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Abstract: The dorsal premotor cortex (PMd) is thought to play a significant role in movement prepara-
tion cued by sensory information rather than in self-initiated movements. The evidence in humans for
this contention is still circumstantial. Here we explored the effects of modulation of PMd by excitabil-
ity decreasing 1 Hz repetitive transcranial magnetic stimulation (rTMS) versus excitability increasing 5
Hz rTMS on two forms of movement related cortical potentials: contingent negative variation (CNV)
versus Bereitschaftspotential (BP) reflecting externally cued versus self-triggered movement prepara-
tion. Ten healthy right-handed subjects performed visually cued or self-triggered simple sequential fin-
ger movements with their right hand. CNV and BP were recorded by 25 EEG electrodes covering the
fronto-centro-parietal cortex and divided into an early (1500–500 ms before a go-signal or movement
onset) and a late potential (500–0 ms). MRI-navigated 1 Hz rTMS of the left PMd resulted in significant
increase of the late CNV over the left central region predominantly contralateral to the prepared right
hand movement, while 5 Hz rTMS had no effect on CNV. In contrast, 1 and 5 Hz rTMS did not mod-
ify BP. Control experiments of 1 Hz rTMS of the supplementary motor area (SMA) and of low-inten-
sity 1 Hz rTMS of the left primary motor cortex did not change CNV, but 1 Hz SMA-rTMS increased
late BP. This double dissociation of effects of PMd-rTMS versus SMA-rTMS on CNV versus BP pro-
vides direct evidence that the left PMd in humans is more involved in preparatory processes of exter-
nally cued rather than self-initiated movements, contrasting with an opposite role of the SMA. Hum
Brain Mapp 00:000–000, 2011. VC 2011 Wiley-Liss, Inc.

Keywords: bereitschaftspotential; contingent negative variation; dorsal premotor cortex;
supplementary motor area; preparation for movement; repetitive transcranial magnetic
stimulation; human

r r

Contract grant sponsor: Taiwan Department of Health Clinical
Trial and Research Center of Excellence; Contract grant number:
DOH99-TD-B-111-004.

*Correspondence to: Prof. Ulf Ziemann, Department of Neurology,
Goethe-University, Schleusenweg 2-16, 60528 Frankfurt am Main,
Germany. E-mail: u.ziemann@em.uni-frankfurt.de

Received for publication 16 September 2010; Accepted 14 Decem-
ber 2010

DOI: 10.1002/hbm.21248
Published online in Wiley InterScience (www.interscience.wiley.
com).

VC 2011 Wiley-Liss, Inc.



INTRODUCTION

The dorsal premotor cortex (PMd) plays a pivotal role
for selection, planning and execution of voluntary move-
ments [Crammond and Kalaska 2000; Rushworth, et al.
2003; Wise 1985; Wise, et al. 1986]. Preparation of voli-
tional movements is associated with activation in partially
different neuronal networks depending on whether the
movement is externally cued or self-initiated. Although
this distinction is by no means absolute, preparation of
externally cued movements relies more strongly on neuro-
nal activity in the PMd rather than in the supplementary
motor area (SMA), while preparation of self-initiated
movements involves more strongly the SMA than the
PMd [Jenkins, et al. 2000; Kurata and Wise 1988; Mush-
iake, et al. 1991; Okano and Tanji 1987].

In intact humans, preparatory cortical activity can be
assessed non-invasively by multi-channel high resolution
electroencephalography (EEG). The contingent negative
variation (CNV) reflects neuronal activity during prepara-
tion of externally cued movements, while the Bereitschaft-
spotential (BP) reflects preparation of self-initiated
movements. The CNV is a slow negative cortical potential
that occurs between two successive contingent stimuli, a
warning stimulus followed by a response stimulus [Wal-
ter, et al. 1964]. The CNV was divided into an early com-
ponent (CNV1), which largely reflects sensory information
of the warning stimulus, and a late component (CNV2),
which mainly represents motor readiness and preparatory
activity of the forthcoming motor response [Hamano, et al.
1997; Rohrbaugh, et al. 1976,1986]. In contrast, the BP is
generated during self-initiated movements without any
external cueing. The premovement phase of the BP was
also subdivided into two components: the early compo-
nent (BP1) is closely related to preparatory aspects of the
forthcoming movement such as motor intention, selection
or preparatory set, whereas the late component (BP2) is
particularly related to its executive aspects, such as ampli-
tude, precision or complexity (for review, [Shibasaki and
Hallett 2006]). CNV2 and BP2 can be affected differentially
in patients with cerebellar lesions and in patients with Par-
kinson’s disease, suggesting at least partially dissociable
subcortical generators [Ikeda, et al. 1994, 1997]. The corti-
cal generators of CNV2 versus BP2 can be determined
with sufficient precision only by using invasive recording
methods such as subdural grid electrodes. There is only
one study available that compared both movement related
cortical potentials (MRCPs) directly in the same patients
and found that CNV2 is predominantly generated in pre-
frontal cortex, including PMd, whereas BP2 is generated in
SMA, primary motor cortex (M1) and primary somatosen-
sory cortex [Hamano, et al. 1997]. These findings are con-
sistent with those of other subdural grid recordings that
investigated either CNV2 [Ikeda, et al. 1999] or BP2 [Ikeda,
et al. 1992; Neshige, et al. 1988] in separate studies.

Repetitive transcranial magnetic stimulation (rTMS) is a
safe and convenient technique to produce temporary

perturbation of function of the stimulated cortex in
humans (for review, [Pascual-Leone, et al. 1999]) and
changes in excitability outlasting the rTMS train (for
review, [Ziemann, et al. 2008]). Low-frequency 1 Hz rTMS
of PMd produced long-term suppression of corticospinal
excitability [Gerschlager, et al. 2001; Rizzo, et al. 2004],
while high-frequency 5 Hz rTMS resulted in an increase
[Rizzo, et al. 2004] as measured by changes in motor
evoked potential (MEP) amplitude.

