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SUMMARY

Background: Previous studies have detected EEG, cognitive and motor cortex modulation after cerebellar repetitive Transcranial Magnetic
Stimulation (rTMS). The aim of our study was to determine a) if these findings actually reflect cerebellar rTMS or rather neck muscle magnetic
stimulation (MMS), and b) if cerebellar rTMS modulates frontal cortex activity. Methods: EEG recordings were obtained from 6 right-handed
healthy volunteers before and after 1) rTMS applied over the right cerebellar hemisphere and 2) MMS applied over the right muscle trapezius.
We used 20 minutes of 10 Hz rTMS and MMS with 1200 impulses. The spatial distribution of the rTMS and MMS-induced changes in the
electrical brain activity were assessed using low-resolution electromagnetic tomography (LORETA). Results: Right cerebellar rTMS increased
the power density in the delta, theta, alpha-1 and beta-2 frequency bands. Power increments in the delta, theta and beta-2 bands were found
predominantly over the frontal and parietal lobes, whereas the alpha-1 power was increased bilaterally in the medial cingulate. No significant
changes were detected after MMS applied over the trapezius muscle. Conclusions: Our results suggest the feasibility to modulate frontal cor-
tical activity by means of cerebellar rTMS. This could support the use of the cerebellar rTMS in patients with neuropsychiatric disorders where
cortico-subcortico-cerebellar abnormalities have been detected.
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SOUHRN

Uvod: Po repetitivni transkranialni magnetické stimulaci (rTMS) moze¢ku byla v predchozich studiich detekovina zména aktivity moto-
rické kary, ovlivnéni kognitivnich funkci a zmény na EEG. Cilem nasi studie bylo ovéfit: a) zda jsou tyto zmény zptisobené rTMS mozecku ¢i
magnetickou stimulaci (MS) krénich svalti a b) zda Ize po rTMS mozecku detekovat zmény ve frontalni kiife. Metody: EEG bylo provedeno u 6
zdravych dobrovolnikii pfed a po 1) rTMS aplikované nad pravou mozeckovou hemisférou a 2) MS pravého trapézového svalu. Byla pouzita 20
minutovd stimulace 10 Hz rTMS a MS s celkem 1200 stimuly. rTMS a MS indukovand zména prostorové distribuce elektrické aktivity mozku
byla detekovina pomoci nizko-rozlidovaci elektromagnetické tomografie (LORETA). Vysledky: Stimulace pravého mozecku zvySovala proudovou
hustotu v pdsmu delta, theta, alfa-1 a beta-2. Zvyseni proudové hustoty v pAsmu delta, theta a beta-2 bylo zjisténo prevazné v oblasti frontalni
a parietdlni kary. Zvy$eni proudové hustoty v alfa-1 padsmu bylo detekovano bilateralné ve stiednim cingulu. Po MS m. trapezius nebyly zjistény
signifikantni zmény distribuce elektrické aktivity mozku. Zavér: Dosazené vysledky naznacuji moznost modulace frontdlni aktivity pomoci
rTMS mozecku a vytviii tak teoreticky pfedpoklad vyuziti rTMS mozecku u pacientt s neuropsychiatrickymi poruchami, u kterych byly popsiny
abnormity kortiko-subkortiko-cerebelarni.
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Introduction

