, participants were instructed to
relax while keeping their eyes open. This measurement
was followed by an intensity discrimination task, in which
two sounds were presented subsequently and the task of
the participant was to decide which of the presented tones
was louder. On each trial, tones were presented monoaur-
ally (separated by blocks counterbalanced over partici-
pants) consisting of a reference tone (50 ms, 1,000 Hz) and
another tone that differed in intensity between 0 and 10
dB (in 1 dB steps). Tones were separated by 500 ms and
the sequence of intensities was randomized. Each intensity
difference was repeated 10 times, resulting in overall 110
trials per ear. Before the task the reference tone was
matched for each ear separately to be 40 dB above sensa-
tion level wusing in-house software (http://pytune-
sounds.sfnet). ~ While participants performed the
psychoacoustical task in the pre-TMS phase, the investiga-
tors ran prewritten Matlab scripts to derive the IAF in a
region of interest (ROI) of each participant (see below for
details). This IAF was then used to adjust the stimulation
frequency in the phase of the experimental intervention
(see next section).

rTMS and Sham Stimulation

Pulses of biphasic TMS were delivered via a 70-mm fig-
ure-of-eight coil (Magstim Air Film Coil) using a Magstim
Rapid® device. The position of the coil was determined
using a recognized “rule-of-thumb” published by Lang-
guth et al. [2006]: According to this procedure, the approx-
imate location of the left auditory cortex (validated by
Langguth et al. using neuronavigation) is determined
using the international 10-20 system. First, a point 2.5 cm
above T3 on a line connecting C3 and Cz is determined
and finally shifted 1.5 cm posterior to this line. During
real rTMS, the handle is pointing upwards approximately
90° to the Sylvian fissure. We chose this procedure due to
its common application in the tinnitus literature. For the
Sham condition, the exactly identical procedure was cho-
sen with the exception that the coil was tilted by 45°. Dur-
ing the experimental intervention, we applied 20 x 50
biphasic TMS pulses at 50% of the maximum stimulator
output. Each pulse sequence was separated by a 25 s
pause. Within each pulse sequence the stimulation fre-
quency was adjusted according to the IAF (9.6 and 9.63
Hz on average in the Sham and rTMS group respectively;
see also next section).

EEG Recording and Data Analysis

EEG activity was continuously recorded from 128 elec-
trodes sampled at 2,048 Hz (Advanced Neuro Technology,

ANT, Enschede, Netherlands). Analysis of rTMS/Sham
induced effects was performed separately for the resting
EEG period as well as for the rTMS/Sham stimulation
phase. Even though evidence exists for a role of high fre-
quency (gamma; >30 Hz) activity in tinnitus [e.g., Ashton
et al.,, 2007; Van der Loo et al, 2009; Weisz et al., 2007b],
our extensive analysis focused on lower frequencies due to
our assumption that in particular alpha activity most val-
idly reflects the current excitatory—inhibitory state within
auditory cortical regions (see Introduction).

rTMS/Sham phase

Epochs were cut in a time window from 3 s pre- to 15 s
poststimulation onset. Preprocessing was performed in
multiple steps, starting with the removal of the dominant
direct TMS artifacts (see evoked potential in Supporting
Information Fig. 1B, left panel). For this purpose, TMS arti-
facts were automatically detected and a period starting 5
ms pre to 15 ms post the respective TMS peak was
replaced by Gaussian noise with the standard deviation
and mean adapted to correspond to a reference period set
to be —35 to —10 ms before the respective TMS peak. Fol-
lowing this step, the data was downsampled to 300 Hz
meaning that the replaced period consisted of ~6 instead
of the original ~41 sampling points. This procedure effec-
tively removes the direct (nonphysiological) TMS artifact
without introducing strong discontinuities, important for
the later time-frequency analysis [see, Thut et al., 2011].
Nevertheless, this measure still left pronounced TMS-
locked artifacts at electrodes directly in contact with the
TMS coil. These residual artifacts were effectively removed
using ICA (see e.g. evoked potential in Supporting Infor-
mation Fig. 1B, right panel). For this purpose as well as
for the removal of artifacts of other origin—in particular
eye movements/blinks—we first ran a course artifact rejec-
tion removing, e.g.,, dead channels, channel jumps, etc.
and subsequently filtered the data 1-30 Hz before comput-
ing an ICA on the remaining data. Using time-course and
topographic information, components representing clear
ocular or TMS-related artifacts were identified and
removed from the raw data. In a last preprocessing step,
residual artifactual trials were removed by visual inspec-
tion. The cleaned data were used to calculate the (a)
evoked potential and (b) the induced and evoked time—fre-
quency responses. For the latter purpose, spectra were cal-
culated for short sliding Hanning tapered time-windows
in a period ranging from —2 s pre- to 10 s post-stimulation
onset in steps of 10 ms either on the single trials (for the
induced responses) or on the event-related potential (ERP)
(for the evoked responses). The time-windows were set to
a length corresponding to five cycles of the respective fre-
quency of interest (5-10 Hz in 0.5 Hz steps). Subsequently,
baseline correction was performed by first subtracting the
average power in a —1.5 s to —0.5 s reference window and
then dividing by the average baseline power, thus yielding
relative changes (with zero indicating no change with

