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Fig. 2 MRI of patient 2. Symmetrical atrophy of the caudate nucleus and putamen. The left and
right thermal lesions are located in the ventral GPi
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Fig. 3 Surface EMG recording of patient 2 before and 3 months after pallidotomy. A and B were
obtained in a sitting position. Before pallidotomy (a) there were rapid and synchronous involun-
tary movements, which were not observed after pallidotomy (b). Before pallidotomy the patient
was unable to perform diadochokinesis with the left hand (c), but after pallidotomy he was able
to perform diadochokinesis without involuntary movements (d)



260 F. Yokochi and P. Burbaud

followed by the other side. Surgery was performed on patient | in 1995 and on
patient 2 in 2001. The surgical procedure differed between the two patients.

Patient 1 was operated using the Sugita stereotactic frame without microrecording.
The coordinates of the proposed target in the posteroventral part of the GPi as meas-
ured by ventriculography were 2mm anterior to the midpoint of the intercommisural
(AC-PC) line (Y), 4.8mm inferior to the AC-PC line (Z) in the lateral view and
21 mm lateral to the midline of the third ventricle (X) in the AP view. The angle of
the lesioning radiofrequency electrode was 60° to the AC-PC line. The location of the
optic tract' was confirmed using visual evoked potentials, and three thermal lesions
were made starting at 2mm dorsal to the optic tract, and at intervals of 1.5mm proceeding
dorsally from this. The thermal lesions were made at 70°C for 50s.

Patient 2 was operated using the Leksell stereotactic frame. The dorsal surface of
the optic tract was identified as the tentative target, being immediately ventral to the
GPi, and was determined by MRI. The coordinates of the tentative target were
Y:1 mm anterior to the midpoint of the AC-PC line, Z:5mm inferior to the AC-PC
line and X:23 mm lateral to the midline. During the operation, neuronal activity was
recorded by microrecording, and the specific location of the target was confirmed by
neurophysiological and radiological methods. The distance to the optic tract was
determined by recording the neural activity of the optic tract in response to a flashed
light. Three thermal lesions made at 70°C for 50s using a radiofrequency electrode
positioned away from the optic tract at an angle of 70° to the AC-PC line.

2.1.3 Results

Patient 1 showed a significant, albeit not completely satisfactory, improvement in
his clinical condition after bilateral procedures, with reduction in lingual dyski-
nesia and involuntary movements of the trunk. After surgery, he was able to eat
and stand with less assistance, although still with difficulty. Self-biting disap-
peared. The lesions as observed on MRI were very small and were not located in
the GPi (Fig. 1). The right lesion involved the optic tract, and the location of the
left lesion was unclear.

Six months after surgery, he committed suicide. He had not been noted to shows
signs of depression. Before committing suicide, he did not complain of any defects
or problems in his visual fields. The pathological findings confirmed the diagnosis
of NA. The lesion on the right involved the optic tract.

For patient 2, following the right-side pallidotomy, the flexion and extension
movements of the trunk improved and he could stand by supporting himself. The
involuntary movements of his left hand and his tendency to hit his head against the
wall both disappeared. Three months after bilateral pallidotomy, he was partially
independent. He could eat without assistance in a sitting position. He could stand
alone by holding on a bar, but it was difficult for him to remain standing and to walk
without support because of contractures of the ankle joints. The non-purposeful
limb movements and involuntary trunk movements gradually reduced in frequency
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Fig. 4 Patient 2 standing before and after pallidotomy. Before pallidotomy patient 2 was unable
to stand even with support because of his truncal movements (a). Three months after pallidotomy
he could stand without involuntary movements with support (b). Four years after pallidotomy he
could stand by himself (¢)

until they disappeared completely. He continued to show an anteflexed posture
while standing. His ADLs gradually improved until he was able to perform all
indoor activities independently. There was no change in his cognitive functions. He
had no difficulty in swallowing food or water, but he was bradykinetic. Four years
after undergoing bilateral pallidotomy, he was able to sit, walk or stand and main-
tain these positions easily without any involuntary movements (Fig. 4). Five years
after undergoing pallidotomy, he continued to perform his ADLs independently,
and exhibited no involuntary movements.

On MR, the left and right lesions in the GPi were located in the ventral part
of the pallidum (Fig. 2). The surface electromyography (EMG) recorded before
and after pallidotomy showed a marked effect of the surgery with a decrease in
involuntary movements and improved ability to perform voluntary movements

(Fig. 3).
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2.2 Deep Brain Stimulation

2.2.1 Patients

Patient 3 was a 32-year-old man with an 8-year history of a choreatic-dystonic syn-
drome, dysarthria and generalized epileptic seizures who presented with recurrent
distressing tasteless belching [29]. The frequency of belching had progressively
increased over the previous year and had become extremely debilitating leading to
severe depression. The patient also exhibited dramatic tongue-biting. Feeding was
problematic and he had lost 20kg during the previous year. Walking was disturbed
by intermittent dystonia of the left foot and bilateral choreatic movements causing a
jerky gait. Trunk flexion movements and a moderate back-arching dystonia were
occasionally observed. Moderate cognitive impairment was obvious on clinical
examination but neuropsychological testing was impossible because of dysarthria.