Recent studies showed that the cerebellum is essential not only in
the coordination of movement, maintenance of balance and appropri-
ate muscle tone but probably also in affective and cognitive processing.
Schmahmann and Sherman (1998) described cerebellar cognitive affective
syndrome (CCAS), named after deficits caused by cerebellar lesions. The
phenomenology of patients with CCAS is similar to that of patients with
frontal lesions, so functional cerebellar and frontal integration is highly
probable. The functional connectivity between the cerebellum and the
prefrontal cortex was suggested by neuroimaging studies during cogni-
tive tasks which showed simultaneous activation of the cerebellum and
the prefrontal cortex (Andreasen et al., 1995; Schlosser et al., 1998). The
fronto-ponto-cerebellar pathways are well established, but the existence
of cerebello-thalamo-prefrontal pathways were documented recently by
the use of transneuronal tracer (Middleton and Strick, 2001). Using the
same method Clower et al. (2001) visualised cerebello-thalamo-parietal
pathway, in particular connection between the dentate nucleus and inferior
parietal lobe. Neuroimaging studies have detected brain abnormalities
in the cortico-subcortico-cerebellar pathway not only in neurological
diseases (benign tremor, spinocerebellar ataxia) but also in primary psy-
chiatric disorders such as depression, schizophrenia, autism, and ADHD
(Rapoport, 2001).

Repetitive transcranial magnetic stimulation (rTMS) is a research tool
used in neurophysiology, diagnostics and as a therapeutic method in
neurology and psychiatry (Post and Keck, 2001). In rTMS, the repetitive
magnetic field generated in the coil is transmitted through the scalp
and scull into the brain where it induces an electrical field resulting in
depolarization of neurons. Recent studies detected EEG (Schuctter et al.,
2003), cognitive (Desmond et al., 2005; Kopecek et al., 2004; Miall and
Christensen, 2004;) and motor cortex modulation after cerebellar rTMS
(Oliveri et al., 2005; Ugawa et al., 1995; Werhahn et al., 1996). However,
the cerebellar rTMS also induces contraction to the neck muscles, soma-
tosensory sensation and noise. These sensations can induce measurable
changes and thus confound the results. Gerschlager et al. (2002) discussed
that rTMS over the cerebellum can increase corticospinal excitability
through a spinal mechanism involving activation of peripheral nerve fibres.
Majority of studies use the standard sham rTMS which controls for the
noise of rTMS and possibly some other nonspecific changes associated
with the experiment. However, the acoustic sham does not control for
muscles contraction and somatosensory sensation. The aim of our study
was to evaluate the effect of cerebellar rTMS on frontal cortical activity.
To control the influence of the neck muscles contraction, somatosensory
sensation and the noise we used a novel active sham by repetitive magnetic
stimulation (MS) applied over the right muscle trapezius.

We hypothesize that active right cerebellar 10 Hz rTMS leads to
changes of neuronal electrical activity in the frontal cortex, which are
detectable by EEG. EEG has a remarkably high temporal resolution
(milliseconds), with spatial resolution limited to the area of the electrode
sites. Pascual-Marqui et al. (1994; 1999; 2002) proposed a new approach
to tackle this problem by using low resolution electromagnetic tomogra-
phy (LORETA), which permits a truly three-dimensional tomography of
electrical brain activity while requiring only simple constraints (,,smo-
othness of the solution®) and no predetermined knowledge about the
putative number of discernible source regions.

We tested the hypothesis that rTMS over the right cerebellar hemis-
phere but not muscle stimulation leads to changes in the frontal activity
detected by low resolution electromagnetic tomography (LORETA).

Methods

1. Subjects: We recruited 6 right handed volunteers, healthy men with
a mean age 31+4.4 years. The right handedness was evaluated with the
Edinburgh Handedness Inventory (Oldfield 1971). The exclusion criteria
for study entry were: cardiostimulator, metal implants in the cranium,
history of epilepsy, treatment for mental disorders, neurological disease,
use of psychotropic drugs including amphetamines, cocaine, cannabis
and/or daily intake of alcohol or similar drugs in the last month and the
presence of neurological or EEG abnormalities. The investigation was

carried out in accordance with the latest version of the Declaration of
Helsinki. The written informed consent was obtained from all subjects
after the nature of the procedures had been fully explained. The local
ethics committee approved the study.