* 17 o



¢ Weisz et al. ¢

respect to baseline). Since an IAF was defined for each
participant, the stimulation onset to offset period varied
interindividually. Because a focus of this analysis was on
the period ultimately following the stimulation offset,
ERPs and time—frequency responses were aligned to the
stimulation offset (—4 to 2.85 s, with zero representing the
stimulation offset). Time—frequency responses were fur-
thermore interindividually aligned to the IAF.

Resting state EEG

The continuous resting state EEG data was cut into 150
periods of 2 s nonoverlapping epochs separately for the
first and second block (see Fig. 1). These epochs were first
detrended and then downsampled to 500 Hz. Similar to
the analysis procedure detailed in the previous section a
first coarse artifact rejection was performed before compu-
tation of ICA. For the ICA, 100 trials were randomly cho-
sen from the pooled block 1 and block 2 data to reduce the
computation time. From this analysis step, we identified
components capturing ocular as well as clear muscular arti-
facts. The component weights were subsequently applied
to the entire data set and artifactual components were
removed. In a last preprocessing step, residual artifactual
trials were removed by visual inspection. The cleaned data
epochs were then Hanning tapered and electrode level
cross spectral density (CSD) spectra were calculated in a 2-
30 Hz range (in steps of 0.5 Hz). In a first step, this analysis
allowed us to derive the sensor power spectra. More
importantly, however, the outcome of the analysis formed
the basis of our source level calculation of power as well as
phase synchrony: A standard (BEM) headmodel and elec-
trode positions (provided by ANT) were used to define a
dipole grid (separated by 10 mm) covering the entire brain
space. For each grid point, we calculated the respective
leadfields and then using an lemv-beamformer on the 2-30
Hz filtered data [van Veen et al., 1997] the respective beam-
former filters. These beamformer filters were then used to
project the electrode CSD spectra into source space. By this
means we were able to derive the power spectra at each
grid point. Furthermore, the source space CSD was used to
derive phase synchronization measures between all source
combinations in a computationally very efficient manner.
The connectivity matrix was subsequently thresholded
using P < 0.01 derived from Rayleigh statistics to obtain a
binary adjacency matrix. Via this step, we finally calculated
the node degree of each source and frequency point, which
constitutes a graph theoretical measure [Bullmore and
Sporns, 2009] consisting of the sum of all connections of
one node in the network. This analysis was performed to
investigate whether apart from power modulations, IAF
rTMS influences the level of connectedness of brain regions
in a specific manner. If not indicated otherwise, power
spectra were realigned to the IAF. For visualization and
labeling of brain regions, source level data in circumscribed
frequency bands were interpolated onto a standard MNI
brain.

Determination of IAF

To adapt the rTMS frequency individually, the IAF in
left auditory cortex was calculated in each participant
before the stimulation phase of the experiment (in practice
this was done while participants performed the intensity
discrimination task in block 1). For this purpose, we used
the first resting state data recording and segmented it into
2 s nonoverlapping epochs. After 2-25 Hz filtering, the
data were downsampled to 200 Hz and artifactual trials
were removed via visual inspection. EEG data were subse-
quently projected to source space using following proce-
dure: For two grid points seeded into left and right
auditory cortex using coordinates of a previous study [Lor-
enz et al, 2010], we calculated the respective leadfields.
Thereafter, the covariance matrix was determined for the
data filtered between 5 and 15 Hz. Via this means, we
determined lemv beamformer filters for the two regions of
interest and reconstructed the single trial activity on a
source level. Source power spectra were then computed af-
ter application of a Hanning taper to the epochs. In all par-
ticipants, this yielded clear peaks in the alpha band and
we chose the peak of the left (stimulated) auditory cortex
in case it deviated between the two regions of interest.

Statistical Analysis

With regards to behavioral data, we first fitted individ-
ual psychometric curves using psignifit 2.5.6 (http://boot-
strap-software.org/psignifit/), a Matab-based toolbox in
which the maximum-likelihood method of Wichman
[Wichmann, 2001] is implemented. This procedure yielded
the 75% intensity discrimination threshold for each ear
and block. Since we were only interested in changes fol-
lowing the experimental intervention the threshold values
of block 1 was subtracted from the block 2 values (positive
values thereby indicating a worsening of thresholds).
These values were then entered into a 2 x 2 mixed
ANOVA, with a within-group factor Ear and a between-
group factor Group.

