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Abstract Steady-state auditory evoked responses
(SSAER) obtained via electroencephalography (EEG)
co-vary in amplitude with blood flow changes in the
auditory area of the cerebellum. The aim of the present
EEG study was to probe the cerebellar role in the con-
trol of such SSAER. For this purpose, we investigated
changes in SSAERs due to transient disruption of the
cerebellar hemisphere by repetitive transcranial mag-
netic stimulation (rTMS). SSAERs to click-trains of
three different frequencies in the gamma-band (32, 40
and 47 Hz) were recorded from 45 scalp electrodes in
six healthy volunteers immediately after 1-Hz rTMS
and compared to baseline SSAERs assessed prior to
magnetic stimulation. Cerebellar rTMS contralateral to
the stimulated ear significantly reduced the amplitude
of steady-state responses to 40-Hz click-trains and

M. A. Pastor - G. Thut - A. Pascual-Leone
Center for Noninvasive Brain Stimulation,
Department of Neurology, Beth Israel Deaconess
Medical Center, Boston, MA 02215, USA

M. A. Pastor (X))

Center for Applied Medical Research and Department
of the Neurological Sciences, University of Navarra,
Medical School, Pamplona 31008, Spain

e-mail: mapastor@unav.es

Present Address:

G. Thut

Functional Brain Mapping Laboratory,

Department of Neurology, University Hospital Geneva,
Geneva, Switzerland

A. Pascual-Leone

Institut Guttman, Universitat Auténoma de Barcelona,
Barcelona, Spain

@ Springer

showed a tendency to reduce the amplitude to 32-Hz
click-trains. No effects were observed for 47-Hz click-
trains, nor for magnetic stimulation of the cerebellum
ipsilateral to auditory stimulation or after sham stimu-
lation. Our results suggest that interference with cere-
bellar output by rTMS modifies functional activity
associated with cortical auditory processing. The find-
ing of maximum effects on 40-Hz SSAERs provides
support to the notion that the cerebellum is part of a
distributed network involved in the regulation of corti-
cal oscillatory activity and points at some frequency-
specificity for the control of auditory-driven neuronal
oscillations.

Keywords Steady state auditory evoked potentials -
EEG - Repetitive TMS - Cerebellum

Introduction

Oscillatory responses of the brain, induced by rhythmic
stimulation of a sensory pathway (steady-state poten-
tials), follow the stimulation frequency and show a
peak response at around 40 Hz for the auditory system,
as revealed both via electroencephalography (EEG)
and magnetoencephalography (MEG) using trains of
auditory clicks or frequency-modulated tones (Regan
1966; Stapells et al. 1984; Ross et al. 2000; Simpson
et al. 2005). Also, when a tone modulated in amplitude
at increasing frequencies or chirp is presented, the
maximal energies in EEG are found at stimulation fre-
quencies around 40 Hz (Artieda etal. 2004). The
source of this steady-state auditory evoked response
(SSAER) has been localized in the primary auditory
cortex, supratemporal gyrus, and brainstem via EEG,
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MEG and positron emission tomography (PET-H,0")
(Hari et al. 1989a; Makela and Hari 1987; Pantev et al.
1996; Gutschalk et al. 1999; Johnson et al. 1988; Herd-
man et al. 2002; Pastor et al. 2002; Simpson et al. 2005).
In addition, using PET, the auditory area of the cere-
bellum has been found to be active specifically at
40 Hz, the auditory stimulation frequency that gener-
ates an SSAER of maximal amplitude and the maxi-
mum blood flow increment in auditory cortex (Pastor
et al. 2002).

However, the mechanism leading to amplitude
enhancement at around 40 Hz and the role of the cere-
bellum in the generation of the SSAER are unclear.
Following the pioneering studies by Galambos et al.
(1981), several investigators have advocated the notion
that the 40-Hz SSAER represents the superimposition
of individual transient middle latency auditory evoked
responses, which add constructively at about 40-45 Hz
and destructively at about 20-25 Hz (Hari et al. 1989b;
Plourde et al. 1991; Stapells et al. 1988; Gutschalk et al.
1999). Other experiments suggested that the 40-Hz
SSAER is merely the modal maximum across a group
of subjects (Stapells et al. 1984). Another hypothesis
argues that neural units have an intrinsic rhythm of
firing that best resonates with a stimulus when it is pre-
sented at 40 Hz (Azzena et al. 1995; Basar et al. 1987,
Santarelli et al. 1995). It has also been suggested that
the SSAER could represent stimulus-induced phase
resetting of ongoing field potential oscillations or refl-
ect changes in the activity of neuronal assemblies
(Makeig et al. 2002; Artieda et al. 2004). In a recent
MEG-study, Simpson et al. (2005) were able to dis-
criminate an amplitude component linearly related to
the driving stimulus and a non-linear component
related with input from other cortical areas. Finally,
Pastor et al. (2002) have put forward a more connec-
tionist account, suggesting that the cerebral 40-Hz
SSAER might be controlled partially through the cere-
bellum at this auditory stimulation frequency.