The patient had 10% of acanthocytes among the circulating red blood cells and
a single intronic mutation in the VPS/3A gene was detected, suggestive of the diag-
nosis of ChAc. Brain MRI, thoracic radiography and endoscopy of the upper gas-
trointestinal tract were normal. Videofluoroscopy showed normal deglutition and
slight hypotonia of the inferior esophageal sphincter confirmed by manometry.
EMG of the diaphragm demonstrated prolonged, recurrent, arrhythmic contractions
of both diaphragmatic domes. Recording of respiratory muscles with surface elec-
trodes revealed severely dyskinetic breathing frequently associated with violent
belching (Fig. 5). Risperidone (up to 8 mg per day) was ineffective.

Patient 4 exhibited a progressive choreatic syndrome associated with muscular
weakness at the age of 41 [13]. A brother and maternal uncle also had chorea.
Investigations revealed 10% acanthocytes among the circulating red blood cells,
compensated chronic hemolysis with splenomegaly, increased muscle enzymes
and a sensory axonal neuropathy. Weak expression of red blood cell Kell antigens
and a mutation in the XK gene were consistent with MLS. MRI revealed moderate
atrophy of the caudate and putamen. Six years later the patient presented with
progressive deterioration with severe generalized chorea, predominantly on the
left, with hypotonia, postural instability causing repeated falls. He had moderate
cognitive impairment (Mini mental state 28/30, Mattis scale 127/140). Tiapride
(maximum dose 150mg/d), risperidone (maximum dose 5mg/d), and olanzepine
(maximum dose 30 mg/d) were introduced without benefit, but with adverse seda-
tive and cognitive effects.

2.2.2 Neurosurgical Procedures

For patients 3 and 4, the targets and entry point coordinates were calculated with
regard to the AC-PC line reference system obtained through stereotactic 3D TI-
weighted MRI as described elsewhere [7]. Under general anesthesia, per-operative
electrophysiological recordings were performed using five parallel micro-electrodes
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Fig. 5 EMG of axial symptoms in patient 3. Surface polygraphic recording of thoracic muscles
recorded before surgery (from top to bottom; right intercostal, right paravertebral, left intercostal,
left paravertebral). (a) Respiratory rhythms were disturbed by polypneic episodes of 2-3s. (b)
Polypnea led to a series of violent belching indicated by the white arrows. (c) Belching appeared
spontaneously in a series of violent spasms

(FHC, Bowdoinham, ME, USA) with an Alpha-Omega system (Micro-guide,
Nazareth, Israél). At the end of each track, micro-stimulations were performed
through the same micro-electrodes with a current intensity up to 10mA in order to
detect the per-operative occurrence of adverse effects. The final implantation sites
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of the definitive electrodes for chronic stimulation (DBS — 3387 electrode
Medtronic®) were guided by the longest recording of GPi neuronal activity and the
absence of visible side-effects after micro-stimulation. Electrodes were secondarily
connected to a pulse generator (Kinetra, Medtronic®) internalized in the subclavicu-
lar region (Medtronic, Model 7425). A cerebral CT scan was performed three days
after electrode implantation to identify electrode positions, and images were
combined with the pre-operative 3D T1-weighted MRI. The post-operative location
of electrode tracks was determined on a basal ganglia atlas consisting of the
contours of basal ganglia structures traced and digitized from a brain specimen
obtained at autopsy (Fig. 6). Three-dimensional surfaces constructed from these
contours were co-registered with the patient’s MRI by using specially designed
algorithms [36].

2.2.3 Results

For Patient 3, initial stimulation settings involved the two lowest contacts with a
voltage of 2.5V, a frequency of 120Hz and a pulse width of 90us. Within a few
days after the onset of stimulation, a dramatic decrease in belching frequency and
dyskinetic breathing was observed. Choreic and dystonic movements involving the
lower limb and axial muscles completely disappeared, as did tongue-biting.
However, after 2 months a partial relapse occurred, and belching and breathing
dyskinesia reappeared, although tongue-biting did not. Changes in stimulation set-
tings (voltage, frequency, contacts) were ineffective. MRI revealed that the right
electrode was positioned at the border of the putamen and globus pallidus external
segment (GPe). We therefore decided to re-operate on this patient in order 10 repo-
sition the electrode. The first right electrode was left in place and a second electrode
was introduced more medially on the same side. After the second implantation,
contacts 0 and 1 (the two lower contacts) were located within the GPi on both sides.
Contact 2 was at the border between the GPi and GPe and contact 3 within the GPe,
bilaterally (Fig. 6). A double-blind evaluation was performed 3 months after this
second intervention. Chorea, belching and dysarthria were improved by GPi 40Hz
stimulation compared to the “off” condition. The dystonia sub-score was slightly
improved by 120Hz GPi stimulation but at this frequency, chorea and dysarthria
were worsened with drooling. There was no effect on gait whatever the settings
used. GPi stimulation at 10Hz was ineffective.

For patient 4, dysarthria was less pronounced and both the dystonia and choreic
symptoms were improved at 40Hz stimulation compared to the “off” condition.
However, GPi 120Hz stimulation clearly worsened chorea and induced drooling.
There was no apparent improvement in hypotonia, and walking remained impossible
without help whatever the stimulation parameters used. GPi stimulation at 10Hz
was ineffective. Contacts 0 and 1 were located within the GPi. Contact 2 was at the
border between the GPi and GPe on the left, and in the GPe on the right (Fig. 6).
Contacts 3 were within the GPe bilaterally. All of the contacts were located slightly
more laterally in patient 1 than in patient 2 due to larger ventricles.
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Fig. 6 Localization of the electrodes in patients 3 and 4. RH: right hemisphere; LH: left hemi-
sphere. For each electrode a sagittal (left) and a frontal (right) view reformatted along the elec-
trode trajectory is presented. Contacts for each electrode are indicated by small circles. The
contours of the registered atlas comprise the putamen, and external and internal globus pallidus

(from [13])

3 Discussion

These preliminary data obtained on a small series of patients reveal that functional
surgery might be a useful tool in the treatment of choreatic and dystonic symptoms
in NA syndromes.