Similarly to the behavioral data, we analyzed resting
EEG changes from block 1 to block 2, however with the
addition of dividing by block 1 values (i.e., [block 2 —
block 1]/block 1). Sensor and source power/degree spec-
tra were then contrasted between rTMS and Sham using
an independent sample t-test. Effects were evaluated on
two levels: In a statistically more rigorous approach we
applied a nonparametric cluster permutation test as
described by Maris and Oostenveld [2007]. In brief, this
approach uses a defined threshold (here P < 0.05) to
define coherent—in our case—spatio-spectral clusters in
which the respective statistical metric is summed up
(Tsum)- Thereafter, the procedure is repeated several times
(here 1,000) on shuffled data and on each permutation the
maximal Tg,n is stored, yielding a distribution of Tgym
under the null hypothesis that the conditions do not differ.
By comparing the empirically observed Tsum with this dis-
tribution a probability can be attributed to each 2D-cluster.
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A cluster with P < 0.05 was considered to be significant
and will be later on discussed as “robust” effects. This
approach was however complemented by a more explora-
tive one, e.g., by specifically investigating patterns of
changes at the IAF for which modulations could not be
uncovered using the rigorous statistical approach outlined
above. to make the explorative nature clear to the reader
and facilitating potential reports of these effects in case of
replications, we will always refer to these effects as
“uncorrected.” Since differences in brain activity changes
between conditions may not be implicated in those under-
lying the behaviorally observed changes, we also calcu-
lated Pearson correlations (r) between brain activity and
behavioral modulations. An identical two-step approach to
the statistically observed effects was chosen as in the case
of the group comparison.

All aspects concerning offline EEG signal as well as sta-
tistical analysis were performed using Fieldtrip [Oosten-
veld et al., 2011; http://fieldtrip.fcdonders.nl/] as well as
custom-made Matlab functions. Behavioral data were ana-
lyzed using R (http:/ /www.r-project.org/).

RESULTS

In this part of the manuscript, we first intend to disclose
any possible behavioral effects of IAF rTMS. Following
this we will present a very detailed description of the
effects on EEG activity, first in a time-period prior and
ultimately after stimulation offset and thereafter more sus-
tained modulations in resting EEG activity.

Behavioral Effects

On average across both groups, threshold changes from
block 1 to block 2 were small (M = 0.21, SE = 0.16). The
mixed ANOVA; however, revealed a marginally significant
Group main effect (Fy,5 = 4.02, P = 0.05), indicating a dif-
ference between both treatments. This effect was driven by
the r'TMS group who exhibited stronger increases in thresh-
old following the stimulation phase as compared to the
Sham group, in which thresholds remained almost
unchanged. The effect is depicted in Figure 2. From this
Figure and confirmed by absent Ear main and Ear x Group
interaction effects (F’s < 1, P’s > 0.33) it can be taken that
the threshold changes were not specific to the ear contralat-
eral to the rTMS intervention. On a behavioral level, we are
thus able to report a small, yet statistically significant, wor-
sening in intensity discrimination performance following
real IAF rTMS, i.e., in a sense an effect that could be
described as “functional inhibition.” In the following, we
will address the issue which macroscopic neurophysiologi-
cal changes accompany these behavioral changes.

IAF-rTMS Entrainment Effects

Even though the main interest of the study concerned
the question whether IAF rTMS is followed by sustained
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Figure 2.

Group averaged changes of intensity discrimination thresholds.
In contrast to Sham, real IAF rTMS was followed by a small but
significant worsening of thresholds. This effect was however ear-
unspecific.

alpha modulations in the auditory cortex, we also investi-
gated the presence of transient increases during and
directly following the rTMS pulse. Naturally, TMS injected
artifacts on the order of several magnitudes larger than
normal EEG activity, necessitating special signal process-
ing steps. As outlined in detail above and exemplified in a
single participant in Supporting Information Figure 1 a
combination of noise replacement of the direct TMS arti-
fact and ICA removal of muscular activity was able to
remove the largest part of the artifactual data (note e.g.,
the clear auditory evoked response to the stimulation
onset in Supporting Information Fig. 1B, right panel). The
time—frequency analyses shown in Supporting Information
Figure 1A indicates that whereas strong increases around
the IAF was observable in close proximity to the stimula-
tion during rTMS, increases at frontocentral sites were par-
ticularly pronounced following stimulation offset.