2. rTMS equipment and study protocol: A high-speed Magstim
Super Rapid stimulator (Magstim Company, Whitland, UK) with 70 mm
eight shaped coil was used for the local rTMS administration. The coil
was placed at the scalp two centimeters below and three centimeters
right of the inion on the line joining the inion and the external auditory
meatus with the handle of coil oriented upward vertically (Gironell et
al., 2002; Daskalakis et al., 2004; Oliveri et al., 2005). A continuous air-
-cooling system was applied throughout the administration for optimal
coil performance. Individual motor thresholds (MT) were determined
using the thumb movement visualization method (Pridmore et al., 1998;
Schutter et al., 2001). The MT was determined by activation of the right
abductor pollicis brevis muscle. MT was determined before both active
and control conditions at the same time of day. The intensity of the
MT was set as the lowest strength needed to elicit 5 visual contractions
within ten trials. The active stimulation condition was defined as high
frequency (HF) 10 Hz rTMS over the right cerebellar hemisphere. The
trains lasted for 2s with an inter-stimulus interval of 18s, with a total
of 60 runs (1200 stimuli in one session). The stimulation intensity was
100% of motor threshold. These stimulation parameters were within the
safety limits for rTMS (Wasserman et al., 1996). Cerebellar rTMS leads
to the contraction of neck muscles, which could be uncomfortable or
painful. To evaluate the influence of these adverse effects, we used the
same parameters for high frequency stimulation with the coil placed
over the right musculus trapezius in the middle position between the
cervical spine C7 and the inner margin of the scapula as the control
(sham) condition. We started with active stimulation and after more
than one month we applied sham condition.

3. EEG acquisition and processing and LORETA analysis: With the
use of the Brainscope amplifier system (Unimedis, Prague), nineteen-lead
EEG recordings were obtained from scalp electrodes placed according to the
international 10/20 system, with the reference electrode situated between
electrodes Fz and Cz in the midline. The EEG signals of a 20 min. duration
were recorded with the subjects in a semi recumbent position, with their eyes
closed. All signals were band-pass filtered at 0.5-70 Hz and sampled with
a frequency of 250 Hz. The data were stored for further off-line analysis.
Before the data analysis, artifact detection was performed visually to exclude
all of the EEG segments which contained obvious eye and head movements
or muscle artifacts. After re-computation to an average reference, spectral
analysis was performed for at least six artifact-free 5-s epochs. Since different
EEG frequencies reflect different functions, data were digitally filtered into
seven frequency bands according to Kubicki et al. (1979): delta (1.5-6 Hz),
theta (6.5-8 Hz), alpha-1 (8.5-10 Hz), alpha-2 (10.5-12 Hz), beta-1 (12.5-18
Hz), beta-2 (18.5-21 Hz) and beta-3 (21.5-30 Hz).

Subsequently, LORETA was used to estimate the three-dimensio-
nal intracerebral current density distribution. The localization of the
differences in electrical activity was assessed by voxel-by-voxel paired
t-tests of the LORETA images, based on the log-transformed power
of the estimated electric current density. To visualize the global, three
dimensional distribution of the voxel-by-voxel t-test differences, we
computed for each band the mean location center of gravity for all voxels
with positive t-values and for all voxels with negative t-values. To correct
it for multiple comparisons, a nonparametric single-threshold test was
applied on the basis of the theory of randomization and permutation
tests (Holmes et al., 1996). The omnibus null hypothesis of no activa-
tion anywhere in the brain was rejected if at least one t value (i.e. voxel,
tMAX) was above the critical threshold (tCRIT) for p = 0.05 determined
by 5,000 randomizations.