In the present study, we sought to investigate
whether transient disruption of the cerebellum will
affect the scalp-recorded SSAER in normal human
subjects. For this purpose, repetitive transcranial mag-
netic stimulation (rTMS) was combined with EEG.
Single pulse TMS over the cerebellum decreases motor
cortex excitability (Saito et al. 1995; Ugawa et al. 1995;
Werhahn et al. 1996) and is able to modulate visually
guided saccades (Hashimoto and Ohtsuka 1995) and
smooth pursuit eye movements (Ohtsuka and Enoki
1998). Repetitive TMS at 1 Hz to the vermian area of
the cerebellum is well tolerated and safe, and increases
the variability of finger tapping movements in normal
subjects (Theoret et al. 2001). We used 1-Hz rTMS and

assessed SSAERs before and after (i.e., off-line to)
magnetic stimulation. This form of slow rTMS is sup-
posed to suppress activity in the targeted brain region
beyond the duration of the rTMS-train itself (Robert-
son et al. 2003). Our hypothesis was that interference
with cerebellar activity by 1-Hz rTMS would result in a
decrement of synchronization and consequently of the
amplitude of the SSAER generated in auditory cortex,
with largest effect around the 40-Hz steady-state
response.

Materials and methods
Subjects

Six healthy volunteers clinically screened for neurolog-
ical or psychiatric diseases participated in this study (5
males mean age =29 years, range = 19-36 years). All
were right-handed as assessed by the Edinburgh Hand-
edness Inventory (Oldfield 1971). They participated
after giving written informed consent. The study had
been approved by the Institutional Review Board of
the Beth Israel Deaconess Medical Center.

Auditory stimulus presentation

Subjects were seated comfortably in an armchair and
were stimulated with a series of 640 ms click-trains
(Fig. 1a) presented monoaurally through an earphone
to their right ear. The rate of clicks within an auditory
train was either 32, 40 or 47 Hz, and each click was of
1 ms duration. Trains of a given rate were repeated at
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Fig. 1 a Subjects were stimulated with a series of 640 ms click-
trains presented monoaurally at three different frequencies (32,
40, 47 Hz) through an earphone to their right ear. b Auditory
stimuli were presented in blocks pre- and post-rTMS, i.e., prior
and following a 1-Hz rTMS train of 10 min duration. In total,
three TMS sites were tested (site 1-3). Each site of TMS-admin-
istration was repeated once and each post-rTMS block was fol-
lowed by a 15 min break (washout period). TMS sites consisted of
the left or right cerebellum (TMS Lt, TMS Rt) and involved a left

cerebellar sham control (Sham Lt). The experimental design led
to a3 x 3 x 2 factorial design (FREQ x SITE x TMS)
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least three and maximally six times in a row before
switching to another rate. The order of the 32-, 40- and
47-Hz click-trains was pseudo-randomized and the
inter-train interval was randomized from 200 to
500 ms. The subjects were asked to listen to the click-
trains, to silently detect the changes in rate between
trains, to keep their eyes open, and to avoid eye move-
ments and blinks by fixating their gaze on a fixation
point placed 2 m in front of them.

Auditory click-trains were presented in experimen-
tal blocks of 7.5 min duration each, giving rise to 150
repetitions per train frequency (32, 40 or 47 Hz) and
block. A Power Mac computer (model: 9600/200,
Apple Computer, Cupertino, CA, USA) running Psy-
Scope (Macwhinney et al. 1997) was used for presenta-
tion of the trains.

r'TMS protocol and design

The effects of real and sham rTMS on SSAERs were
probed using an offline protocol and the following
TMS parameters (frequency 1 Hz, duration 10 min,
intensity 60% of maximum stimulator output). In the
device we used, 60% maximum stimulator output typi-
cally corresponds to the resting motor threshold
[TMT ign( nana mean = 60%, range 49-77%; obtained in
a population of healthy subjects that participated in
other studies (n = 63; age 20-38 years)]. We selected
these parameters because they have been shown to
bring about effects that outlast the duration of rTMS
itself, i.e., (i) to lead to a reduction in cortical excitabil-
ity (e.g., Chen etal. 1997; Boroojerdi etal. 2000;
Muellbacher et al. 2000; Touge etal. 2001; Romero
et al. 2002) and (ii) to a disruption of cognitive brain
function beyond magnetic stimulation (e.g., Kosslyn
et al. 1999; Hilgetag et al. 2001; Shapiro et al. 2001), as
well as (iii) to affect EEG correlates of neural activity
in a similar time range (Rossi et al. 2000; Schutter et al.
2001; Bohotin et al. 2002; Enomoto et al. 2001; Strens
et al. 2002; Chen et al. 2003; Fumal et al. 2003; Thut
et al. 2003). TMS-effects were assessed by comparing
the SSAER recorded immediately after rTMS with
those recorded at baseline, before rTMS (SSAERs in
post- vs. pre-rTMS blocks).