This induced activity pattern described for a single par-
ticipant was very consistent across participants. The direct
comparison of the treatment groups is depicted in Figure
3, indicating that any presence of IAF effects was not dif-
ferent across both groups (see middle panel, Fig. 3A). The
only pronounced effect (Pyncorrected < 0.05) was a relative
increase of power for the rTMS group ranging from ~0 to
3 Hz above the IAF could be seen in a time-window 1-1.5
s following stimulation offset. The topography of the effect
has a frontocentral maximum, very suggestive of an audi-
tory cortical generator (for a comparison, see the N1 top-
ographies in the left and right panel of Fig. 3B). Even
though the N1 appeared to be somewhat larger for the
rTMS group, it is important to note that the reported
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Depiction of group effects during and following rTMS/Sham
application. Note that due to interindividually different IAFs
the time axis was realigned in all participants that 0 marks the
offset of the stimulation. In the time—frequency representation
the y-axis was furthermore realigned according to the IAF A:
Contrasting induced time-frequency data between rTMS with
Sham shows no pronounced differences (P < 0.05) during the
stimulation period. Only following the offset of the stimulus
with ~1-1.5 s delay a relative increase of alpha power (0—4 Hz
above IAF) can be seen which is pronounced at frontocentral
sites. The right panel shows single subject data for this period,
indicating that the effect is driven by a reliable decrease of
alpha power in the sham condition (small symbols to the left
of individual data represent group average £ SE). In contrast,

the effects in the rTMS condition are characterized by a strong
interindividual variability. B: Depiction of evoked potential ac-
tivity following stimulation offset (middle panel) for the identi-
cal frontocentral electrode (LA4) along with topographies of a
latency window of the NI. C: Comparison if evoked time—fre-
quency data suggest no difference at IAF between the groups
during the stimulation period. A relative increase, reminiscent
of the induced effect in terms of frequency and topography
was observed ~0.6-0.8 s following stimulation offset. Again
single subject data (right panel) indicates that this effect is
mainly driven by consistent power decreases observed in the
Sham group. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Depiction of group level electrode effects for resting EEG
recordings. Results are shown relative to individual IAF A:
Broad power reductions observed for both conditions (tested
against zero change) in particular at frequencies below IAF (cor-
responding to theta and delta frequencies) after intervention.
The effect appears more distributed confirmed by (B) the pro-
portion of significant electrodes for frequencies +5 Hz relative
to IAF However, a direct statistical comparison between the
conditions yields no significant effect on a cluster-corrected

relative alpha increases do not overlap with any noticeable
evoked responses (see middle panel, Fig. 3B). Furthermore,
at a closer look it appears that the effect is not driven by a
clear increase (“entrainment”) of alpha activity following
IAF rTMS: whereas relative to baseline real rTMS stimula-
tion lead to unsystematic effects with no change on aver-
age, on a single participant level consistent decrease of
alpha power followed Sham stimulation (Fig. 3A, right
panel). A very similar pattern can also be observed when
looking at the evoked time-frequency data (Fig. 3C), with
a relative increase (Puncorrected < 0.05) only observed after
stimulation offset, however at a slightly earlier latency
than for the induced data (~0.6-0.8). Again however, this
effect is not caused by genuine increases of power in the
IAF rTMS group, but rather by a power decrease in the
Sham group. Overall, it can be stated from our results that
relative to Sham stimulation, IAF rTMS does not produce
any genuine signs of alpha entrainment, neither during
nor ultimately following stimulation (see also Supporting

level. C: On an uncorrected (explorative) level, a circumscribed
relative increase was observed for the IAF rTMS condition at
right central electrodes. D: Spectra of power changes for elec-
trode marked in black in (C), showing global decreases of power
after Sham intervention. The IAF range is spared after IAF
rTMS, however this intervention did not induce genuine alpha
increases. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Information Fig. 2). Poststimulation effects appear to be
driven by rTMS interfering with neurophysiological proc-
esses that would emerge by the presence of the acoustic
stimulus emitted by the TMS coil in isolation.

Sensor Power Spectra

Both stimulation forms—Sham as well as IAF rTMS
lead to significant reductions of power, as expressed in
significant negative clusters (Sham: P = 0.001; IAF: P =
0). As can be seen in Figure 4B, depicting the proportion
of electrodes involved in the respective negative cluster,
the effect was particularly pronounced at frequencies
below the IAF (corresponding approximately to frequen-
cies in the delta to theta range). On a descriptive level
(see Fig. 4A,B) more electrodes appear to exhibit a power
reduction following IAF as compared to Sham, however
this was not sufficient to produce a significant difference
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Figure 5.
Cluster level effect on source power spectra data. Power reductions (depicted —2.5 to —4 Hz
relative to IAF) were confined to the left hemisphere, in particular the (i) auditory cortex, (ii)
precentral cortex, (iii) MTG, and (iv) cuneus. In an uncorrected manner a relative increase was
observed in (v) right motor cortex. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

between the groups on a cluster statistical level. No spe-
cific effect at the IAF was observed when comparing for
multiple comparisons. An uncorrected exploration of the
data at IAF resulted in a circumscribed relative increase
for the IAF group compared to the Sham group with a
maximum at right central electrodes (see Fig. 4C). How-
ever, similar to the poststimulation effect described above
this effect appears to be to a lesser degree driven by a
genuine increase of alpha power after IAF rTMS, rather
than by a pronounced global decrease of power after
Sham. Similar to this experimental condition, power at
frequencies below and above the IAF appear to be
reduced following IAF rTMS, leaving frequencies at the
IAF spared however. To summarize this part, on an elec-
trode level we find no evidence for specific alpha
increases following IAF rTMS even when data are
explored in a very liberal sense.