The clinical outcome of pallidotomy in patient 1 was partial, however, his lingual
dyskinesia and involuntary trunk movements improved and self-biting disappeared.
After the surgery, he was able to eat and stand with less assistance, although stiil
with difficulty. The clinical outcome of pallidotomy in patient 2 was better, as
3 months after his bilateral pallidotomy he became partly independent, and 5 years
after undergoing pallidotomy he was able to sit, walk or stand easily without any
involuntary movements. The difference between these two patients is likely to be
due to the location and size of the thermal pallidotomy. In patient 2 the lesion was
located in the sensory motor area of the GPi, i.e. the posteroventral area, whereas
the lesion in patient 1 was located more anteriorly, and it is unclear as to whether
there was actually any lesion of the GPi. In the treatment of levodopa-induced dys-
kinesia, careful anatomical analysis revealed a strong correlation between location
of the lesion in the ventral GPi, its volume and the clinical improvement in contral-
ateral limbs [16). This is confirmed by data from high frequency stimulation (HFS)
of the GPi. Stimulation with the most ventral contacts, located in the ventral part of
the GPi, led to a complete arrest of the levodopa-induced dyskinesia [17].

In patients 3 and 4, bilateral GPi stimulation at 40 Hz gave the most reduction of
chorea. This is in accordance with a recent finding on Huntington’s disease using
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the same frequency [24). In patient 3, belching appeared to be due to the combina-
tion of a hypotonic internal oesophageal sphincter and diaphragmatic dyskinesias
[29]. GPi stimulation dramatically decreased the diaphragmatic dyskinesias, which
is the most likely explanation for the improvement in belching [13]. The severe
tongue-biting was responded to surgery independently of stimulation, probably
through a pallidotomy effect. GPi 130Hz stimulation worsened chorea and dysar-
thria, both patients becoming pallilalic with drooling, in line with a previous report
showing that HFS did not improve chorea in an NA patient [35]. There was a mod-
est effect on dystonia, but in our study dystonic symptoms were mainly observed
in patient 3 and remained moderate.

The effect of GPe stimulation was more complex to interpret. Higher contacts
were located at the border between the GPi and GPe thus some current might have
reached the GPi, giving confusing data. Moreover, because of the angle of electrode
track, these contacts were located in a medial part of the GPe leaving unstimulated
a large part of the nucleus. Consequently, the effect of GPe stimulation in NA
requires further investigation.

The mechanism by which pallidotomy or chronic stimulation of the GPi modi-
fies chorea remains highly speculative. If HFS (130Hz) is taken to have an inhibi-
tory effect, as suggested by previous studies in parkinsonian patients (18, 21, 22],
such GPi stimulation could worsen chorea, possibly by increasing the activity in the
thalamo-cortical pathway. On the other hand, exogenous 40 Hz stimulation applied
on the GPi could lead neurons to fire at a subnormal frequency allowing new
dynamics in the cortico-subcortical network, thereby restoring a more physiologi-
cal pattern of discharge, as previously proposed [l 1, 23]. However, contradictory
data have been reported regarding the firing rates of GPi neurons in hyperkinetic
syndromes. Whereas low discharge rates were initially found in a hemiballistic
patient [32], high discharge frequencies comparable to those observed in parkinso-
nian patients have been recently reported in two choreic patients [30]. It is likely
that further neuronal recordings, taking into account the nature of the anaesthesia
used, are necessary to resolve this question.

Alternatively, pallidotomy, which totally suppresses the information passing
through the pallido-thalamo-cortical pathway may improve chorea. This was illus-
trated by the good clinical outcome observed in patient 2 and is consistent with the
previous reported case of improvement of back-arching movements in NA with
HFS of the motor thalamus [2]. Finally, it seems that the therapeutic effect on cho-
rea is obtained with several methods which have in common the capability of sup-
pressing (with pallidotomy) or regulating (with DBS) an abnormal neuronal firing
pattern. The choice between the two techniques could ultimately be dependent on
the patient’s preference or financial capability.

To conclude, although pallidotomy or pallidal DBS might be considered for the
treatment of NA syndromes, it should be kept in mind that this progressive disease
has a wide spectrum of symptoms. The decision to perform surgery involves full
assessment of the risk of side-effects and the clinical features of each patient. The
latter must also guide the choice of target and stimulation parameters. For example,
DBS could have opposite effects on movement disorders such as chorea and dysto-
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nia that could limit the efficacy of a given target. An alternative could be to use
several electrodes with different targets (e.g. GPi, GPe, motor thalamic nuclei) to
treat specific symptoms (e.g. chorea, dystonia, hypotonia). In any case, study of a
large series of patients with homogeneous clinical features is necessary to investi-
gate this topic. This must be performed in the context of randomized, double-blind,
controlled studies with optimal anatomo-clinical correlations.
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Abstract

Objective: To study the after-effect of theta burst stimulation (TBS) over the left sensorimotor cortex on the size of somatosensory as well
as motor evoked potentials evoked from both hemispheres in healthy human subjects.