Repetitive TMS was applied over the left or right
cerebellum using an 11 cm double-cone coil (two real
rTMS sites) as well as over the left cerebellum using a
specially designed 7 cm figure-of-eight placebo (sham)
coil (one sham rTMS site). The coil center was posi-
tioned 3 cm lateral to the inion at the level of the line
joining the inion and the left or right external auditory
meatus (for left or right cerebellar stimulation, respec-
tively), in line with previous rTMS studies stimulating
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the cerebellum (Gerschlager et al. 2002). The target
site of primary interest was the left cerebellum,
because a previous PET-study found greater blood
flow increase by 40-Hz auditory stimulation in the
(left) cerebellar area contralateral to the stimulated
(right) ear (Pastor et al. 2002). The right cerebellar site
was included to test for differential effects of side of
TMS. The left sham r'TMS site served as control.

Each of the three different TMS-applications (left or
right cerebellum or sham) was preceded and followed
by a block of auditory stimulation (pre- and post-rTMS
blocks, Fig. 1b), and was repeated once in order to
increase the number of click-trains per train-type, TMS-
site, and TMS-condition to » =300. In addition, we
introduced a break of 15 min following each post-rTMS
block in order to allow washout of the rTMS-effects.
Site of stimulation was counterbalanced across subjects
over two experimental sessions that took place on two
separate days. Each subject was tested in all conditions.

The experimental design led to a 3 x 3 x 2 factorial
design with frequency of click-trains (32, 40, 47 Hz),
site (TMS Lt cerebellum, TMS Rt cerebellum, Sham Lt
cerebellum) and TMS (pre, post) as factors.

TMS-apparatus, anatomical site of stimulation
and EEG recordings

TMS was delivered by a Magstim Super Rapid Trans-
cranial Magnetic Stimulator (Magstim Company,
Dyfed, UK). Using optical tracking by a frameless ste-
reotaxic system (Brainsight, Rogue Research, Mon-
treal, Canada) and individual brain MR-images, we
determined the anatomical site of stimulation offline to
the experiment in the subjects (Fig. 2).

EEG was continuously sampled at 200 Hz during
auditory stimulation from 45 standard locations
according to the international 10-10 electrode system
(Fpz, AF7, Afz, AFS, F3, F1, F2, F4, FT7, FC5, FC3,
FC1, FCz, FC2, FC4, FC6, FT8, T7, C5, C3, C1, Cz, C2,
C4, Co, T8, TP7, CP5, CP3, CP1, CPz, CP2, CP4, CP6,
TPS, PS5, P3, P1, P2, P4, P6, PO7, POz, POS, Oz). EOG
was recorded through two additional bipolar horizon-
tal and vertical derivations. To eliminate any risk of
scalp burns due to overheating of the EEG contacts
during TMS-exposure, non-polarizable, plastic-body
electrodes coated with silver epoxy were used (Ives
et al. 1991). EEG signals were recorded with a bipolar
montage and were recalculated off-line against the
average reference. Impedance was kept below 10 kQ.
A unit based on a 128-channel data acquisition system
(Ives EEG solutions, Inc., Burlington, ON, Canada)
originally developed for invasive EEG recordings (Ives
et al. 1991) served for data acquisition.
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Fig. 2 The anatomical site of
stimulation was determined
offline to the experiment using
optical tracking by a frameless
stereotaxic system. The cross-
hairs highlight the cortical
point located radially inward
from the center of the coil,
projected onto individual
MRIs

EEG analysis

EEG data were reorganized offline to the recording
into 1,280 ms epochs aligned to the onset of the click-
trains (—640 ms pre- to 640 ms post-stimulus onset, the
post-onset period thus covering the duration of the
click-trains). Single sweeps were carefully scanned for
artifacts and if contaminated removed prior to the
analysis. Approximately 250 artifact-free epochs were
obtained per subject and condition.

In order to (a) determine the onset latencies and to
(b) explore the dominant frequencies of the SSAER
induced by the click-trains, EEG data were (a) aver-
aged to auditory evoked potentials (1,280 ms epochs)
and (b) Fourier transformed in the window overlap-
ping the click-trains (640 ms-epochs, frequency resolu-
tion: 1.563 Hz) using Scan 4.2 software (NeuroScan
Inc., Herndon, VA, USA).

To compute the amplitude of the SSAER in the
time period following its onset, we applied a method
for calculation of event-related band power changes,
phase-locked to (i.e., evoked by) the click-trains (cal-
culated via Scan 4.2 software). The phase-locking
eliminates all the oscillations that were not strictly
time-locked to the onset of the click-train, i.e., the
oscillations in the pre-train window of 640 ms that
ended with variable time-intervals before train-onset
(Pfurtscheller and Lopes da Silva 1999). Changes in
event-related band power (ERBP) were defined as the
percentage of increase (or decrease) in band power fol-
lowing the onset of click-trains (0-640 ms post-stimulus
onset) as compared to the reference interval (—640 to
0 ms pre-stimulus onset). Bandpass filters were set to
30-34, 38-42 and 45-49 Hz for steady-state responses
to 32-, 40- and 47-Hz click-trains, respectively (12 dB/
octave rolloff, trim left and right of 200 ms). The ampli-
tude of the SSAER was then calculated by averaging
over post-stimulus ERBP-values starting from the onset

Left Cerebellum

Right Cerebellum

of the steady-state oscillations (175 ms post-stimulus,
see results). This provided one amplitude value per
condition and electrode.