Source Power Spectra Results

Additionally to the electrode level analysis, source level
data were calculated by means of beamformer filters (see
Methods). This data analysis step largely confirms the
overall impressions described previously, with the notable
exception however that the direct condition contrast also
yields a significant result following cluster correction (P <

0.05). Interestingly, the differences involved in this effect
were solely confined to the left (i.e., stimulated hemi-
sphere) and can be described by a greater relative power
reduction at frequencies in particular ~2.5-5 Hz below the
IAF (i.e., corresponding to delta to theta frequencies). Fre-
quencies between approximately —1 and 3 Hz around the
IAF appear to be spared from this effect. In terms of brain
regions this relative reduction involves a distributed set of
locations in the left hemisphere, the main ones being the
auditory cortex, precentral regions, medial temporal gyrus
(MTG), and cuneus (see Fig. 5, I-IV). Inspection of changes
of source power spectra (see Fig. 5, I-IV) indicate that
while both conditions exhibit a reduction of power partic-
ularly at lower frequencies, this effect is more pronounced
following real IAF rTMS.

Genuine increases of alpha power following IAF rTMS
could not be revealed by means of cluster correction. An
uncorrected view of the data specifically at the IAF indi-
cates relative power increases for the IAF rTMS group in
right motor and premotor regions (see Fig. 5, V). This
result fits well to the topographic pattern from the elec-
trode level data (see Fig. 4C). Similar to the former analy-
sis on the surface level, however, the source power spectra
indicate that the effect is driven by a global power
decrease after intervention from which frequencies around
the IAF are spared in the true rTMS condition.
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Depiction of association of power changes on source level with changes of behavioral thresholds.
A: A highly significant negative correlation was found bilaterally for ACC beta band power. B:
Scatterplot for power changes in this region and changes in intensity discrimination thresholds.
C: Besides greater variability of beta power reductions in the Sham group (see text), a trend
was found for greater decreases in the IAF rTMS group. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

All aforementioned analyses point to the fact that IAF
rTMS does not lead to increases of alpha activity, making
this process an unlikely candidate for the (weakly)
impaired performance of the IAF rTMS group. To follow-
up this issue more systematically, behavioral changes were
correlated with source power changes. This analysis, when
calculated over both groups, shows a strong and negative
correlation between power changes in the anterior cingu-
late cortex (ACC) ~2-5 Hz (corresponding approximately
to beta activity) above the IAF and threshold changes
(cluster-corrected P < 0.03; see Fig. 6A). Figure 6B depicts
the scatterplots for this region, showing increasing dis-
crimination thresholds (i.e., worsening of performance) to
be associated with decreasing ACC beta power. This corre-
lation is significant for the IAF rTMS (r = —0.75, P =
0.001) and marginally significant for the Sham group (r =
—0.52, P = 0.06), being descriptively stronger in the former

group. However, the correlation coefficient did not differ
between these two groups (z = —95, P = 0.34). On aver-
age, both groups exhibited pronounced ACC decreases
(see Fig. 6C) on average, with a weak trend (t,; = —1.66, P
= 0.10) for stronger decreases following IAF rTMS inter-
vention. Also an F-test to compare the variances between
both groups indicated a trend for unequal variances (Fi314
= 2.78, P = 0.07), reflecting the greater variability in the
Sham group (see also Fig. 6B). Importantly, no associations
between changes of power in auditory cortex and behav-
ioral changes were noted even following a liberal uncor-
rected test.

Source Connectivity Results

Besides of investigating power changes on a source
level, the derivation of source level CSD matrices also
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Figure 7.
A: Relative increases of beta band node degree in PCC correlated strongly with increases of
threshold following intervention. B: PCC connectivity effects were strongly negatively associated
with ACC power effects. C: Compound measure summarizing PCC and ACC effects via Pytha-
goras’ theorem, indicates a highly significant association for the IAF rTMS group only. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

allowed us to analyze changes of functional connectivity
to assess whether our intervention affected the level of
connectedness (node degree) of distributed brain regions.
As a connectivity measure, we chose phase synchroniza-
tion (see Methods) and thresholded the data using a P <
0.01 to derive the adjacency matrix. Statistical analysis
using cluster correction did not reveal any significant dif-
ferences between the groups. On an uncorrected level, rel-
ative focal decreases of node degree were found in left
temporopolar regions at the IAF for the IAF rTMS group
as compared to the Sham group (data not shown). Impor-
tantly however, neither examination revealed any auditory
cortical effects meaning that on a level of absolute amount
of connectedness of the stimulated auditory cortex, IAF
rTMS and Sham did not show any differential effects.
Also, when correlating changes in node degree with be-
havioral changes no effect at the cluster level became sig-
nificant. An uncorrected inspection of the data exhibited a
positive correlation between posterior cingulate cortex
(PCC) node degree in the beta frequency range (~20-25
Hz) and changes of intensity discrimination thresholds.