Results

The motor threshold before cerebellar rTMS (mean 58.8+5.9) and control
muscle stimulation (mean 55.6+10.5) was not significantly different (Mann
Whitney test; U=14.50, p=0.58). There were no significant differences (Mann
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Figure 1: Images of voxel-by-voxel t-statistic of brain regional electrical
activity using LORETA, comparing before-after cerebellar rTMS power
density in 6 volunteersin delta, theta, alfa 1 and beta 2. Increased power
density after cerebellar rTMS is indicated by red. The frequency band is
identified in the right upper corner of each set of three orthogonal brain
view in Talairach space. Structural anatomy is shown in gray scale (whi-
te-to-black). Left: axial slices, seen from above, nose up; center: sagittal
slices, seen from the left; right: coronal slices, seen from the rear. The
extreme t-values are given as (X,Y,Z) coordinates in Talairach space,
and are graphically indicated by black triangles on the coordinate axes.
Talaivach coordinates: X from left (L) to right (R); Y from posterior (P)
to anterior (A); Z from inferior to superior.

Whitney test; U=10.00, p=0.24) for the intervals between the completion of
the cerebellar rTMS and the start of the EEG recording (mean 887+155 s)
and the intervals between the end of muscle stimulation and the start of
the EEG recording (mean 1002+146 s).

After cerebellar rTMS, we detected increased power density of the delta,
theta, alpha 1 and beta 2 band in many cerebral areas (Table 1). Here we
describe only areas with extreme t-values for each band as well as areas
expected in our hypothesis. High frequency rTMS over right cerebellum
leads to increased power density of the delta band (p=0.0002) in the left
superior frontal gyrus (g.), Brodmann area (BA) 6 (Figure 1), left superi-
or, medial, middle frontal g. (BA 9, 10, 47) (p<0.05). The increased theta
band was detected in the right inferior and middle frontal g. (BA - 9, 46)
(p=0.017) and left inferior, superior frontal g. (BA - 6, 8, 11, 46) (p<0.05).
We detected an increased alphal band activity (p= 0.0002) in the medial
cingulate (BA 23/24) bilaterally, and an increase of the beta 2 band (p=
0.0002) in the superior frontal g. (BA 11, 6) bilaterally (Figure 1) and in
the left superior frontal g. (BA 6). After MS of the right trapezius muscle
no changes in the LORETA signal were found.
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Discussion

We detected marked electrophysiological cerebral changes after ce-
rebellar rTMS, which were not observed after muscle stimulation. The
effect of cerebellar rTMS lasted for up to 15 minutes. These results are
in agreement with a previous study which detected changes lasting up to
30 minutes after left cerebellar rTMS and were specific for the contrala-
teral (right) motor cortex (Oliveri et al., 2005). We proved that there are
changes in the contralateral superior, middle and inferior frontal g. (BA
6,9, 10, 47) following cerebellar rTMS. The frontal gyrus (BA 6, 9, 10) is
comprised of cortical cerebellar afferents (Middleton and Strick, 2001)
and activity in this area is a direct consequence of a cerebellar rTMS. Ce-
rebellar rTMS increased power density of delta band in parietal lobe (BA
7) in agreement with recently confirmed anatomical cerebello-parietal
connections (Clower et al., 2001) as well as with functional neuroimaging
(Allen et al., 2005; He et al., 2004; He et al., 2006). The increased theta
band was detected in similar regions as delta band, mainly in both frontal
lobes and in right parietal cortex (BA 40).

Increase of the power density of the delta and theta bands, which re-
present inhibition processes, is in agreement with recent case reports of
intermittent clinical effect of high-frequency hemispheric cerebellar rTMS
for treatment drug-resistant epilepsy (Brighina et al., 2006) and reduction
of seizures frequencies after high-frequency electrical stimulation of cere-
bellar cortex in patients with refractory epilepsy (Cooper et al., 1976; Davis
2000). Our results support the hypothesis that high frequency rTMS over
cerebellum activates inhibitory influences of Purkinje cells on deep cere-
bellar nuclei. These, in turn, reduce their activating drive via thalamus on
contralateral cerebral cortex (Ugawa et al., 1995; Brighina et al., 2006).