Modulating effects of PMd stimulation on CNV or BP
have been tested in only one study up to date, which dem-
onstrated that excitability depressing continuous theta-
burst stimulation [Huang, et al. 2005] had no effect on BP
amplitude [Ortu, et al. 2009]. In contrast, several studies
revealed effects on volitional preparatory motor activity
when M1 was stimulated: 1 Hz M1-rTMS and continuous
theta burst stimulation resulted in a topographically non-
specific BP reduction [Ortu, et al. 2009; Rossi, et al. 2000],
5 Hz M1-rTMS led to local increase of CNV over the
stimulated M1 [Holler, et al. 2006] and excitability enhanc-
ing paired associative stimulation [Müller-Dahlhaus, et al.
2010] generated a local reduction of BP2 over the stimu-
lated M1 [Lu, et al. 2009]. As M1 is the common final exec-
utive stage for externally and internally generated motor
commands these studies are not suitable to distinguish
between the putatively different neuronal networks
upstream from M1 that are involved in the preparation of
externally cued versus self-initiated movements. Here we
sought to extend the previous findings by contrasting the
effects of rTMS applied to the PMd on externally cued ver-
sus self-triggered volitional preparatory motor activity.
According to the view that neuronal activity in the PMd
contributes more significantly to externally cued rather
than self-triggered movements [Wise 1985; Wise, et al.
1997], we hypothesized that PMd-rTMS would modify
CNV but not BP. In additional experiments, we also inves-
tigated the effects of SMA-rTMS on CNV and BP. Accord-
ing to the hypothesized preferential involvement of the
SMA in the preparation of self-initiated rather than exter-
nally cued movements, we expected modification of BP
but not CNV.

METHODS

Main Experiment

Subjects

Ten healthy subjects were recruited for this study (mean
age � SD, 27.9 � 6.9 years; range, range, 21–39 years; 6
male). All 10 subjects participated in the CNV 1 Hz PMd-
rTMS protocol, 7 subjects (28.3 � 8.0 years, 4 male) partici-
pated in the CNV 5 Hz PMd-rTMS protocol, 9 subjects
(28.4 � 7.1 years, 5 male) in the BP 1 Hz PMd-rTMS proto-
col, and 7 subjects (29.6 � 7.7 years, 4 male) in the BP 5
Hz PMd-rTMS protocol. Sessions in the same subject were
separated by at least 3 days, and the order of sessions was
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pseudo-randomized. All subjects were right-handed
according to the Edinburgh Handedness Inventory [Old-
field 1971]. All gave their written informed consent prior
to the study. The experimental procedures were in accord
with the latest version of the Declaration of Helsinki and
were approved by the local Ethics Committee of the medi-
cal faculty of the Goethe-University of Frankfurt (reference
number 98/00).

Experimental design

Subjects were seated on a comfortable chair with a test
table in front of them. Heights of the chair and the table
were adjusted individually to allow a relaxed placement of
the subjects’ pronated right forearm and hand on the table.
Fingers II–V rested in an in-house manufactured device to
record motor reaction time and inter-finger movement
time (Fig. 1A). Button presses indicated index finger
abduction (green button in Fig. 1A) or little finger abduc-
tion (yellow button in Fig. 1A) and triggered marker
events in the EEG recording system, using Presentation
Version 0.70 and NeuroScanVR SynAmps, Neurosoft, Inc.
(Sterling, VA).

CNV protocol

Subjects were instructed to react as fast as possible to
the visually imperative response signal (S2) two seconds
after a warning signal (S1) with a two-item finger move-
ment sequence. Signals were shown at the center of a 14-
inch Extended Graphics Array (XGA) screen (Compaq Pre-
sario 1700) 60 cm away from the subjects’ eyes on white
background for 250 ms each (Fig. 1C). S1 did not contain
cuing information on the type of the next movement and
consisted of a green cross (length 2.5 cm, thickness 0.7
cm). S2 contained full information on the type of the next
movement: the red square (side length 3 cm) instructed
index finger abduction repeated two times, the red circle
(diameter, 3.3 cm) index finger abduction followed by little
finger abduction, and the red triangle (side length 3 cm)
little finger abduction followed by index finger abduction.
Two-item finger movement sequences rather than single
movements were chosen for the present CNV and BP
experiments because they result in better expressed
MRCPs [Kitamura, et al. 1993; Simonetta, et al. 1991]. One
trial consisted of one S1 followed by one S2. Intervals
from S2 of one trial to S1 of the next trial varied between
5, 7, and 9 s to limit anticipation of the next trial (Fig. 1C).
The probability of occurrence of these three inter-trial
intervals was equal so that the mean inter-trail interval in
the CNV experiments was 7 s. Three blocks of 81 trials
(randomized order of S2 conditions) separated by 5-mi-
nute breaks were run before and another 3 blocks after
PMd-rTMS (Fig. 1C). Before the actual CNV recordings,
subjects practiced for 5 min to familiarize with the task.

BP protocol

Subjects performed three blocks of 81 trials of the same
2-item fingers movement sequences as in the CNV proto-
col before and after PMd-rTMS (Fig. 1D). They were
instructed to execute the 2-item finger movements as fast
as possible. However, in contrast to the CNV protocol,
movements were not externally cued but were internally
selected and self-paced. Subjects were instructed to choose
randomly one of the three 2-item movement sequences for
the upcoming trial, and to perform one movement
sequence approximately every 7 s (Fig. 1D). The mean
inter-trial intervals were 7.90 � 2.18 s (1 Hz PMd-rTMS),
7.28 � 1.61 s (5 Hz PMd-rTMS), and 8.51 � 2.06 s (1 Hz
SMA-rTMS, Control Experiment 2, see below). None of
these mean intervals was significantly different from the
mean inter-trail interval of 7 s in the CNV experiments (all
P > 0.05, one-sample two-sided t-tests).

PMd-rTMS

RTMS was applied through a figure-of-eight coil (diame-
ter of each wing, 70 mm) while the EEG cap remained on
the scalp with electrode leads disconnected from the EEG
amplifiers. The coil was connected to a Magstim Rapid
stimulator (The Magstim Company, Carmarthenshire,
Wales, UK) with a biphasic current waveform. Positioning
of the coil was accomplished by a frameless MR-naviga-
tion system (TMS navigator, Localite GmbH, Sankt Augus-
tin, Germany) using the 3D-reconstructed T1-weighted
magnetic resonance image (MRI) of the individual’s brain
(Fig. 1B). First, the coil was held tangential to the cap-on-
scalp over the hand area of the left M1, with the coil han-
dle pointing backwards and �45� away from the midline,
so that the initial phase of the induced current in the brain
flowed from lateral-posterior to medial-anterior. The coil
was placed at the site that resulted consistently in largest
MEPs in the right first dorsal interosseus (FDI) muscle.
This optimal site for M1 stimulation was typically over the
hand knob of the precentral gyrus (blue dot in Fig. 1B).
Active motor threshold (AMT) for the right FDI was deter-
mined to the nearest 1% of maximum stimulator output
while the subjects maintained �10% of their maximal vol-
untary FDI contraction. AMT was defined as the minimum
stimulus intensity sufficient to produce a MEP of = 200 lV
in peak-to-peak amplitude in at least five out of 10 consec-
utive trials [Rossini, et al. 1999]. For subsequent left PMd-
rTMS, the coil was shifted on average 1.8 � 0.3 cm ante-
rior so that the junction of the coil targeted the posterior-
most part of the middle frontal gyrus close to the caudal
end of the superior prefrontal sulcus (red dot in Fig. 1B).
This area is thought to correspond to the human PMd
[Fink, et al. 1997]. Two different rTMS frequencies were
applied in separate sessions: 1 Hz PMd-rTMS was deliv-
ered continuously for 15 min (900 pulses); in contrast, 5
Hz PMd-rTMS was given in 15 trains of 12 s interrupted
by inter-train intervals of 48 s. Therefore, the two PMd-
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Figure 1.