The correlation for this region over both groups was r =
0.58 (P = 0.0009; see Fig. 7A). Viewing the groups sepa-
rately, a highly significant association was observed for
the Sham group (r = 0.71, P = 0.004), whereas a trend was
observed for the IAF rTMS group (r = 0.49, P = 0.06). The
difference between the correlation coefficients was statisti-
cally not significant however (z = 0.84, P = 0.40). This
uncorrected result is partly also reported, since a very
strong correlation between node degree changes in PCC
and beta power reductions in ACC could be observed
(over both groups: r = —0.54, P = 0.002; difference
between group n.s.): Weaker ACC beta power reductions
were associated with less pronounced decouplings of the
PCC (see Fig. 7B). Since both, beta power or node degree
changes in ACC and PCC, respectively, appeared to be
related to changes in behavioral performance, we also
decided to calculate this association using a compound
measure of both neurophysiological changes. For this pur-
pose we used Pythagoras’ theorem to calculate the vector
length formed by PCC node degree changes and ACC
power changes and correlated this with changes in
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Depiction of state-dependent rTMS changes. A: Poststimulus power changes are in particularly
highly negatively correlated for the rTMS condition at frequencies ~2-3.5 Hz below IAF. In this
frequency range, correlation coefficients differ highly significantly from the Sham group (Bonfer-
roni corrected). B: Scatterplot depicting the respective group associations in the aforementioned

frequency range.

intensity discrimination threshold. Deviating from the pre-
vious analyses, the overall correlation, i.e., when consider-
ing both groups together, became nonsignificant (r = 0.25,
P = 0.18; see Fig. 7C). This was due to a differential pattern
for both groups: while the association was not significant for
the Sham group (r = —0.28, P = 0.34), it was highly signifi-
cant for the IAF rTMS group (r = 0.74, P = 0.002). The differ-
ences of correlation coefficients was highly significant (z =
297, P = 0.003). The result indicates that while in the Sham
group ACC and PCC beta band dynamics exert independent
influences on behavioral outcome, in the IAF rTMS group the
impacts on behavior are highly linked.

State-Dependency Effects

As a final analysis step, we investigated specifically for
the stimulated auditory cortex whether changes in power
following intervention were related to preintervention
source power at the respective frequency. Differences
between the correlation coefficients served to test whether
these associations were specific to a condition, rather than
an unspecific effect. Two participants (one per group)
were excluded due to very high preintervention power
levels. While this did not influence effects at sub-IAF fre-
quencies, maintaining these extreme values highly influ-
enced the pattern of differences at supra-IAF frequencies.

While an association between postintervention changes
and preintervention auditory source power can be
observed at multiple frequencies, they appear not to be
specific for any intervention for the majority of frequen-
cies. At frequencies ~2-3.5 Hz below the IAF however,
significant differences can be observed between the corre-
lation coefficients (P’s < 0.002; Bonferroni correction),

driven by a stronger negative association for the IAF rTMS
group (see Fig. 8A,B). The frequency range strongly over-
laps with the one in which a general group difference was
found as well (see Fig. 5). This means that besides of
affecting sub-IAF frequencies (delta to theta range), the
effects of IAF rTMS strongly depends on pre-rTMS states
with higher power at these low frequencies predicting a
stronger impact (i.e., power decrease) following
intervention.