Methods: We used a continuous TBS paradigm for 40s (600 pulses) in which a burst of 3 transcranial magnetic stimuli at 50 Hz is
repeated at 5 Hz [Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta burst stimulation of the human motor cortex.
Neuron 2005;45:201-6]. Somatosensory evoked potentials (SEPs) following electrical stimulation of right or left median nerve and motor
evoked potentials (MEPs) in the right or left first dorsal interosseous (FDI) muscles were recorded before and after TBS over the left
motor cortex (M1) or a point 2 cm posterior to left M1.

Results: Amplitudes of P25/N33 (parietal components) following right median nerve stimulation were significantly increased for at least
53 min after TBS over the left M1, whereas this component was suppressed for 13 min after TBS over a point 2 cm posterior. MEPs in
right as well as left FDI muscles were suppressed with a similar time course after TBS over the left M1.

Conclusions: A single-session of TBS over the sensorimotor cortex can induce a short-lasting change in the size of ipsilateral cortical
components of SEPs as well as MEPs evoked from both hemispheres.

Significance: TBS is an interventional tool that can induce rapid reorganization within cortical somatosensory as well as motor networks
in humans.

© 2007 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

Keywords: Theta burst stimulation; Transcranial magnetic stimulation; Motor evoked potentials; Somatosensory evoked potentials; Neuroplasticity;
Cortical excitability

1. Introduction induce changes in the efficacy of synaptic transmission that

outlast the period of stimulation. Such effects involve long-

In animal experiments, repetitive electrical stimulation
of central nervous pathways with “theta burst” paradigms
(3-5 pulses at 100 Hz repeated at 5 Hz) has been used to

* Corresponding author. Tel.: +81 (0) 96 345 8111; fax: +81 (0) 96 345
8188.
E-mail address: K.Matsunaga@juryo.or.jp (K. Matsunaga).

term potentiation (LTP) and depression (LTD) of synaptic
connections (Larson and Lynch, 1986; Huemmeke et al.,
2002). Recently Huang et al. (2005) developed a “theta
burst” paradigm to condition the human motor cortex
using low intensity repetitive transcranial magnetic
stimulation (rTMS). This theta burst stimulation (TBS)
produces a long-lasting effect on motor cortex physiology

1388-2457/$32.00 © 2007 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2007.02.003
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and behaviour after an application period of only 20-190 s
in humans.

The pattern of delivery of TBS (continuous TBS versus
intermittent TBS) is crucial in determining whether the excit-
ability of the motor cortex, as monitored by the amplitude of
transcranial motor evoked potentials (MEPs), is increased or
decreased. Continuous TBS (cTBS) decreases the amplitude
of MEPs, while they are increased by intermittent TBS. The
duration of the after-effect of cTBS depends on the duration
of the train: the effect of ¢ TBS given for 20 s (300 pulses) lasts
about 20 min, while the effect of the same paradigm given for
40 s (600 pulses) lasts about 60 min. cTBS has been shown to
inhibit specific excitatory circuits in the human motor cortex
(I1-wave inputs to corticospinal neurones; Di Lazzaro et al.,
2005). In addition to the effect on the motor cortex (M1),
TBS has also been shown to have an effect on the human pre-
motor (Mochizuki et al., 2005) and visual cortex (Franca
et al., in press).

One question we address here is whether TBS has any last-
ing after-effect on somatosensory cortex. A variety of previ-
ous works have shown that several kinds of interventions
such as a single-pulse TMS (Kujirai et al., 1993), 1 Hz rTMS
(Enomoto et al., 2001), paired associative stimulation (PAS)
(Tsuji and Rothwell, 2002; Wolters et al., 2005) or transcra-
nial direct current stimulation {Matsunaga et al., 2004) mod-
ulate the amplitude of cortical components of the median
nerve somatosensory evoked potentials (SEPs) during or
after the interventions. In many previous studies, condition-
ing was applied to M1 whilst SEPs were recorded from S1
(Kujirai et al.,, 1993; Enomoto et al., 2001; Matsunaga
et al., 2004; Tsuji and Rothwell, 2002). In contrast there
are fewer reports in which SEPs were examined after condi-
tioning was applied to the somatosensory cortex (S1) (e.g.,
Wolters et al., 2005; Enomoto et al., 2001).

A related question is whether TBS over one sensorimo-
tor cortex has any after-effect on excitability of the contra-
lateral sensorimotor cortex. Several kinds of rTMS such as
1 Hz (Wassermann et al., 1998; Schambra et al., 2003;
Plewnia et al., 2003) or S Hz rTMS (Gilio et al., 2003) have
been reported to have after-effects on the contralateral
motor cortex excitability. However, the direction of the
effect was different among reports and seems to depend
on the frequency and stimulus intensity of the rTMS.

The aim of the present paper was to test whether TBS
over the human sensorimotor cortex has after-effects on
SEPs as well as MEPs evoked from both hemispheres.
The results suggest that it may be possible to target the
somatosensory cortex separately from the ipsilateral motor
cortex; in addition we found that TBS has after-effects on
excitability of contralateral motor, but not sensory-cortex.

2. Subjects and methods
2.1. Subjects

Twelve healthy volunteers (10 men and 2 women;
mean age (+SD), 42.0 + 6.3 years; range, 33-51 years)

were studied. All subjects were right handed based on
the Edinburgh Handedness Inventory (Oldfield, 1971).
All subjects gave their informed consent to the studies,
which were approved by the local Ethical Committee
and conformed to the requirements of the Declaration
of Helsinki.