A: Right task hand of one subject resting in pronated position

on the test table. Surface electromyography was recorded simul-

taneously from first dorsal interosseus (FDI) and abductor digiti

minimi (ADM) muscles, the primary movers of index finger and

little finger abductions, respectively. The in-house manufactured

device for recording button presses by index finger abduction

(green button, 1) and little finger abduction (yellow button, 2)

triggered automatic marker events in the EEG recording system.

B: Sites of focal TMS (figure-of-eight coil indicated) over the

hand area of the left primary motor cortex (M1, blue spot) and

the left dorsal premotor cortex (PMd, red spot) shown on a 3D

MRI reconstruction of one individual brain. The site of PMd

stimulation was targeted by MR-navigation (see Methods) and

was located, on average, 1.8 � 0.3 cm anterior of the M1 stimu-

lation site. The M1 site was used for testing corticospinal excit-

ability, the PMd site was used for application of rTMS (see

below). C: Experimental protocol for the contingent negative

variation (CNV) sessions. Subjects performed 3 � 81 CNV trials

before and after left PMd-rTMS (either 1 Hz or 5 Hz rTMS in

separate sessions). Each CNV trial consisted of a warning stimu-

lus (green cross) followed 2 s later by an imperative go-signal

(all signals presented on a screen in front of the subjects)

instructing on the motor response to be performed (red square:

index finger abduction repeated two times; red circle: index fin-

ger abduction followed by little finger abduction; red triangle: lit-

tle finger abduction followed by index finger abduction). The

order of go-signal conditions was pseudo-randomized. The inter-

val from the go-signal to the warning signal of the next trial var-

ied between 3–7 s. Corticospinal excitability of the hand area of

the left M1 was tested immediately before and after PMd-rTMS

by recording 20 MEPs in the resting FDI of the right-hand. D:

Experimental protocol for the Bereitschaftspotential (BP) ses-

sions. This protocol were identical to the CNV protocol, except

that the 2-item right hand finger abduction task (same move-

ment conditions as in the CNV trials) was performed self-initi-

ated without external cuing (�1 trial every 7 s). The subjects

had to select internally one of three motor conditions for the

upcoming next trial and were instructed to randomize these

conditions over the 3 � 81 trials before and after left PMd-

rTMS.



rTMS protocols were matched for duration (15 min) and
number of pulses (900, Fig. 1C,D). PMd-rTMS intensity
was set to 110% AMT because this intensity produced sig-
nificant electrophysiological and behavioral effects in pre-
vious studies [Boyd and Linsdell 2009; Terao, et al. 2007].
Both PMd-rTMS protocols are in accord with the recently
revised TMS safety guidelines [Rossi, et al. 2009]. Possible
current spread to the adjacent left M1 was controlled for
in ‘‘Control Experiment 3’’ (see below). Correct coil place-
ment was monitored throughout by MR-navigation.

Corticomotoneuronal excitability (MEP amplitude)

Corticomotoneuronal excitability was measured in the
CNV and BP protocols by recording 20 MEPs with surface
EMG (sEMG) from the resting FDI of the right hand
immediately before and after PMd-rTMS (Fig. 1C,D).
AgAAgCl electrodes were taped in a muscle-tendon mon-
tage (Fig. 1A). SEMG signals were bandpass filtered (20
Hz � 2 k Hz; Counterpoint Mk2 Electromyograph; Dantec,
Skovlunde, Denmark). A single-pulse Magstim 200 mag-
netic stimulator with a monophasic current waveform con-
nected to a figure-of-eight coil (diameter of each wing, 70
mm) was used for these measurements, with the coil han-
dle pointing backwards and �45� away from the midline.
Prior to PMd-rTMS, TMS intensity was adjusted to pro-
duce MEPs of on average 1 mV in peak-to-peak amplitude
(MEP1mV) in the FDI. The same intensity was used for
the measurements after PMd-rTMS. The inter-trial interval
varied randomly from 7.5 to 12.5 s to reduce anticipation
of the next trial. EMG signals were digitized at a rate of 5
k Hz (CED Micro 1401; Cambridge Electronic Design,
Cambridge, UK) and stored in a laboratory computer for
offline analysis (Spike2 for Windows, Version 3.05, CED).

Recording of CNV and BP

Fifty-six AgAAgCl scalp electrodes were used for EEG
recording (Fig. 2A). One electrode was placed below the
left outer canthus to record the electrooculogram (EOG).
Impedance of all electrodes was kept below 5 kX. All elec-
trodes were referenced to linked earlobe electrodes. Raw
signals were filtered with a bandpass of 0.05–70 Hz (Neu-
roScanVR SynAmps, Neurosoft, Inc. (Sterling, VA), digitized
at a rate of 2 k Hz and stored for offline analysis.

Motor performance

Amplitude and kinematics of a movement may influ-
ence the MRCP [Shibasaki and Hallett 2006]. Movement
performance was assessed by sEMG recordings (simulta-
neous with the CNV or BP recordings) of the voluntary
EMG burst in the right FDI and ADM during the index
and little finger abductions, respectively, using the same
electrodes as for the MEP recordings (Fig. 1A). The sEMG
signals were single-trial rectified, filtered at a bandpass of

30–200 Hz, digitized at a rate of 2 kHz and stored for off-
line analysis.

Data Analysis and Statistics

Corticomotoneuronal excitability (MEP amplitude)

Averages of MEP amplitude (in mV) were calculated in
the right FDI of each subject from the 20 trials of each re-
cording block before versus after PMd-rTMS. Effects of
PMd-rTMS on MEP amplitude were analyzed by a two-
way repeated measures analysis of variance (rmANOVA)
with the within-subject factor of time (pre-rTMS, post-
rTMS) and with the between-subject factor of frequency (1
Hz, 5 Hz).

Motor performance

Performance of the motor task during the CNV and BP
recordings was assessed by a quantitative analysis of the
peak amplitude and the onset-to-peak time of the rectified
sEMG bursts in the right FDI and ADM. Analysis was
pooled for the three 2-item movements because movement
Condition had no effect on the MRCP results (see below).
Therefore, a three-way rmANOVA with the within-subject
factors of muscle (FDI, ADM) and time (pre-rTMS, post-
rTMS) and the between-subject factor of frequency (1 Hz,
5 Hz) was performed.