Statistical analysis

Amplitudes of steady-state responses, as derived from
the event-related band power (ERBP) algorithm, were
compared between conditions for each electrode sepa-
rately using 3 x 3 x 2 analysis of variance (ANOVA,
repeated-measure) with within-subject factors fre-
quency of auditory stimulation (FREQ), site of mag-
netic stimulation (SITE) and TMS (Pre vs. Post). Since
we expected rTMS-effects on SSAER to depend on
both TMS-site and frequency of click-trains, based on
previous findings of lateralized cerebellar activation
specific to 40-Hz auditory stimulation (Pastor et al.
2002), we focused on the three-way interaction FREQ
x SITE x TMS, mapped on the electrode array, and
subsequent simple tests.

Results

Figure 3 depicts the auditory evoked potentials induced
by 32-, 40-, and 47-Hz click-trains (grand-average) of
pre-TMS trials (baseline blocks) in an exemplar lead
contralateral to auditory stimulation (over left temporal
cortex) as well as the corresponding frequency spectra
in the period overlapping the click-train. Oscillatory
electrical signals cycling at the stimulation frequency
(steady-state response, SSAER) started to develop at
around 150-200 ms post-stimulus onset (Fig. 3a) with
similar amplitudes for 32-, 40- and 47-Hz click-trains
(Fig. 3b).

Figure 4a illustrates the spatial distribution of those
rTMS-effects on SSAER amplitude, which depended
on both frequency of auditory stimulation and site of
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Fig. 3 a Auditory evoked A  Grand-mean EPs over TP7 B Corresponding FFT
potentials induced by 32-, 40-, All Pre-trials collapsed for click-train interval
and 47-Hz click-trains (grand- 9 32 Hz 03
average of pre-TMS blocks) in 1 ' 2z
an exemple}r lead f:ontra@at- i g 02 e 4Otz
eral to auditory stimulation 1 =t @ pis
(TP7), as well as b the corre- 2 5 I\ &
sponding frequency spectra in g [
the period overlapping the 5 40 Hz 8 LY o
click-train (0-640 ms) , N BTt et

d MV, § O T MO~ m N O o

0 Jk__ﬁ:.ﬁ' e ',,_ll : ~EeR8 SRR RR TS

Al T i i Frequency (Hz)

4 ul_.” a v

2 47 Hz

1

o4

4

2

FERIELRETRCRIRRASERS
click-train
B
mMs SHAM

c5

7 cps R

Fcz Fc2 FC4

Cl cz C2

3 CP1 CPz CPZ P4

),

01

0.05

€4 €8 0

-0,05

P2 P4 .1

0,15 !

Left Cerebellum Right Cerebellum Left Cerebellum

[0 321z
B 40z
[ 47h2

Fig. 4 a Spatial distribution of those TMS-effects on SSAER
amplitude, which depended on both frequency of auditory stimu-
lation and site of magnetic stimulation (F-values of the three-way
interactions FREQ x SITE x TMS mapped on the electrode ar-
ray). b TMS-induced changes in SSAER-amplitude (difference
values, post-rTMS minus pre-r'TMS block) at the left frontal con-

magnetic stimulation (F-values of the three-way
ANOVA interactions FREQ x SITE x TMS mapped
on the electrode array). Significant F-values were
obtained for left frontal electrodes F1 (F=6.2,
P=0.002), F3 (F=4.7, P=0.008), FCl (F=3.1,
P =0.04) and FC3 (F=3.6, P =0.02).

Figure 4b depicts the difference in steady-state
amplitude induced by rTMS (post-rTMS block minus
pre-rTMS block, negative values correspond to an
amplitude decrease) as a function of frequency of audi-
tory stimulation and site of magnetic stimulation for
the left frontal electrodes showing significant F-values
(data collapsed over F1, F3, FC1 and FC3). Left cere-
bellar rTMS significantly reduced the amplitude of
steady-state responses to 40-Hz click-trains (P < 0.05)
and showed a tendency to reduce the amplitude to 32-
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tacts showing a significant three-way interaction (data collapsed
over F1, F3, FC1 and FC3), as a function of frequency of auditory
stimulation and site of magnetic stimulation. Negative values cor-
respond to an SSAER-amplitude decrease in the post-rTMS
block relative to baseline (pre-rTMS block). Between-subject
averages (mean + SE) are shown. * P < 0.05,t P = 0.095

Hz click-trains (P =0.095). No effects were observed
for 47-Hz click-trains, nor for stimulation of the right
cerebellum or the left cerebellar sham control.