2.2. Experimental paradigms

Two different experiments were performed. In order to
assess the time course of the TBS effect over the sensori-
motor cortex, SEPs or MEPs were recorded before and
immediately (0), 10, 20, 30, 40, 50 and 60 min after the
end of the TBS trains in each experiment. TBS was per-
formed over the scalp location of M1 or Sl in each
experiment: M1 was defined as the “motor hot spot”
for the right hand muscle determined by a single-pulse
TMS and S1 was a point 2 cm posterior from this site.
The latter position was chosen since a previous result
(Okamoto et al., 2004) using a neuronavigation system
revealed that this position overlies the postcentral gyrus.
Wolters et al. (2005) also reported that rTMS over this
position using a PAS protocol had after-effects on the
cortical component of SEPs.

2.2.1. Experiment (1): assessment of the after-effect of TBS
on SEPs

Eleven subjects (9 men and 2 women; mean age (£SD),
42.8 £ 5.8 years) were studied in this experiment. TBS was
performed over two different scalp positions: one was the
“motor hot spot” for the right abductor pollicis brevis
(APB) muscle and the other was a point 2cm posterior
from this point. We recorded two baseline sessions of the
SEP from stimulation of each arm before TBS to ascertain
their reproducibility. A single SEP average was then
obtained after stimulation of each arm for each time point
after TBS. All subjects participated in two SEP experi-
ments on different days, one for each of the two different
scalp positions for TBS conditioning.

2.2.2. Experiment (2): assessment of the after-effect of TBS
on MEPs

Ten subjects (9 men and 1 women; mean age (£SD):
42.3 + 6.9) were studied in this experiment. Nine out of
10 subjects had participated in experiment (1). TBS was
applied over two different scalp positions: one was the
“motor hot spot” for the right first dorsal interosseous
(FDI) muscle and the other was a point 2 cm posterior
from this point. Twenty MEPs were recorded with an inter-
stimulus interval of 5 s from the FDI muscle on each side in
each session. We recorded two baseline sessions before and
one session at each time point after TBS. All subjects par-
ticipated in two MEP recording experiments with the con-
ditioning TBS over two scalp positions on different days.
Experiments 1 and 2 were performed on different days
and the interval between each experiment was over 7 days
in any one subject.
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2.3. Somatosensory evoked potential (SEP) recording

During the sessions, subjects lay down in a bed and were
observed continuously. Subjects were requested to close
their eyes but to remain awake during recording SEPs.
SEPs were recorded following electrical stimulation of the
right or left median nerve at the wrist at 3 Hz with a pulse
width of 0.2 ms. The intensity of stimulation was fixed at
the motor threshold and was checked throughout the
course of the experiment by monitoring the evoked EMG
response in the APB muscle. At this stimulus intensity,
scalp recorded SEPs are usually submaximal in amplitude.
SEPs were recorded from scalp Ag—AgCl surface electrodes
2 c¢m posterior from C3 or C4 (parietal component) and
5 c¢cm anterior from C3 or C4 (frontal component) referred
to the contralateral earlobe according to the 10-20 elec-
trode system for EEG placement. Recordings were made
with a band-pass of 5SHz to 1 kHz using a Synax 1200
(NEC, Japan). All data were collected at a sampling rate
of 5 kHz for a 120 ms period beginning 20 ms before each
stimulus. 500 responses were averaged in each session.

2.4. Motor evoked potential (MEP) recording

MEPs were recorded from Ag-AgCl surface electrodes
over the right or left FDI or APB muscles. The signal
was amplified and band-pass filtered (20-3000 Hz) by a
Synax 1200 (NEC, Japan) and acquired at a sampling rate
of SkHz on a personal computer for ofi-line analysis
(Signal Software, Cambridge Electronic Design, Cam-
bridge, UK). During the experiments EMG activity was
continuously monitored with visual feedback to ensure
complete relaxation at rest.

MEPs were evoked at rest by a single-pulse TMS with a
High Power Magstim 200 machine and a figure of eight coil
with mean loop diameters of 70 mm (Magstim Co., Whit-
land, Dyfed, UK). The magnetic stimulus had a nearly
monophasic pulse configuration with a rise time of approx-
imately 100 us, decaying back to zero over approximately
0.8 ms. The coil current during the rising phase of the mag-
netic field flowed toward the handle. The coil was placed
tangentially to the scalp with junction region pointing
backwards and laterally at a 45° angle away from the mid-
line, approximately perpendicular to the line of the central
sulcus inducing a posterior—anterior current in the brain.
We chose this orientation since motor threshold is mini-
mum when the induced electrical current in the brain flows
approximately perpendicular to the line of the central sul-
cus (Brasil-Neto et al., 1992; Mills et al., 1992). We deter-
mined the optimum position for activation of the FDI or
APB muscles by moving the coil in 1 cm steps around the
presumed M1. The site at which stimuli of slightly supra-
threshold intensity consistently produced the largest MEPs
in the target muscle was marked with a grease pencil as the
“motor hot spot”. Stimulus intensities for TMS were deter-
mined at the beginning of each experiment so that the
amplitude of the MEP was about 1 mV peak to peak for

the baseline before TBS. We recorded the MEP from the
right as well as the left FDI muscles after a single-pulse
TMS of the contralateral M1.