DISCUSSION

Ever since the introduction of TMS as a neuroscientific
tool and the demonstration that its repetitive application
leads to motor cortical excitability changes outlasting the
period of stimulation, clinical neuroscientists have been
exploring its utility in the treatment of neurological and
psychiatric disorders [see Ridding and Rothwell, 2007].
Unfortunately this enthusiasm has so far not been matched
by an adequate amount of empirical studies that carefully
investigate neurophysiological activity changes following
rTMS. The main motivation of our present work was to
explore whether IAF rTMS would be capable of enhancing
auditory cortical alpha activity in a sustained manner, a
process that we hypothesize to be of an outstanding im-
portance to reestablish a normal excitatory-inhibitory bal-
ance [Weisz, 2011]. Even though single sessions of alpha
(“high frequency”) rTMS applied to the motor cortex
[Pascual-Leone et al., 1994] implies to be increasing motor
cortical excitability, some studies applying this stimulation
form to tinnitus [see Plewnia, 2010 for an overview]| or
schizophrenia [Jin et al.,, in press] have yielded positive
results. Furthermore, application of brief alpha-pulse trains
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to the visual cortex have resulted in clear patterns of tran-
sient alpha increases [entrainment; Thut et al., 2011] along
with evidence of behavioral inhibition [Thut and Miniussi,
2009]. We regarded these strands of evidence as sufficient
to justify the research question whether an IAF rTMS
applied to the auditory cortex in healthy individuals could
significantly increase auditory cortical alpha activity. A
successful affirmation of this research question would
have important clinical implications with regards to the
treatment of chronic tinnitus using rTMS, a domain in
which low frequency (“inhibitory”) stimulation forms
dominate [e.g., so far the application of alpha rTMS has
only been in the context of single session studies; see
Plewnia, 2010 for an overview and Khedr et al., 2008 for
an exception].

To assess also behavioral consequences of IAF rTMS
participants performed an intensity discrimination task
before and after intervention. The results point to a weak,
however statistically significant, worsening of performance
for the IAF rTMS group as compared to the Sham group.
Based on behavioral evidence alone, it is thus tempting to
assume that IAF rTMS induced a functional inhibition by
increasing alpha activity in auditory cortical regions a
view that would nicely complement current entrainment
results from cognitive neuroscience [Thut and Miniussi,
2009]. The clear absence of an Ear x Group effect however
adds a level of complexity to such a straight-forward inter-
pretation, since IAF rTMS induced behavioral relevant
neurophysiological effects would then be either (a) bilat-
eral or (b) the stimulated left auditory cortex would be rel-
evant for performance of both ears. Alternatively and not
conform with the alpha increase interpretation is that IAF
r'TMS leads to (c) altered brain activity patterns outside of
the auditory cortex in brain regions relevant for perform-
ance of both ears.

Behavioral data in isolation are insufficient to give a sat-
isfactory answer to the raised questions, however in com-
bination with the EEG results some important conclusions
can be drawn: (1) No matter how the data are regarded,
i.e. even with relaxed statistical rigor, a genuine increase
of auditory cortical alpha activity cannot be observed, nei-
ther during or directly following the rTMS pulse series nor
in a sustained manner during the resting EEG recordings.
Relative decreases were found in a brief period following
the rTMS pulses as well as in right motor and premotor
regions in the resting EEG recording following interven-
tion. These effects were however driven by a interindivid-
ually consistent IAF power reduction in the Sham
condition whereas for the IAF rTMS group the effects
were characterized by great interindividual variability. (2)
Comparing the groups, the most pronounced effect is a
stronger overall power decrease pronounced at sub-IAF
frequencies corresponding to the delta to theta range. This
effect was strongly lateralized to the stimulated (left)
hemisphere and included among other regions also the au-
ditory cortex. Power at such frequencies in spontaneous
activity EEG recordings is most pronounced during slow-

wave sleep [Marshall and Born, 2007] and the stronger
decrease of power following real rTMS treatment may
reflect an increased vigilant state, a plausible interpretation
considering the fact that it likely was more unpleasant
than the Sham treatment. Interestingly however, our corre-
lation analysis revealed that the low frequency effect was
highly state-dependent, with high levels of power predict-
ing a greater rTMS impact. Even though it is uncertain
how the low frequency changes translate into terms of
neuronal excitability (lacking specific ideas as e.g. present
for alpha activity), this result fully supports current
notions that TMS effects strongly depend on pre-TMS
brain states [Siebner et al., 2004; Silvanto et al., 2008]. De-
spite of the nature of interpretation for the low frequency
effects, which would require additional experiments, it is
important to point out that this low frequency effect was
not correlated with behavioral changes. (3) Correlations
with behavioral changes were however observed outside
of the auditory cortex, mainly ACC beta power (more beta
power being associated with improved thresholds) and
PCC beta connectivity (increased connectedness being
associated with deteriorated thresholds). Interestingly, the
ACC and PCC effects were inversely related and a com-
pound measure (using Pythagoras’ theorem) indicated a
strong relationship with behavioral changes in particular
for the IAF rTMS group. It has to be emphasized that the
ACC/PCC effect were not a focus while planning the
study, so any interpretation will be necessarily speculative
at the current moment. Nevertheless, from the present
data ACC and PCC activational properties appear to have
a joint functional relevance in the context of the present
behavioral task and which may be affected by IAF rTMS.
Interestingly, the PCC has been reported to form a core
region of the default mode network [Raichle et al., 2001],
whereas the ACC appear to play a vital role in executive
control [Carter et al., 1999]: IAF rTMS may thus interfere
with a disengagement from inwardly focused attention to
acting upon environmental stimuli, a post hoc hypothesis
that would need to be explored further in future. Consid-
ering the extra-auditory nature as well as the putatively
higher-order mental processes, it comes as no surprise that
behavioral effects were not lateralized to a specific ear,
which would have been expected in case IAF rTMS signifi-
cantly and selectively altered auditory cortical excitability
at the stimulated site. Next, we will first discuss some of
the major limitations of this study or when applying rTMS
to the auditory cortex in general.