Discussion

Cerebellar rTMS at a frequency of 1 Hz produced a
significant decrement in the amplitude of the SSAER.
This effect was observed only when magnetic stimula-
tion was administered over the cerebellar hemisphere
contralateral to the stimulated ear and depended on
auditory stimulation rate. Significant changes were
observed for the 40-Hz SSAER and a trend was
observed for the 32-Hz response, i.e., SSAERSs in the
lower gamma frequency range were affected by rTMS.
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This result is consistent with PET-findings (Pastor et al.
2002) revealing asymmetric, frequency-specific activa-
tion of the cerebellar cortex during steady-state audi-
tory stimulation, and thus provides further support to
the notion that the cerebellum is part of the distributed
neural network involved in the generation or control of
SSAERs.

We found the effect of rTMS on SSAER-amplitude
to be restricted to magnetic stimulation of the left cere-
bellar hemisphere, i.e., contralateral to the side of audi-
tory stimulation, as well as to be localized to left frontal
electrode sites, i.e., homolateral to cerebellar stimula-
tion. A fronto-central topography of the SSAER with
greatest amplitude at contralateral frontal sites is a
standard finding when EEG recording is performed
with balanced earlobe reference electrodes (Azzena
et al. 1995; Maiste et al. 1995; Pastor et al. 2002). Our
finding of rTMS-effects to predominate after left cere-
bellar stimulation, contralateral to the stimulated ear,
was not necessarily expected, given that monoaural
auditory input does project bilaterally to both hemi-
spheres. However, modulation of auditory evoked cor-
tical responses through ipsilateral cerebellar control is
in agreement with the findings from PET. These
showed unilaterally predominating cerebellar coactiva-
tion, opposite to the stimulated ear, together with
stronger activation of the primary and secondary audi-
tory cortices homolateral to the cerebellar activation
site (Pastor et al. 2002). In contrast to other cortical
regions, the auditory cortex appears to send fibers
mainly to cell groups projecting to the ipsilateral crus I1
(Brodal 1983). The projections from the auditory cor-
tex to the cerebellum are by the secondary auditory
area (AII) and the adjacent auditory association areas
of the superior temporal gyrus (STG) and superior
temporal plane (STP) to the dorsolateral, lateral, and
peripeduncular pontine nuclei (Schmahmann and
Pandya 1991). Therefore, if the auditory cortex follows
the general principle of reciprocal interconnections
with the cerebellum, namely if the cortical areas that
project to the cerebellum by the pons are themselves
the target of cerebellar output by the thalamus (Mid-
dleton and Strick 1998), magnetic stimulation of audi-
tory areas of the cerebellar hemisphere would be
expected to modify homolateral auditory cortex func-
tion. This may explain the great asymmetry of the
r'TMS effect over the hemisphere crus II areas, i.e., that
r'TMS over the left posterior fossa, targeting the audi-
tory association area of the cerebellar hemisphere,
modulates the SSAER over homo- but not contralat-
eral cortex.

The baseline amplitude of the SSAER was similar at
all explored auditory frequencies (32, 40, 47 Hz).

Auditory steady-state responses recorded from the scalp
in the awake and passive state show on average maxi-
mum amplitudes at approximately 40 Hz (Galambos
et al. 1981), but individual variability has been
observed (Stapells et al. 1984). We requested from the
subjects to detect silently the changes of frequencies
within each block of auditory stimulation. This atten-
tional load may have modified the amplitude of the
recorded SSAER in a way that equalized the responses
at the three explored frequencies. Visually induced
steady-state potentials are modulated by shifts of spa-
tial attention (Belmonte 1998; Muller and Hillyard
2000). In the auditory modality, no effect of attention
was found on the amplitude and phase of steady-state
evoked potentials for stimulus rates between 37 and
41 Hz (Linden et al. 1987) but lower and higher rates
have not been tested. It might thus be speculated that
attentional modulation has a stronger impact on the
32- and 47-Hz SSAERs than on the 40-Hz response,
latter showing already elevated amplitude values.

The modification of steady-state responses after
10 min of 1-Hz rTMS is most significant for auditory
click-trains presented at 40 Hz, followed by 32 Hz and
is consistent across individuals. Our findings of greater
modulation of 40-Hz cortical responses and a fronto-
central topography are consistent with a previous study
on SSAERs, designed without attentional load and
recorded with EEG and PET (Pastor et al. 2002). Also,
the oscillatory responses induced by auditory stimula-
tion at around 40 Hz typically have larger amplitudes
than those evoked by other stimulation rates, which
may imply stronger or more synchronous cerebello-
cortical interactions at this frequency. In addition to
endorsing that the cerebellum is playing a role in the
generation of the 40-Hz SSAER, our results suggest
that cerebellar implication might generalize to other
frequencies in the lower gamma frequency band (30—
40 Hz), although this has to be considered preliminary
given that the TMS-effect on the 32-Hz SSAER did not
reach significance. Yet, the present results demonstrate
that the cerebellum is not involved in the control of
oscillatory responses across the entire frequency range.
All neuronal populations have “preferential” frequen-
cies, and our results indicate that for cerebello-cortical
interactions, cerebellar neurons preferentially resonate
at specific frequencies in the gamma band. Further
studies are needed to analyze a wider range of frequen-
cies, but in the present study it is interesting to see
selective effect of rTMS on SSAER fading at 47 Hz.
Future studies using individual anatomical localization
of the cerebellar area, via functional neuroimaging
techniques, may also help to account for inter-individ-
ual differences regarding peak-frequency of maximum
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SSAER amplitude and for the influence of attention
onto the thalamo—cortical-cerebellar network.