2.5. Theta burst stimulation (TBS)

We applied a continuous TBS paradigm (cTBS) for 40 s
(600 pulses) to the left sensorimotor cortex. The main ele-
ment of ¢cTBS is a burst of 3 stimuli at 50 Hz which is
repeated at 5 Hz as described by Huang et al. (2005).
TBS was performed using a figure of eight coil with mean
loop diameter of 70 mm, connected to a Magstim Super
Rapid stimulator (Magstim Co., Whitland, Dyfed, UK).
The magnetic stimulus had a biphasic waveform with a
pulse width of approximately 300 ps. During the first phase
of the stimulus, the current in the centre of the coil flowed
toward the handle. Each individual’s active motor thresh-
old (AMT) over the M1 for the right FDI or APB muscle
was determined prior to TBS using the Magstim Super
Rapid stimulator and the coil orientation with the handle
pointing backwards and laterally at a 45° angle away from
the midline. AMT was defined as the lowest stimulus inten-
sity at which 5 of 10 consecutive stimuli elicited reliable
MEP (about 200 uV in amplitude) during slight (about
20% maximum) tonic contraction of the target muscle. A
total number of 600 stimuli at §80% AMT for the FDI or
APB muscles were applied during a single TBS session.

2.6. Data analysis

SEPs and MEPs were stored on a personal computer for
off-line analysis. Peak-to-peak amplitudes of SEP compo-
nents and MEPs were measured. Mean amplitudes of each
component of two SEPs or 40 MEPs recorded before TBS
were used as baseline values. The amplitude of SEPs or the
mean amplitude of 20 MEPs recorded on each side at each
time point after TBS was compared to the baseline values.
Because the absolute latencies of SEP components varied
among subjects, grand average waveforms were con-
structed by adjusting the time scale with respect to the peak
latencies of the P14 far-field component of each waveform.

The effects of TBS on SEPs or MEPs were evaluated
employing three-way repeated measures ANOVA (analyses
of variance) with time course, side of stimulation or record-
ing (SEPs evoked from the right vs. left median nerve stim-
ulation, MEPs recorded from the right vs. left FDI
muscles) and position of TBS (motor cortex vs. site 2 cm
posterior to the motor cortex) as within-subject factors.
In addition, the effects of TBS on SEPs or MEPs were eval-
uated employing separate two-way or one-way repeated
measures ANOVA (analyses of variance) as within-subject
factors. When necessary the Greenhouse-Geisser correc-
tion was used to correct for non-sphericity. Post hoc tests
to compare the baseline values before TBS with those after
TBS employed Bonferroni correction for multiple compar-
isons. A p value of <0.05 was considered significant for all
statistical analyses.



1036 S. Ishikawa et al. [ Clinical Neurophysiology 118 (2007) 1033-1043

3. Results

No subjects reported any side effects during or after the
experiments.

3.1. After-effects on SEPs

Grand average waveforms of SEPs following right med-
ian nerve stimulation obtained from 11 subjects are shown
in Figs. 1 and 2. The P14, N18, P22 and N30 in the frontal
leads and P14, N20, P25, N33 and P40 peaks in the parietal
leads are all clearly visible. After TBS over the left M1, the
amplitudes of P22/N30 and P25/N33 components
increased, whereas P14/N18, N18/P22, P14/N20 and
N20/P25 components were relatively unaffected (Fig. 1).
In contrast, TBS over the point 2 cm posterior to the left
M1 reduced P22/N30 and P25/N33 (Fig. 2). Peak latencies
of all components were unchanged.

The results of the three-way repeated measures ANOVA
for each component are shown in Table 1. The clearest
effects were on the parietal P25/N33 component (see mean
data in Fig. 3) which showed significant two and three-way
interactions for time course X position (p =0.002) and
time x side x position (p =0.011). Follow-up ANOVAs
showed that these interactions were due to the fact that
(a) TBS had an effect on SEPs evoked from right but not
from the left median nerve, and (b) for right median nerve
stimulation, TBS over M1 increased the P25/N33 whereas
it was decreased by TBS over the site 2 cm posterior. Thus,
two-way repeated measures ANOVASs on the data from the
right and left median nerve separately revealed a significant
time x position interaction after right median nerve stimu-
lation (Fy70=15.7, p <0.001), but no significant main or
interaction effects after stimulation of the left median
nerve. One-way ANOVAs on the data from right median

nerve stimulation following TBS over M1 or 2 cm posterior
revealed a significant increase in P25/N33 after TBS over
the M1 (F770 = 3.4, p = 0.004) whereas it decreased after
TBS over the point 2 cm posterior (F33; = 4.3, p=0.01).
Post hoc tests indicated that the P25/N33 component of
the SEPs from the right arm was facilitated for up to
53 min after the end of the TBS over M1, whereas this com-
ponent was suppressed for up to 13 min after the TBS over
the point 2 cm posterior. There was no effect on SEPs from
the left arm after TBS over either scalp position.

There was a tendency for the frontal P22/N30 to behave
in the same way as the parietal P25/N33, but we did not
analyse this in detail because the three-way interaction
time X side x position was only marginally significant
(p = 0.051) and there were no other significant interaction
or main effects.