In addition, during the CNV recordings, reaction time
(interval between S2 and the EMG burst onset in the pri-
mary mover of the first item of the 2-item finger move-
ment), the inter-finger-movement interval (IFMI) and the
error rate were analyzed by two-way rmANOVAs with
the within-subject factor of time (pre-rTMS, post-rTMS)
and the between-subject factor of frequency (1 Hz, 5 Hz).

CNV1 and CNV2 amplitude

EEG epochs were segmented from 3.000 ms prior to
2.000 ms after S2 onset (time, 0 ms). The mean EEG am-
plitude from 2.250–2.000 ms prior to S2 was assigned as
offset of each epoch. EEG segments contaminated by
blink artifacts in the EOG or muscle artifacts were dis-
carded from further analysis. Artifact-free EEG epochs
were then averaged according to time (pre-rTMS vs.
post-rTMS) and rTMS frequency (1 vs. 5 Hz). Two peri-
ods of the CNV were analyzed: CNV1 was determined
1.500–500 ms prior to S2 as the mean amplitude of the
CNV signal (indicated by the lower horizontal dashed
line with amplitude a in Fig. 2B). CNV2 was measured
500–0 ms prior to S2. The amplitude of the CNV2 (indi-
cated by b in Fig. 2B) was calculated by subtracting the
mean amplitude of CNV1 from the mean amplitude of
CNV2 (indicated by the upper horizontal dashed line in
Fig. 2B) to estimate PMd-rTMS effects on CNV2 inde-
pendent from those on CNV1.
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Since the major CNV and BP activity localizes over the
central scalp, statistical analysis was focused on the 25
central electrodes (Fig. 2A). CNV1 and CNV2 were ana-

lyzed separately, initially by four-way rmANOVAs with
the within-subject factors of Movement Condition (2�
index finger abduction, index finger abduction followed
by little finger abduction, little finger abduction followed
by index finger abduction), time (pre-rTMS, post-rTMS)
and electrode (25 levels), and the between-subject factor of
frequency (1 Hz, 5 Hz). As neither movement condition
nor its interactions revealed any significant effects, data
were pooled across movement conditions and three-wav
rmANOVAs with the remaining effects of time, electrode
and frequency were performed.

BP1 and BP2 amplitude

EEG epochs were segmented from 3.000 ms prior to
2.000 ms after the onset of the voluntary sEMG burst. The
mean EEG amplitude of the period from 2.250–2.000 ms
prior to sEMG burst onset served as the baseline of each
epoch. After rejection of artifact-contaminated trials, EEG
epochs were averaged according to time (pre-rTMS vs.
post-rTMS) and rTMS frequency (1 Hz vs. 5 Hz). The early
BP was analyzed from 1.500–500 ms before sEMG burst
onset (BP1; Fig. 2C) and the late BP from 500–0 ms before
sEMG burst onset (BP2; Fig. 2C). The amplitudes of BP1
and BP2 (values ‘‘a’’ and ‘‘b’’, respectively, in Fig. 2C)
were analyzed the same way as those of CNV1 and
CNV2, as described above.

Mapping of rTMS effects

Mean scalp voltage difference maps (post-rTMS minus
pre-rTMS) were calculated at each of the 56 electrode posi-
tions separately for the two rTMS frequencies (1 Hz vs. 5
Hz) and MRCP measures (CNV1, CNV2, BP1, BP2) and

Figure 2.

A: The 56 EEG recording electrodes (nomenclature according to

the International 10–20 EEG system) and the 25 central electrodes

of interest (enclosed by the dashed line) selected for the statistical

analysis. B: CNV recordings from electrode C3. CNV1 was deter-

mined 1.500–500 ms prior to the go-signal (S2, time 0 ms) as the

mean amplitude of the CNV signal in this time window, indicated

by the lower horizontal dashed line with amplitude a. CNV2 was

measured 500–0 ms prior to S2, and calculated as the difference b

of the mean amplitudes of CNV2 (indicated by the upper horizon-

tal dashed line) minus CNV1. S1: warning signal (2.000 ms prior to

S2). C: Representative Bereitschaftspotential (BP) recordings from

electrode C3. BP1 was measured 1.500–500 ms prior to the onset

of the volitional EMG burst (time 0 ms) of the first movement of

the two-item finger movement sequence as the mean amplitude of

the BP signal in this time window, indicated by the lower horizontal

dashed line with amplitude a. BP2 was measured 500–0 ms prior

to sEMG onset, and calculated as the difference b of the mean

amplitudes of BP2 (indicated by the upper horizontal dashed line)

minus BP1.
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plotted using Brain Vision Analyzer (Version 2.0.0.3031,
Brain Products GmbH, Germany).

For all rmANOVAs, the Huynh-Feldt correction was
used to correct for non-sphericity. Conditional on a signifi-
cant F value, post-hoc t tests were performed. A P-value <
0.05 was considered significant. Data are reported as
means � SD if not stated otherwise.

Control Experiment 1

We were concerned about the topographical specificity
of the 1 Hz PMd-rTMS effects on CNV (cf. results of main
experiment). The SMA proper was selected as rTMS con-
trol target area. We speculated that 1 Hz SMA-rTMS
should not result in significant effects on CNV because the
SMA is involved predominantly in self-initiated rather
than sensory cued movements. The same subjects as in the
1 Hz PMd-rTMS experiment were investigated. The SMA
proper was targeted individually by the MR-navigation
system, and was located on average 3.6 � 1.1 cm anterior
to the vertex. RTMS intensity was set to 110% AMT of the
right FDI determined over the hand area of the left M1.
The figure-of-eight stimulating coil was held tangentially
to the skull with the handle pointing to the left so that the
biologically more effective second phase of the biphasic
induced current in the brain was directed towards the left
SMA.

Control Experiment 2

The findings of Control Experiment 1 demonstrated the
expected absence of an effect of 1 Hz SMA-rTMS on CNV
amplitude (see results). Although the same coil orientation
and rTMS intensity over SMA proper were effective in
inducing significant long-term change of M1 excitability in
one previous study [Matsunaga, et al. 2005], it remains a
possibility that the null findings with respect to CNV am-
plitude in Control Experiment 1 merely reflect non-effec-
tive SMA stimulation. Therefore, we conducted Control
Experiment 2, in which we applied 1 Hz SMA-rTMS the
same way as in Control Experiment 1 in a subset of 6 sub-
jects (27.0 � 7.3 years; 3 male), but now recorded BP rather
than CNV. The BP protocol was identical to the one in the
main experiment. According to the main hypothesis out-
lined in the introduction, we expected to demonstrate
effective SMA stimulation by obtaining a significant effect
of 1 Hz SMA-rTMS on BP amplitude.