Some of the detected changes after cerebellar rTMS in the delta, theta,
alpha-1 and beta-2 frequency bands (Table 1) must be interpreted with
caution because we have no anatomical findings about cerebello-cortical
projection to anterior, medial cingulate, insula, temporal or occipital
lobe. It is not clear, if this changes are direct or indirect consequence of
cerebellar rTMS. On the other hand, it is important to emphasize that
the lack of anatomical evidence for connections between regions does not
mean that the anatomical connection in question does not exist. Three
recent studies using novel modality of magnetic resonance imaging (Low
Frequency Fluctuation-LFF) detected functional connectivity between the
cerebellum and insula (BA 13), occipital g. (BA 19), cingulate g. (BA 24),
medial frontal g. (BA 8, 11, 32), hippocampus and temporal lobe (BA 21,
37,42) (Allen et al., 2005; He et al., 2004; He et al., 2006).

The changes after rTMS were detected somewhere bilaterally, which
is consistent with animal lesion, stimulation, neuroimaging and tracer
studies that have shown the dentate nuclei to project bilaterally (Allen
et al., 2005; Evarts and Thach, 1969; He et al., 2004; Middleton and
Strick, 2001).

The excitatory activity (Beta 2 band) after high frequency cerebellar
rTMS was not so large as inhibitory activity. It is not clear, if increased
Beta 2 band is a direct or indirect consequence of cerebellar rTMS.

The rTMS/LORETA study present supplementary information to
previously published results based on functional connectivity magnetic
resonance imaging (FCMRI). FCMRI data do not directly indicate whether
observed coherence signal is a reflection of afferents or efferents with
respect to the brain region of interest. In our study we stimulate the cere-
bellum and detected changes in cortex. We suggest that observed changes
present cerebellar efferents. We are not sure if the detected changes in the
insula, temporal and the occipital lobe are a direct or indirect consequence
of cerebellar rTMS. Because the changes are similar as those observed in
the main cerebellar efferents (frontal and parietal cortex) we suggest that
these changes also reflect the cerebello-cortical connections.

Our study is not the first one which used the combination of EEG and
cerebellar rTMS. The only published cerebellar rTMS EEG study detected
the shift in anterior asymmetry in the gamma activity from left to right
dominance in the fast (30-50 Hz) EEG spectrum after high frequency
(25Hz) rTMS of medial cerebellum (Schutter et al., 2003). It is difficult
to compare both studies due to use of different rTMS parameters (lower
frequency, higher intensity and different EEG analysis in our study).

There are several caveats to our findings. The EEG recording did not
start immediately after rTMS. The volunteers had to move from rTMS
lab to EEG lab and electrodes were placed exactly to the same location
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Table 1: Brodmann areas and anatomical regions with significant in-
crease of the power density (p<0.05, corrected) after rTMS of the right
cerebellar hemisphere.

Hemi- Lobe Region Brod- Talairach
sphe- mann coordinates
re/ area
EEG
band

X ‘ Y ‘ z
DELTA BAND
L Frontal Superior Frontal g. 6 -17 17 64
L Frontal Medial Frontal g. 9 -10 38 22
L Frontal Superior Frontal g. 10 -17 66 15
L Frontal Medial Frontal g. 10 -3 59 8
L Frontal Medial Frontal g. 10 -10 59 8
R Frontal Superior Frontal g. 10 4 59 22
R Frontal Medial Frontal g. 10 4 52 8
R Frontal Superior Frontal g. 8 25 45 43
R Frontal Middle Frontal g. 8 25 31 36
R Frontal Middle Frontal g. 9 53 31 29
R Frontal Middle Frontal g. 9 39 38 36
R Frontal Middle Frontal g. 9 25 38 36
L Frontal Inferior Frontal g. 47 -52 38 -13
L Limbic Anterior Cingulate 24 -3 17 22
L Limbic Anterior Cingulate 24 -3 31 15
R Limbic Anterior Cingulate 24 4 31 15
L Limbic Anterior Cingulate 32 -3 31 22
L Limbic Cingulate g. 32 -10 17 29
L Limbic Anterior Cingulate 32 -10 31 22
L Temporal | Superior Temporal g. 22 -59 3 -6
L Temporal Fusiform g. 20 -38 | -256 | -27
L Temporal Middle Temporal g. 21 -59 -53 1
L Temporal Middle Temporal g. 21 -66 | -53 -6
L Temporal Sub-Gyral 21 -38 -4 -13
L Temporal Inferior Temporal g. 37 -59 -53 -6
L Limbic Parahippocampal g. 36 24 | -25 -27
L Sub-lobar Insula 13 -38 -4 -6
R Limbic Parahippocampal g. 28 18 -11 -13
L Parietal | SUPeor Parietal 7 | 7 | 83 | 57