Our results serve as a further example of physiologic
effects of rTMS over the cerebellum. The main bulk of
evidence on effects of cerebellar TMS comes from
motor paradigms. However, because TMS over the
posterior fossa causes a simultaneous stimulation of
peripheral cutaneous and muscular afferents that influ-
ences the excitability of spinal circuits, parts of the
effects of cerebellar TMS on motor tasks can be
explained by spinal mechanisms rather than modula-
tion of cortical circuitry (Gerschlager et al. 2002). The
fact that rTMS over the cerebellar hemisphere led to
topographically congruent, cerebral cortical changes in
SSAER offers a way to study cerebellar modulation of
cortical functions disentangled from the effects of other
local inputs, i.e., originating in midbrain or peripheral
structures. In our study, the differential modulation of
cortical responses at 40 versus 47 Hz supports a corti-
cal, not midbrain (i.e., cochlear nuclei) control.

In conclusion, modulation of the cerebellar output
by rTMS modifies cortical oscillatory activity associ-
ated with an auditory task, namely the steady-state
auditory response to click-trains. Our findings add
novel information about the functional role of the cere-
bellum in non-motor tasks. Overall, our results demon-
strate that rTMS applied during specific sensory or
cognitive tasks and coupled with concurrent EEG
recording is a valuable tool to explore cerebro-cerebel-
lar functional connectivity.

Acknowledgment M.A.P. was supported by grant EX2001
46214114 from the Spanish Education and Culture Department
MECD/Fulbright and G.T by a grant of the Swiss National Sci-
ence Foundation (no 823A-061230). The study was partly sup-
ported by K24 RR018875 and RO1-EY12091 to A.P.-L and the
Harvard-Thorndike General Clinical Research Center (NCRR
MO1 RR01032).

References

Artieda J, Valencia M, Alegre M, Olaziregi O, Urrestarazu E,
Iriarte J (2004) Potentials evoked by chirp-modulated tones:
a new technique to evaluate oscillatory activity in the audi-
tory pathway. Clin Neurophysiol 115:699-709

Azzena GB, Conti G, Santarelli R, Ottaviani F, Paludetti G,
Maurizi M (1995) Generation of human auditory steady-
state responses (SSRs) I: stimulus rate effects. Hear Res
83:1-8

Basar E, Rosen B, Basar-Eroglu C, Greitschus F (1987) The asso-
ciations between 40 Hz-EEG and the middle latency re-
sponse of the auditory evoked potential. Int J Neurosci
33:103-117

Belmonte M (1998) Shifts of visual spatial attention modulate a
steady-state visual evoked potential. Brain Res Cogn Brain
Res 6:295-307

@ Springer

Bohotin V, Fumal A, Vandenheede M, Gerard P, Bohotin C,
Maertens de Noordhout A, Schoenen J (2002) Effects of
repetitive transcranial magnetic stimulation on visual
evoked potentials in migraine. Brain 125:912-922

Boroojerdi B, Prager A, Muellbacher W, Cohen LG (2000)
Reduction of human visual cortex excitability using 1-Hz
transcranial magnetic stimulation. Neurology 54:1529-1531

Brodal P (1983) Principles of organization of the corticopontocer-
ebellar projection to crus II in the cat with particular refer-
ence to the parietal cortical areas. Neuroscience 10:621-638

Chen R, Classen J, Gerloff C, Celnik P, Wassermann EM, Hallett
M, Cohen LG (1997) Depression of motor cortex excitability
by low-frequency transcranial magnetic stimulation. Neurol-
ogy 48:1398-1403

Chen WH, Mima T, Siebner HR, Oga T, Hara H, Satow T, Be-
gum T, Nagamine T, Shibasaki H (2003) Low-frequency
r'TMS over lateral premotor cortex induces lasting changes in
regional activation and functional coupling of cortical motor
areas. Clin Neurophysiol 114:1628-1637

Enomoto H, Ugawa Y, Hanajima R, Yuasa K, Mochizuki H, Ter-
ao Y, Shiio Y, Furubayashi T, Iwata NK, Kanazawa I (2001)
Decreased sensory cortical excitability after 1 Hz rTMS over
the ipsilateral primary motor cortex. Clin Neurophysiol
112:2154-2158