The N33/P40 component was also influenced by TBS,
although in this case, the lack of significant effects involv-
ing stimulation site in the three-way ANOVA (Table 1)
indicated that any changes were the same after TBS at both
sites of stimulation. There was a significant time X side
interaction (p = 0.018) that was due to the fact that TBS
only affected SEPs evoked from right but not left median
nerve. Separate two-way repeated measures ANOVA on
left and right median nerve stimulation with factors of time
and position revealed a marginal time x position interac-
tion for right median nerve (p = 0.07) but no significant
main or interaction effects for the left. Finally, separate
one-way repeated measures ANOVA revealed a significant
effect of time only for right SEPs with post hoc tests show-
ing facilitation for up to 53 min after the end of the TBS
over the M1 (Fig. 4).

Finally the ANOVA showed a significant main effect of
time course for the parietal P14/N20 component. The lack
of any other effects suggests that this was due to a gradual

Effect of TBS over left M1

Rt medianSEPs

Frontal N30
N18
P14 poy
N20
Parietal

before

10 min after

2pVv
P40

20ms

Fig. 1. Grand average waveforms of SEPs following right (Rt) median nerve stimulation (n = 11) before and after theta burst stimulation (TBS) over left
motor cortex (M1). Two traces are superimposed: the thin line represents the response before conditioning, the thick line shows the response 10 min after
conditioning. Amplitudes of P22/N30 and P25/N33 increased after TBS, whereas P14/N18, N18/P22, P14/N20 and N20/P25 components were relatively
unaffected. Frontal: SEPs recorded from the fontal lead (5 cm anterior to C3), parietal: SEPs recorded from the parietal lead (2 cm posterior to C3).
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Effect of TBS over a point 2cm posterior to left M1

Rt median SEPs

Frontal

Parietal N20

before

— immediately after

2pV
P40

20ms

Fig. 2. Grand average waveforms of SEPs following right (Rt) median nerve stimulation (n = 11) before and after theta burst stimulation (TBS) over a
point 2 cm posterior to left motor cortex (M1). Two traces are superimposed: the thin line represents the response before conditioning, the thick line shows
the response just after conditioning. Amplitudes of P22/N30 and P25/N33 components decreased after TBS, whereas P14/N18, N18/P22, P14/N20, N20/
P25 and N33/P40 components were relatively unaffected. Frontal: SEPs recorded from the fontal lead (5 cm anterior to C3), parietal: SEPs recorded from

the parietal lead (2 cm posterior to C3).

decrease in amplitude over the time of the experiment that
was independent of TBS at either site. However, the effect
was small since separate one-way repeated measures
ANOVA with time course as the main factor revealed no
significant effect after TBS over either position on SEPs
evoked from right or left median nerve.

3.2. After-effects on MEPs

Fig. 5 summarizes the after-effects of TBS on the
MEPs. TBS over the left M1 decreased the amplitude
of MEPs evoked by a single suprathreshold TMS stimu-
lus in both the right and left FDI muscles, whereas there
was no significant effect after TBS of the point 2cm pos-
terior to MI1. Thus, a three-way repeated measures
ANOVA with time course, side of recording and position
of TBS revealed a significant main effect of position
(Fi1,0=9.1, p =0.015) and significant interactions of posi-
tion X time (F763 =34, p=0.004) and side x time

Table 1

(F763=23, p=0.036). A separate two-way repeated
measures ANOVA on the MEP data before and after
TBS over left M1 with time and side of recording as
main factors showed a significant main effect of time
(F7,63=3.8, p=0.001), but failed to show a significant
interaction of side and time (p =0.7). This was due to
the fact that MEPs recorded from right and left FDI
muscles decreased with a similar time course after TBS
over left MI. Post hoc tests indicated that the MEPs
in the right FDI muscle were significantly suppressed
for up to 42 min after TBS over left M1 and the MEPs
in the left FDI muscle were significantly suppressed for
more than 50 min starting about 12min after TBS
(Fig. 5).

In contrast, two-way repeated measures ANOVA on the
MEP data before and after 2 cm posterior TBS with main
factors of time and side of recording failed to show any sig-
nificant effects, suggesting there is no effect of TBS at this
site on MEPs in either hand.

Results of the three-way repeated measures ANOVA for the effect of TBS on SEPs

Variables df Frontal components

Parietal components

N18/P22 P22/N30

P14/N20 N20/P25 P25/N33 N33/P40

F P F P

F P F P F P F P

0469 0.854 0.674
0.017 0.898 0.006 0.94

4706 0.055 2.117 0.176
Time course x side 0.579 0.771 0.362
Side x position 0.111 0.746 0.018 0.897
Time course X position 7 1.69 0.124 1911 0.081
Time course x side x position 7  0.437 0.876 2.138 0.051

Time course
Side of stimulation
Position of TBS

—_—d = =

0.57 (df 2.887)

0.812 (df 3.545

2307 0036 1.07 0392 1.138 0.35 1.416 0.267 (df 1.686)
0.489 0.5 0.181 0.68 1.285 0.283 0.12 0.736
0.002 0.967 0.002 0968 3.62 008 0428 0.528
0.899 0.513 0715 0.659 1.171 0.331 2631 0.018
2053 0.182 1415 0.262 0.087 0773 1435 0.259
0.746 0.634 1468 0.193 3619 0.002° 1.821 0.097
1.748 0.112 1493 0.184 2874 0011 0643 0.719

df, degrees of freedom; F, F values; P, p values (significance level); Underlined p values and df, corrected p values and df after Greenhouse Geisser

correction.
p<0.05.
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Effect of TBS on the amplitude of P25/N33
TBS over left M1

Rt median SEP
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0
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Time after TBS (min)
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0 e
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TBS over a point 2cm posterior to left M1
Lt median SEP
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Fig. 3. Mean (£standard error) time course of effects of theta burst stimulation (TBS) on the amplitude of P25/N33 component of SEPs. Note that short-
lasting (53 min) increase in amplitude of this component following right (Rt) median nerve stimulation was induced after TBS over left motor cortex (M1),
whereas this component was suppressed for 13 min after TBS over the point 2 cm posterior to left M1 ("p <0.05, **p < 0.01, Bonferroni correction). There
was no effect on this component produced by left (Lt) median nerve stimulation.