Control Experiment 3

Finally, we were concerned that current spread from the
left PMd to the left M1 might have been a significant source
for the observed 1 Hz PMd-rTMS effects on CNV2 (cf.
Results). Therefore, a control experiment was added, in
which the stimulating coil was centered over the optimal
site of the hand area of the left M1 for eliciting MEPs in the

right FDI. Six subjects (26.8 � 7.1 years; 2 male) participated.
Compared to the stimulus intensity of 110% AMT used in
the PMd-rTMS experiments, stimulus intensity of M1-rTMS
was reduced according to an earlier described procedure
[Gerschlager, et al. 2001]: First, AMTs were determined over
PMd and M1 (always higher over PMd) with the Magstim
Rapid stimulator. The percentage difference between the
two values was calculated and used to reduce the intensity
for rTMS over M1: (AMTM1/AMTPMd) � AMTM1 � 110%.
For instance, if AMTM1 was 50% of maximum stimulator
output and AMTPMd was 75% of maximum stimulator out-
put, then the adjusted stimulus intensity for M1–rTMS was
calculated as (50 / 75) * 50 * 110% ¼ 37% of maximum stim-
ulator output. For comparison, PMd-rTMS in the main
experiments would have been AMTM1 � 110% ¼ 50 � 110%
¼ 55% of maximum stimulator output. Apart from applying
the lower intensity M1-rTMS, experimental procedures and
analyses of CNV1 and CNV2 were identical to the main
experiment.

RESULTS

None of the subjects experienced any noticeable adverse
effects during or after the study. All subjects were cooper-
ative and alert throughout the experiments.

PMd-rTMS (Main Experiment)

Corticomotoneuronal Excitability (MEP Amplitude)

CNV protocol. Mean MEP amplitudes for the 1 Hz
PMd-rTMS protocol were 1.05 � 0.17 mV (pre-rTMS)
versus 0.95 � 0.33 mV (post-rTMS), and for the 5 Hz
PMd-rTMS protocol 1.02 � 0.18 mV (pre-rTMS) versus
0.88 � 0.20 mV (post-rTMS). The rmANOVA did not
reveal any significant effects of time (F1,15 ¼ 2.56, P ¼
0.13) or frequency (F1,15 ¼ 0.31, P ¼ 0.59) or their interac-
tion (F1,15 ¼ 0.05, P ¼ 0.83).

BP protocol. Mean MEP amplitudes for the 1 Hz PMd-
rTMS protocol were 0.99 � 0.15 mV (pre-rTMS) versus
0.80 � 0.19 mV (post-rTMS), and for the 5 Hz PMd-rTMS
protocol 0.96 � 0.11 mV (pre-rTMS) versus 0.97 � 0.25 mV
(post-rTMS). The rmANOVA did not reveal any significant
effects of time (F1,14 ¼ 2.65, P ¼ 0.12) or frequency (F1,14 ¼
0.81, P ¼ 0.38) or their interaction (F1,14 ¼ 3.40, P ¼ 0.09).

These are important null results because the observed
PMd-rTMS effects on CNV (see below) cannot be
explained by changes in M1 excitability.

Motor performance

CNV protocol. RmANOVA revealed a significant main
effect of time for the peak amplitude of the voluntary sEMG
burst (F1,15 ¼ 15.3, P ¼ 0.001), which was caused by a higher
mean amplitude pre-rTMS (158.9 � 62.3 lV) compared to
post-rTMS (128.7 � 53.6 lV, P ¼ 0.001) (cf. grand averages
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of the voluntary sEMG bursts in Fig. 3A). The other main
effects of muscle and rTMS frequency, and their interactions
with time were all not significant (all P > 0.1). Therefore,
the effect of time on sEMG burst peak amplitude is unspe-
cific and may reflect a practice effect. RmANOVA did not
reveal any significant effects for the onset-to-peak time of
the sEMG burst (all P > 0.1). Additional rmANOVAs on the
reaction time, the IFMI and the error rate did not show any
significant main effects of time and frequency, or of their
interaction (all P > 0.1).

BP protocol. RmANOVA of the peak amplitude of the vol-
untary sEMG burst showed a significant main effect of
time (F1,14 ¼ 7.9, P ¼ 0.014; post-rTMS: 146.2 � 78.6 lV,

pre-rTMS: 128.8 � 68.3 lV; cf. grand averages of the vol-
untary sEMG bursts in Fig. 3B), but not of the other main
effects of muscle and rTMS frequency, or any of their
interactions with time (all P > 0.1). Similarly to the find-
ings in the CNV protocol, the main effect of time is unspe-
cific and most likely accounted for by a practice effect. In
addition, rmANOVA of the onset-to-peak time of the vol-
untary sEMG burst showed a significant main effect of
muscle (F1,14 ¼ 10.4, P ¼ 0.0061; FDI: 248.6 � 133.0 ms,
ADM: 362.8 � 92.7 ms) but no significances for the other
main effects or any of their interactions (all P > 0.1). The
effect of muscle was explained by the fact that self-paced
abductions of the little finger are naturally performed
slower than those of the index finger.

Figure 3.

A: Superimposition of the grand averages of CNV before (black

traces) and after (red traces) 1 Hz (n ¼ 10 subjects, left panel)

and 5 Hz left PMd-rTMS (n ¼ 7 subjects, right panel) at elec-

trode C3. Note the significant increase of CNV2 after 1 Hz

PMd-rTMS while 5 Hz PMd-rTMS had not effect. Grand averages

of the surface EMG recordings from right FDI and right ADM

(right part of each panel) show a nonspecific slight increase of

the voluntary EMG burst amplitude after both PMd-rTMS condi-

tions. B: Superimposition of the grand averages of BP before

(black traces) and after (red traces) 1 Hz (n ¼ 9 subjects, left

panel) and 5 Hz left PMd-rTMS (n ¼ 7 subjects, right panel) at

electrode C3. There was no statistically significant difference of

BP before versus after PMd-rTMS for either rTMS frequency.