Fumal A, Bohotin V, Vandenheede M, Seidel L, de Pasqua V, de
Noordhout AM, Schoenen J (2003) Effects of repetitive
transcranial magnetic stimulation on visual evoked poten-
tials: new insights in healthy subjects. Exp Brain Res
150:332-340

Galambos R, Makeig S, Talmachoff PJ (1981) A 40-Hz auditory
potential recorded from the human scalp. Proc Natl Acad Sci
U S A 78:2643-2647

Gerschlager W, Christensen LO, Bestmann S, Rothwell JC
(2002) rTMS over the cerebellum can increase corticospi-
nal excitability through a spinal mechanism involving
activation of peripheral nerve fibres. Clin Neurophysiol
113:1435-1440

Gutschalk A, Mase R, Roth R, Ille N, Rupp A, Hahnel S, Picton
TW, Scherg M (1999) Deconvolution of 40 Hz steady-state
fields reveals two overlapping source activities of the human
auditory cortex. Clin Neurophysiol 110:856-868

Hari R, Hamalainen M, Joutsiniemi SL (1989a) Neuromagnetic
steady-state responses to auditory stimuli. J Acoust Soc Am
86:1033-1039

Hari R, Joutsiniemi SL, Hamalainen M, Vilkman V (1989b) Neu-
romagnetic responses of human auditory cortex to interrup-
tions in a steady rhythm. Neurosci Lett 99:164-168

Hashimoto M, Ohtsuka K (1995) Transcranial magnetic stimula-
tion over the posterior cerebellum during visually guided
saccades in man. Brain 118 (Pt 5):1185-1193

Herdman AT, Lins O, Van Roon P, Stapells DR, Scherg M, Pic-
ton TW (2002) Intracerebral sources of human auditory
steady-state responses. Brain Topogr 15:69-86

Hilgetag CC, Theoret H, Pascual-Leone A (2001) Enhanced visu-
al spatial attention ipsilateral to rTMS-induced ‘virtual le-
sions’ of human parietal cortex. Nat Neurosci 4:953-957

Ives JR, Mainwaring NR, Gruber LJ, Cosgrove GR, Blume HW,
Schomer DL (1991) 128-channel cable-telemetry EEG
recording system for long-term invasive monitoring. Electro-
encephalogr Clin Neurophysiol 79:69-72

Johnson BW, Weinberg H, Ribary U, Cheyne DO, Ancill R
(1988) Topographic distribution of the 4 Hz auditory
evoked-related potential in normal and aged subjects. Brain
Topogr 1:117-121

Kosslyn SM, Pascual-Leone A, Felician O, Camposano S, Kee-
nan JP, Thompson WL, Ganis G, Sukel KE, Alpert NM



Exp Brain Res (2006) 175:702-709

709

(1999) The role of area 17 in visual imagery: convergent evi-
dence from PET and rTMS. Science 284:167-170

Linden RD, Picton TW, Hamel G, Campbell KB (1987) Human
auditory steady-state evoked potentials during selective
attention. Electroencephalogr Clin Neurophysiol 66:145-159

Macwhinney B, Cohen J, Provost J (1997) The psyScope experi-
ment-building system. Spat Vis 11:99-101

Maiste AC, Wiens AS, Hunt MJ, Scherg M, Picton TW (1995)
Event-related potentials and the categorical perception of
speech sounds. Ear Hear 16:68-90

Makeig S, Westerfield M, Jung TP, Enghoff S, Townsend J, Cour-
chesne E, Sejnowski TJV (2002) Dynamic brain sources of
visual evoked responses. Science 295:690-694

Makela JP, Hari R (1987) Evidence for cortical origin of the
40 Hz auditory evoked response in man. Electroencephalogr
Clin Neurophysiol 66:539-546

Middleton FA, Strick PL (1998) The cerebellum: an overview.
Trends Neurosci 21:367-369

Muellbacher W, Ziemann U, Boroojerdi B, Hallett M (2000)
Effects of low-frequency transcranial magnetic stimulation
on motor excitability and basic motor behavior. Clin Neuro-
physiol 111:1002-1007

Muller MM, Hillyard SV (2000) Concurrent recording of steady-
state and transient event-related potentials as indices of visual-
spatial selective attention. Clin Neurophysiol 111:1544-1552

Ohtsuka K, Enoki T (1998) Transcranial magnetic stimulation
over the posterior cerebellum during smooth pursuit eye
movements in man. Brain 121 (Pt 3):429-435

Oldfield RC (1971) The assessment and analysis of handedness:
the Edinburgh inventory. Neuropsychologia 9:97-113

Pantev C, Roberts LE, Elbert T, Ross B, Wienbruch C (1996)
Tonotopic organization of the sources of human auditory
steady-state responses. Hear Res 101:62-74

Pastor MA, Artieda J, Arbizu J, Marti-Climent JM, Penuelas I,
Masdeu JC (2002) Activation of human cerebral and cere-
bellar cortex by auditory stimulation at 40 Hz. J Neurosci
22:10501-10506