according to the international 10/20 system. After 15 minutes interval
we can loose some early changes after cerebellar rTMS. On the other
hand from clinical point of view the changes lasting after 15 minutes
interval could be more useful than only short intermittent changes.
We navigate cerebellar rTMS using an inion as main topographic point
in similar way as previous studies (Daskalakis et al., 2004; Gironell et
al., 2002; Oliveri et al., 2005) and so we can conclude that we stimulate
the right cerebellar hemisphere. We cannot localize the position of coil
more precisely. The use of a stereotactic image guidance system could be
more accurate in the future studies. Although rather small, our sample
size is sufficient enough to detect EEG changes (Schutter et al., 2003;
Kahkonen et al., 2005).

We did not detect any changes in the LORETA signal after MS of
the right trapezius muscle. Corticospinal excitability through a spinal
mechanism involving activation of peripheral nerve fibers does not in-
duce similar effect as cerebellar rTMS. Our data provide a pilot guidance
for those attempting to modulate neural activity in the cerebellum and
in some of its upstream pathways using rTMS. This result suggests the

L Parietal Postcentral g. 7 -17 | -53 71
L Parietal Postcentral g. 7 -10 | -46 71
L Parietal Precuneus 7 -10 | -60 36
R Parietal Precuneus 7 4 -60 43
L Occipital Cuneus 19 -10 | -88 36
R Midbrain Mammillary Body 4 -11 -6
THETA
R Frontal Inferior Frontal g. 9 60 10 29
R Frontal Middle Frontal g. 46 46 17 22
L Frontal Inferior Frontal g. 46 -52 38 8
R Frontal Middle Frontal g. 10 39 45 22
L Frontal Inferior Frontal g. 11 -24 24 -20
L Frontal Superior Frontal g. 6 -24 17 64
L Frontal Superior Frontal g. 8 -24 38 50
R Limbic Parahippocampal g. 36 39 -32 -27
R Parietal Supramarginal g. 40 60 -46 29
R Parietal Inferior Parietal 40 | 53 | 46 | 22
Lobule
ALPHA 1
R Frontal Precentral g. 6 39 3 36
R Limbic Cingulate g. 23 4 -1 29
L Limbic Cingulate g. 23 -4 -1 29
R Limbic Cingulate g. 24 4 -1 36
L Limbic Cingulate g. 24 -2 -11 36
R Parietal Postcentral g. 3 53 -18 57
BETA 2
L Frontal Superior Frontal g. 11 -3 59 -20
R Frontal Superior Frontal g. 11 4 59 -20
R Frontal Precentral g. 6 60 -4 36
R Frontal Superior Frontal g. 6 11 17 64
L Frontal Superior Frontal g. 6 -3 17 64
R Parietal Precuneus 7 18 -74 57
L Parietal Postcentral g. 7 -10 | -53 71
L Parietal Precuneus 19 -17 | -81 43
R Parietal Postcentral g. 3 53 -18 57
R Parietal Inferior Parietal 40 | 53 | 53 | 43
Lobule
L Occipital Inferior Temporal g. 37 -59 | -67 1

possibility to use cerebellar rTMS in patients with neuropsychiatric
disorders in whom cortico-subcortico-cerebellar abnormalities were
detected.
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