Grand averages of the surface EMG recordings from the right

FDI and right ADM show a non-specific slight increase of the

voluntary EMG burst amplitude after both PMd-rTMS

conditions.
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CNV amplitude

Of the recorded EEG epochs, 75.1%, were artifact-free
and used for CNV analysis. RmANOVA of CNV1 showed
a significant main effect of electrode position (F24,360 ¼
5.77, P < 0.001; Table I) but no significances of the other
main effects or their interactions. RmANOVA of CNV2
disclosed a significant main effect of electrode (F24,360 ¼
4.08, P ¼ 0.025), a significant interaction between time and
frequency (F1,15 ¼ 8.92, P ¼ 0.009), and a triple interaction
of time, electrode and frequency (F24,360 ¼ 2.44, P ¼ 0.023).
The main effect of electrode reflects the typical distribution
of CNV with predominant location over the central scalp
(cf. Table II). The interaction between time and frequency
was explained by an increase of the mean CNV2 after 1
Hz PMd-rTMS (pre-rTMS: �1.63 � 1.54 lV versus post-
rTMS: �2.34 � 1.46 lV, P ¼ 0.005) but not after 5 Hz
PMd-rTMS (pre-rTMS: �1.87 � 1.75 lV versus post-rTMS:
�1.56 � 1.41 lV, P ¼ 0.35). The triple interaction was
explored further by paired two-tailed t-tests at each of the
electrodes and separately for the 1 Hz and 5 Hz conditions
(Table II). This post hoc analysis revealed specific locations
in predominantly right-hemispheric frontal and predomi-
nantly left-hemispheric central regions where CNV2 was
significantly increased after 1 Hz PMd-rTMS (Table II). In
contrast, 5 Hz PMd-rTMS had no effect on CNV2 at any of
the analyzed electrodes. The left panel of Figure 3A shows
the grand average CNV recordings of all subjects to dem-
onstrate the 1 Hz PMd-rTMS effects on CNV at electrode
C3 (motor cortex region contralateral to the task hand).

BP amplitude

87.7 % of the recorded EEG epochs were artifact-free and
used for analysis. RmANOVA of BP1 and BP2 revealed
only a significance of the main effect of electrode (BP1:
F24,360 ¼ 3.33, P ¼ 0.016; BP2: F24,360 ¼ 5.82, P ¼ 0.006; Table
I) while none of the other main effects of time or rTMS fre-
quency or any of their interactions was significant. These
null results are reflected by the grand averages of the BP

recordings in the 1 Hz and 5 Hz PMd-rTMS experiments as
shown for electrode C3 in Figure 3B.

Mapping of PMd-rTMS effects

The topographic distributions of the CNV and BP scalp
voltage changes induced by left PMd-rTMS are shown in

TABLE I. RmANOVA of the PMd-rTMS effects on CNV and BP

CNV1 CNV2 BP1 BP2

d.f. F P F P d.f. F P F P

Within-subject factors
Timea 1.15 1.72 0.21 1.33 0.27 1,14 2.25 0.16 3.01 0.10
Electrodeb 24.360 5.77 <0.001** 4.08 0.025* 24,336 3.33 0.016* 5.82 0.006**

Between-subject factor
rTMS Frequencyc 1.15 0.004 0.95 0.14 0.72 1.14 0.62 0.45 0.01 0.92
Time � Electrode 24.360 0.51 0.79 0.74 0.64 24.336 1.16 0.33 0.90 0.50
Time � rTMS Frequency 1.15 1.10 0.31 8.92 0.009** 1.14 0.86 0.37 0.006 0.94
Time � Electrode � rTMS Frequency 24.360 0.33 0.91 2.44 0.023* 24.336 1.43 0.19 0.85 0.54

*P < 0.05; P < 0.01; d.f. degrees of freedom.
a2 levels (pre-rTMS and post-rTMS).
b25 levels (electrodes of interest, see Fig. 2A).
c2 levels (1 Hz rTMS and 5 Hz rTMS).

TABLE II. Mean amplitudes of CNV2 (in lV) at the
electrodes of interest, divided by rTMS Frequency

and Time

1 Hz Rtms 5 Hz rTMS

Pre Post Pre Post

F3 �0.72 � 2.08 �1.78 � 2.05* �1.30 � 2.34 �0.74 � 2.09
F1 �0.55 � 1.82 �1.58 � 1.93* �1.55 � 3.16 �0.97 � 2.42
FZ �0.63 � 2.53 �1.87 � 2.90** �1.43 � 2.93 �1.05 � 2.35
F2 �0.37 � 1.60 �1.40 � 1.70** �1.44 � 2.74 �0.91 � 2.27
F4 �0.42 � 1.84 �1.32 � 1.68* �1.48 � 2.58 �0.79 � 2.31
C3A �1.98 � 2.19 �2.32 � 1.59 �1.86 � 2.04 �1.53 � 2.14
C1A �1.81 � 2.46 �2.93 � 2.13* �2.52 � 2.81 �2.14 � 2.39
CZA �1.40 � 2.32 �2.66 � 2.61* �2.43 � 2.93 �2.02 � 2.84
C2A �1.49 � 2.27 �2.35 � 2.03* �1.89 � 2.24 �1.51 � 1.72
C4A �1.35 � 1.47 �1.61 � 1.10 �1.54 � 1.67 �1.42 � 1.93
C3 �2.34 � 2.05 �3.43 � 2.41** �2.52 � 2.06 �1.88 � 1.47
C1 �2.42 � 1.99 �3.57 � 2.25** �2.63 � 2.24 �2.37 � 1.75
CZ �2.31 � 1.95 �3.43 � 2.18** �2.52 � 2.28 �2.26 � 1.74
C2 �1.78 � 1.66 �2.86 � 2.18* �2.54 � 2.13 �1.99 � 1.71
C4 �2.24 � 1.76 �2.46 � 1.56 �2.34 � 2.12 �1.76 � 1.52
C3P �2.40 � 2.18 �2.75 � 1.73 �1.85 � 1.21 �1.60 � 1.07
C1P �2.25 � 1.81 �2.71 � 1.54 �2.00 � 1.49 �1.98 � 1.48
PZA �2.33 � 1.84 �3.08 � 1.96* �2.23 � 1.61 �1.88 � 1.33
C2P �1.84 � 1.74 �2.40 � 1.56 �2.00 � 1.34 �1.93 � 0.98
C4P �1.76 � 1.33 �2.17 � 1.39 �1.99 � 1.56 �1.64 � 0.86
P3 �1.13 � 1.61 �1.43 � 1.30 �0.80 � 0.99 �0.77 � 1.05
P1 �1.78 � 1.65 �1.92 � 1.43 �1.21 � 1.25 �1.25 � 1.25
PZ �2.20 � 1.78 �2.53 � 1.37 �1.66 � 1.20 �1.65 � 0.98
P2 �1.84 � 1.43 �2.20 � 1.36 �1.61 � 1.34 �1.62 � 1.01
P4 �1.42 � 1.49 �1.60 � 1.29 �1.28 � 0.98 �1.13 � 0.75

*P < 0.05, P < 0.01 (paired two-tailed t tests).
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Figure 4. These plots illustrate the PMd-rTMS induced
increase in CNV2 but not any of the other measures (CNV1,
BP1, or BP2), which was selective for rTMS frequency (only
1 Hz but not 5 Hz PMd-rTMS was effective) and location
(predominantly right-hemispheric frontal ipsilateral to the
task hand, and predominantly left-hemispheric central elec-
trodes contralateral to the task hand).