Effect of TBS on the amplitude of N33/P40
TBS over left M1

Rt median SEP

*
xw

ok

Amplitude (V)

0 = R 1 B
baseline0-3 10-13 20-23 30-33 40-43 50-53 60-63
Time after TBS (min)

Lt median SEP

6 =
5

4 4

[
Iy

Amplitude (uV)
~

-
n

13-16 23-26 33-36 43-46 53-56 63-66
Time after TBS (min)

0 4
baseline 3-6

TBS over a point 2cm posterior to left M1

Rt median SEP

Amplitude (pV)

baseline0-3 10-13 20-23 30-33 40-43 50-53 60-63
Time after TBS (min)

Lt median SEP

Amplitude (pV)

13-16 23-26 33-36 43-46 53-56 63-66
Time after TBS (min)

baseline 3-6

Fig. 4. Mean (£standard error) time course of effects of theta burst stimulation (TBS) on the amplitude of N33/P40 component of SEPs. Note that short-
lasting increase (53 min) in amplitude of this component following right (Rt) median nerve stimulation was induced after TBS over left motor cortex (M1)
(*p <0.05, **p < 0.01, Bonferroni correction). There was no effect on this component from left (Lt) arm or after TBS over the point 2 cm posterior.



S. Ishikawa et al. | Clinical Neurophysiology 118 (2007) 1033-1043

1039

Effect of TBS on the amplitude of MEP
TBS over left M1
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Fig. 5. Mean (+£standard error) time course of effects of theta burst stimulation (TBS) on motor evoked potential (MEP) amplitude. Note that short-
lasting suppression in MEP amplitude in the right (Rt) as well as left (Lt) first dorsal interosseous (FDI) muscles was induced after TBS over left motor

cortex (M1) (*p <0.05, **p <0.01, Bonferroni correction).

4. Discussion
4.1. After-effects on SEPs

The present results show that TBS over the sensorimo-
tor cortex changes the amplitude of later components of
the SEP, particularly the P25/N33, evoked from the con-
tralateral but not ipsilateral median nerve. However, the
direction of the after-effects depended on the scalp position
of the TBS. Following TBS over M1, the P25/N33 compo-
nent was facilitated for about 50 min, which was similar to
the time course of its effects on contralateral MEPs (exper-
iment 2). However, TBS at the same intensity over a point
2 cm posterior to left M1 suppressed the P25/N33 compo-
nent for at least 13 min, and had no effect on MEPs. We
conclude that a short period of TBS at a low intensity
can affect processing in somatosensory cortex.

The lack of effect of TBS on the P14/N20, N20/P25 and
N18/P22 components suggests that its action is limited to
cortical rather than subcortical structures. If so, then the
cortical areas most likely to be affected by TBS are those
on the surface of the brain directly under the stimulating
‘'scalp position. Neuroimaging studies (Terao et al., 1998)
have shown that the motor “hot spot” for the hand lies
over rostral area 4 on the crown of the precentral gyrus;
Okamoto et al. (2004) using a neuronavigation system
revealed that stimulation 2 cm posterior overlies areas 1
and 2 on the crown of the postcentral gyrus. TBS at these
two points may then explain why there was little effect of
TBS on the N20 component, since this is generated at some
depth from the cortical surface in area 3b where cells will

experience a smaller voltage gradient from the TMS (Alli-
son et al., 1989, 1991). In contrast there was a clear effect
on the P25/N33 component that involves generators in
superficial area 1 (Jones et al., 1978). Previous studies have
shown that continuous TBS has an inhibitory effect on the
excitability of primary motor (Huang et al., 2005) and
visual cortices (Franca et al., in press). Thus the TBS over
a point 2 cm posterior to M1 may have suppressed excit-
ability of area 1, leading to a reduction in amplitude of
the P25/N33 component.

The effect of TBS over M1 on the P25/N33 component
presumably reflects action in a cortico—cortical connection
from the motor to sensory cortex. In fact, Enomoto et al.
(2001) used a similar argument to explain the effect of
1 Hz rTMS on SEPs. They found that the largest effect
on the SEP came from rTMS over the motor cortex hand
area rather than a point 3 cm posterior, over sensory cor-
tex. They reasoned that activation of projections from
motor to sensory cortex was responsible for the effects they
observed. Since these projections are mainly to areas 1 and
2 (Jones et al., 1978), this also explained the predominance
of effects on the P25/N33 components and the smaller
effect on N20.

The question is why the direction of the after effect of
TBS over M1 on the P25/N33 component was facilitatory
even though the TBS at the same site suppressed the ampli-
tude of MEPs (experiment 2). One possible explanation is
that TBS of motor cortex induces a compensation in sen-
sory processing mechanisms, facilitating the latter while
motor cortex excitability is suppressed. In fact, the time
course of the effect on this component is very similar to