Pfurtscheller G, Lopes da Silva FH (1999) Event-related EEG/
MEG synchronization and desynchronization: basic princi-
ples. Clin Neurophysiol 110:1842-1857

Plourde G, Stapells DR, Picton TW (1991) The human auditory
steady-state evoked potentials (discussion 160). Acta Otolar-
yngol Suppl 491:153-159

Regan D (1966) An effect of stimulus colour on average steady-
state potentials evoked in man. Nature 210:1056-1057

Robertson EM, Theoret H, Pascual-Leone A (2003) Studies in
cognition: the problems solved and created by transcranial
magnetic stimulation. J Cogn Neurosci 15:948-960

Romero JR, Anschel D, Sparing R, Gangitano M, Pascual-Leone
A (2002) Subthreshold low frequency repetitive transcranial
magnetic stimulation selectively decreases facilitation in the
motor cortex. Clin Neurophysiol 113:101-107

Ross B, Borgmann C, Draganova R, Roberts LE, Pantev C
(2000) A high-precision magnetoencephalographic study of
human auditory steady-state responses to amplitude-modu-
lated tones. J Acoust Soc Am 108:679-691

Rossi S, Pasqualetti P, Rossini PM, Feige B, Ulivelli M, Glocker
FX, Battistini N, Lucking CH, Kristeva-Feige R (2000)
Effects of repetitive transcranial magnetic stimulation on
movement-related cortical activity in humans. Cereb Cortex
10:802-808

Saito Y, Yokota T, Yuasa T (1995) Suppression of motor cortical
excitability by magnetic stimulation of the cerebellum. Brain
Res 694:200-206

Santarelli R, Maurizi M, Conti G, Ottaviani F, Paludetti G, Petto-
rossi VE (1995) Generation of human auditory steady-state
responses (SSRs) II: addition of responses to individual stim-
uli. Hear Res 83:9-18

Schmahmann JD, Pandya DN (1991) Projections to the basis pon-
tis from the superior temporal sulcus and superior temporal
region in the rhesus monkey. J Comp Neurol 308:224-248

Schutter DJ, van Honk J, d’Alfonso AA, Postma A, de Haan EH
(2001) Effects of slow rTMS at the right dorsolateral prefron-
tal cortex on EEG asymmetry and mood. Neuroreport
12:445-447

Shapiro KA, Pascual-Leone A, Mottaghy FM, Gangitano M,
Caramazza A (2001) Grammatical distinctions in the left
frontal cortex. J Cogn Neurosci 13:713-720

Simpson MI, Hadjipapas A, Barnes GR, Furlong PL, Witton C
(2005) Imaging the dynamics of the auditory steady-state
evoked response. Neurosci Lett 385:195-197

Stapells DR, Linden D, Suffield JB, Hamel G, Picton TW (1984)
Human auditory steady state potentials. Ear Hear 5:105-
113

Stapells DR, Galambos R, Costello JA, Makeig S (1988) Incon-
sistency of auditory middle latency and steady-state respons-
es in infants. Electroencephalogr Clin Neurophysiol 71:289—
295

Strens LH, Oliviero A, Bloem BR, Gerschlager W, Rothwell JC,
Brown P (2002) The effects of subthreshold 1 Hz repetitive
TMS on cortico-cortical and interhemispheric coherence.
Clin Neurophysiol 113:1279-1285

Theoret H, Haque J, Pascual-Leone A (2001) Increased variabil-
ity of paced finger tapping accuracy following repetitive mag-
netic stimulation of the cerebellum in humans. Neurosci Lett
306:29-32

Thut G, Theoret H, Pfennig A, Ives J, Kampmann F, Northoff G,
Pascual-Leone A (2003) Differential effects of low-frequency
rTMS at the occipital pole on visual-induced alpha desyn-
chronization and visual-evoked potentials. Neuroimage
18:334-347

Touge T, Gerschlager W, Brown P, Rothwell JC (2001) Are the
after-effects of low-frequency rTMS on motor cortex excit-
ability due to changes in the efficacy of cortical synapses?
Clin Neurophysiol 112:2138-2145

Ugawa Y, Uesaka Y, Terao Y, Hanajima R, Kanazawa I (1995)
Magnetic stimulation over the cerebellum in humans. Ann
Neurol 37:703-713

Werhahn KJ, Taylor J, Ridding M, Meyer BU, Rothwell JC
(1996) Effect of transcranial magnetic stimulation over the
cerebellum on the excitability of human motor cortex. Elec-
troencephalogr Clin Neurophysiol 101:58-66

@ Springer



	Modulation of steady-state auditory evoked potentials by cerebellar rTMS
	Abstract
	Introduction
	Materials and methods
	Subjects
	Auditory stimulus presentation
	rTMS protocol and design
	TMS-apparatus, anatomical site of stimulation and EEG recordings
	EEG analysis
	Statistical analysis

	Results
	Discussion
	Acknowledgment

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