Control Experiment 1 (CNV 1 Hz SMA-rTMS)

MEP amplitude

One Hertz SMA-rTMS resulted in a significant reduction
of MEP amplitude (t ¼ 3.73, P ¼ 0.005; pre-rTMS: 1.11 �
0.14 mV versus post-rTMS: 0.87 � 0.18 mV). This MEP
decrease is in accord with a MEP increase after high-fre-
quency 5 Hz SMA-rTMS reported in one previous study
[Matsunaga, et al. 2005], and indicates that the SMA was
stimulated effectively.

Motor performance

RmANOVAs revealed no significant change in motor
performance (amplitude and onset-to-peak time of the vol-
untary sEMG burst, reaction time, IFMI and error rate; all
P > 0.05; cf. grand averages the voluntary sEMG bursts in
Fig. 5A).

CNV amplitude

RmANOVA of CNV1 showed a significant effect of elec-
trode (F24,216 ¼ 4.63, P < 0.001) but no effect of time (F1,9

¼ 3.72, P ¼ 0.09) or the interaction between electrode and
time (F24,216 ¼ 0.78, P ¼ 0.77). Similarly, rmANOVA of
CNV2 revealed a significant effect of electrode (F24,216 ¼
4.00, P < 0.001) but no effect of time (F1,9 ¼ 0.21, P ¼ 0.66;
CNV2 amplitude across all electrodes pre-rTMS: �1.44 �
1.58 lV versus post-rTMS: �1.22 � 1.45 lV) or its interac-
tion with electrode (F24,216 ¼ 1.28, P ¼ 0.18; cf. Table III
and grand averages of CNV recordings at electrode C3 in
Fig. 5A). These null results strongly suggest that 1 Hz
SMA-rTMS, in contrast to 1 Hz PMd-rTMS (see above)
does not affect CNV and, therefore, point to a topographi-
cally specific effect of PMd-rTMS, consistent with our hy-
pothesis formulated in the introduction.

Control Experiment 2 (BP 1 Hz SMA-rTMS)

MEP amplitude

One Hertz SMA-rTMS resulted in a significant reduction
of MEP amplitude (t ¼ 3.12, P ¼ 0.026; pre-rTMS: 1.01 �
0.20 mV versus post-rTMS: 0.71 � 0.12 mV), consistent
with Control Experiment 1, and indicative of effective
SMA stimulation.

Motor performance

RmANOVA of the peak amplitude of the voluntary
sEMG burst showed a significant main effect of muscle
(F1,5 ¼ 18.23, P ¼ 0.008; FDI: 150.1 � 68.2 lV, ADM: 87.7
� 51.1 lV) but not of the main effect of TIME or their
interaction (all P > 0.05). Similarly as in the BP main
experiment, the effect of muscle was explained by the fact

Figure 4.

Scalp potential maps of the CNV and BP voltage change (post-rTMS minus pre-rTMS) induced by

left PMd-rTMS. Note the selective increase of the CNV2 negativity after 1 Hz PMd-rTMS. The

distribution of this voltage change was most prominent over the right frontal and left central

scalp areas. Electrode positions with statistically significant voltage difference are labeled (black,

P < 0.05; red, P < 0.01; paired-sample two-tailed t-tests).
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that self-paced abductions of the little finger are naturally
performed weaker than those of the index finger. RmA-
NOVA revealed no effect of time or muscle on the onset-
to-peak time of the voluntary sEMG burst (all P > 0.05; cf.
grand averages of the voluntary sEMG bursts in Fig. 5B).

BP amplitude

RmANOVA of BP1 showed a significant effect of elec-
trode (F24,120 ¼ 3.32, P < 0.001) but no effect of time (F1,5 ¼
1.35, P ¼ 0.30) or the interaction between electrode and time
(F24,120 ¼ 0.52, P ¼ 0.97). In contrast, rmANOVA of BP2

revealed a significant effect of electrode (F24,120 ¼ 9.03, P <
0.001) and a significant effect of time (F1,5 ¼ 20.47, P ¼
0.0063; BP2 amplitude across all electrodes pre-rTMS: �1.69
� 1.84 lV versus post-rTMS: �2.69 � 1.53 lV), while the
interaction of time with electrode was not significant (F24,120
¼ 0.47, P ¼ 0.98; Table III, and grand averages of BP record-
ings at electrode C3 in Fig. 5B). The observed increase in
BP2 amplitude and the absence of any effect on CNV ampli-
tude after 1 Hz SMA-rTMS are strongly supportive of our
hypothesis formulated in the introduction that neuronal ac-
tivity in the SMA is more closely related to internally rather
than externally triggered movements.

TABLE III. RmANOVA of the 1 Hz SMA-rTMS effects on CNV and BP

CNV1 CNV2 BP1 BP2

d.f. F P F P d.f. F P F P

Within-subject factors
Timea 1.9 3.72 0.09 0.21 0.66 1.5 1.35 0.30 20.47 0.0063**
Electrodeb 24.216 4.63 <0.001** 4.00 <0.001** 24.120 3.32 <0.001** 9.03 <0.001**
Time � Electrode 24.216 0.78 0.77 1.28 0.18 24.120 0.52 0.97 0.47 0.98

P < 0.01; d.f. degrees of freedom.
a2 levels (pre-rTMS and post-rTMS).
b25 levels (electrodes of interest, see Fig. 2A).

Figure 5.

Superimposition of the grand averages of CNV (A, n ¼ 10 subjects) and BP (B, n ¼ 6 subjects)

recorded from electrode C3 before (black traces) and after (red traces) 1 Hz SMA-rTMS (top pan-

els), and scalp potential maps of the CNV and BP (bottom panels). Note the absence of any change

in CNV but a significant global increase in BP2 amplitude after 1 Hz SMA-rTMS. Grand averages of

the surface EMG recordings from the right FDI and right ADM show no significant change.
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Control Experiment 3 (1 Hz M1-rTMS of

Adjusted Very Low Intensity)

MEP amplitude

Low intensity 1 Hz M1-rTMS did not result in signifi-
cant alterations of MEP amplitude.

Motor performance

RmANOVA revealed no effect of 1 Hz M1-rTMS on
motor performance (peak amplitude and onset-to-peak
time of the voluntary sEMG burst, reaction time, IFMI and
error rate; all P > 0.05).