One criticism may be that large parts of the auditory
cortex along the transverse temporal gyri are located
deeply in the lateral sulcus of the human brain and may
thus be difficult to target, since the effects of the TMS
pulse drop dramatically with increasing distance of the
targeted region to the coil. While this indeed may be an
obstacle to some extent, particularly our resting-state EEG
data however show, that auditory cortical activity was
clearly affected. So the question, rather than being whether
one can modulate auditory cortical activity using rTMS, is
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better formulated as how to modulate auditory cortical ac-
tivity in a desired direction. It becomes evident from the
EEG data that the effects elicited by IAF rTMS neither con-
form with effects of high frequency (alpha) rTMS reported
in the motor system [Pascual-Leone et al., 1994] nor with
the short-term (entrainment) increases following IAF
applied to the visual system [Thut et al., 2011]. In particu-
lar with the latter approach, we however see no funda-
mental disagreement, since (a) the effects reported in these
entrainment studies are very brief and in no way sus-
tained and (b) the amount of pulses was considerably
higher in the present study which may be affect entrain-
ment effects in a so far unknown manner. Furthermore (c)
and also in contrast to rTMS applied to the visual and
motor modality, rTMS applied to the auditory cortex suf-
fers from a problem that a clear acoustic click accompanies
the TMS. Our Sham data actually show at least for the fast
effects following the rTMS pulse series a highly consistent
decrease of alpha power, which could mean that any
attempt to increase alpha power via IAF could be
drowned by the simultaneously desynchronizing effects of
the acoustic stimulation. This issue may be related to the
last aspect, that we were not capable of observing alpha
increases as a basic response feature of TMS reported by
Veniero et al. [2011] for 5 and 20 Hz as well as by Brigagni
et al. [2008] for 1 Hz applied to the motor cortex (the
authors of these papers appropriately limit their claims to
the motor system). One issue that may be raised as well is
that uncommon to previous studies on tinnitus [e.g., Klein-
jung et al.,, 2005] a fixed TMS intensity was used rather
than deriving an intensity from MEP assessment. Since
cortical excitability is likely to vary between individuals,
we cannot exclude completely that this factor may have
had some influences on the results. We find that the use of
a fixed intensity however is justified due to following
arguments: (1) A similar measure for assessing auditory
cortical excitability does not exist so far contrary to the
motor system (i.e., MEP threshold) or visual system (i.e.,
phosphene threshold). (2) A previous study [Stewart et al.,
2001] found MEP and phosphene threshold to be uncorre-
lated, ie.,, one measure from one cortical system is
unsuited for inferring intensity values in the other system.
We think that the auditory system is likely not an excep-
tion, i.e., MEP or phosphene threshold values are not valid
measures for the auditory system. (3) A clinical study by
Meeus et al. [2009] found the influence of TMS intensity
on reducing tinnitus to be rather small (~10%). A final
possible limitation of the study is the lack of neuronaviga-
tion resulting in some imprecisions with regards to the tar-
geted region. The scalp-based procedure used in the
present study has been shown previously to fall within a
range of 20 mm and clinical improvements were compara-
ble to those using more sophisticated neuronavigation-
based coil placement strategies [Langguth et al., 2006].

To conclude and to return to our initial motivation of
this study, since genuine alpha increases could not be
observed following IAF rTMS applied to the auditory cor-

tex, we do not consider this intervention to be a strong
candidate as a treatment tool of chronic tinnitus [Weisz
et al., 2011]. Based on these findings, we also find it
unlikely that the (few) reported beneficial effects of alpha
rTMS in tinnitus are mediated via normalizing the excita-
tory—inhibitory balance in auditory cortical areas, even
though a combined EEG/rTMS study awaits to be per-
formed in this patient group to derive a strong conclusion.
At least our study should caution researchers and clini-
cians again that rTMS-induced behavioral effects do not
necessarily need to mediated via direct effects at the stim-
ulation site. For example, our study opens up the hypothe-
sis that beneficial effects of IAF rTMS (and perhaps even
other stimulation forms) in tinnitus could be mediated via
affecting activational properties of the ACC and PCC (or
their interaction), which have been frequently reported in
mediating aspects of tinnitus-related distress [Vanneste
et al., 2010]. Finally, caution is also advised when directly
inferring mode of actions of rTMS paradigms, which have
been elaborated for the motor system, for the auditory
cortex.
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