CNV amplitude

RmANOVA of CNV1 showed a significant effect of
electrode (F24,120 ¼ 2.97, P < 0.001) but no effect of time
(F1,5 ¼ 0.50, P ¼ 0.51) or the interaction between electrode
and time (F24,120 ¼ 1.04, P ¼ 0.43). Similarly, rmANOVA
of CNV2 revealed a significant effect of electrode (F24,120
¼ 3.48, P < 0.001) but no effect of time (F1,5 ¼ 0.13, P ¼
0.74; mean CNV2 amplitude over all electrodes pre-rTMS:
�2.39 � 0.66 lV versus post-rTMS: �2.26 � 0.70 lV) or its
interaction with electrode (F24,120 ¼ 1.47, P ¼ 0.09; Fig. 6).
These are important null findings which indicate that the
increase of CNV2 after 1 Hz PMd-rTMS observed in the
main experiment cannot be explained by current spread
to M1.

DISCUSSION

The main finding of this study is that rTMS of the left
PMd modifies neuronal preparatory activity of externally
cued movements indexed by CNV but not neuronal pre-
paratory activity of self-initiated movements indexed by
BP. Although overlap between the neural circuits control-
ling externally versus internally cued movements certainly
exists, the present findings strongly support the general
view that the PMd is more significantly involved in the
preparation of externally than internally cued movements
[Chouinard and Paus 2006; Wise 1985; Wise, et al. 1997].
The following paragraphs discuss in detail the observa-
tions of this study.

Modification of CNV2 but not CNV1

The CNV was divided into an early component (CNV1),
which is thought to largely reflect sensory information of
the warning stimulus, and a late component (CNV2),
which represents motor readiness and preparatory activity
of the forthcoming motor response [Hamano, et al. 1997;
Rohrbaugh, et al. 1976,1986]. The neuronal generators of
CNV1 and CNV2 are different: While CNV1 originates
from a wider area of prefrontal cortex [Cui, et al. 2000;
Hamano, et al. 1997; Matsumoto, et al. 2003] the sources of

CNV2 have been located into the PMd contralateral to the
upcoming movement [Hultin, et al. 1996; Ikeda, et al. 1999;
Matsumoto, et al. 2003]. This topographical dissociation
can explain why focal PMd-rTMS affected selectively
CNV2 in this study.

Sign of CNV2 Change After 1 Hz PMd-rTMS

Why did excitability depressing 1 Hz PMd-rTMS result
in an increase of CNV2 amplitude? There are two parsi-
monious explanations. The first one posits that the puta-
tive decrease in excitability of PMd neurons required more
volitional preparatory activity or compensatory activity in
other parts of the network to maintain a constant motor
performance, and that it is this additional activity, which
is reflected by the increase in CNV2. The other possible
and mutually nonexclusive explanation is that 1 Hz PMd-
rTMS resulted, in addition to a local decrease of neuronal
excitability, in increased functional or effective connectiv-
ity within the neuronal network involved in externally
cued movement preparation. Previous studies demon-
strated such an increase in connectivity after 1 Hz rTMS of

Figure 6.

Superimposition of the grand averages of CNV recorded from

electrode C3 before (black traces) and after (red traces) 1 Hz

M1-rTMS at low intensity (n ¼ 6 subjects, top panel), and scalp

potential maps of the CNV (bottom panel). Note the absence of

any change in CNV after 1 Hz M1-rTMS. Grand averages of the

surface EMG recordings from the right FDI and right ADM

show no significant change.
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M1 [Lee, et al. 2003; Rounis, et al. 2005; Strens, et al. 2002].
Even the same volitional preparatory neuronal activity
would then result in a stronger EEG signal, that is, CNV2
amplitude, because an increased number of neurons in the
network would be driven to firing action potentials when
other connected neurons in the network are volitionally
activated [Lu, et al. 2009]. The present findings are appa-
rently in contrast to three other rTMS studies which dem-
onstrated a decrease of BP after excitability decreasing
rTMS protocols [Ortu, et al. 2009; Rossi, et al. 2000] or an
increase of CNV after excitability increasing 5 Hz rTMS
[Holler, et al. 2006], that is, in those studies the sign of
movement related potential change was in the same direc-
tion as the sign of excitability change. However, those
studies differ in two important aspects from the present
study. First, simple rather than sequential finger move-
ments were investigated. PMd is particularly involved in
the preparation of externally cued sequential finger move-
ments and this preparatory activity is correlated with the
complexity of the movement sequence [Harrington, et al.
2000]. Excitability decreasing 1 Hz rTMS or continuous
theta burst stimulation of the left PMd does not alter the
performance of visually cued selection of finger move-
ments [O’Shea, et al. 2007] or movement time of sequential
finger movements [Stinear, et al. 2009]. These null findings
were explained by compensatory activity in the non-stimu-
lated right PMd [O’Shea, et al. 2007] or an increase in
excitability in the left M1 adjacent to the stimulated left
PMd [Stinear, et al. 2009], supporting the above notion
that additional compensatory activity after 1 Hz PMd-
rTMS helped to maintain motor performance in the pres-
ent experiments. The observed topographically specific
increase of CNV2 over the left central and right frontal
electrodes (Fig. 4) is consistent with compensatory activity
in the left M1 and the right PMd, respectively. The other
important difference is that M1 was stimulated in the pre-
vious studies [Holler, et al. 2006; Ortu, et al. 2009; Rossi,
et al. 2000], whereas PMd was stimulated in the present
experiments. M1 and PMd differ substantially with regard
to their anatomical connectivity: M1 largely connects to
the non-primary motor and somatosensory cortices while
connections to higher order association cortices are sparse
[Matelli and Luppino 1997]. In contrast, PMd is part of a
long-range parieto-frontal neuronal network that trans-
forms sensory information into actions [Chouinard, et al.
2003; Matelli and Luppino 2000; Rizzolatti, et al. 1998]. It
is well possible that this more extensive connectivity of
the PMd is a prerequisite for occurrence of effective com-
pensatory activity in other nodes of the network, thus
leading to an increase of the MRCP amplitude after excit-
ability depressing perturbation while the limited connec-
tivity of the M1 is not sufficient to provide this
opportunity, resulting a decrease of the MRCP amplitude.
Importantly, Control Experiment 3 excluded a significant
contribution of current spread from PMd to M1 (Fig. 6)
which is a precondition for this line of arguments. Control
Experiment 3 does not rule out that M1-rTMS at higher

stimulation intensity may have resulted in significant
change of CNV amplitude. This was indeed observed in
one previous study but was limited topographically specif-
ically to the stimulated M1 [Holler, et al. 2006].

Why modification of CNV2 occurred by 1 Hz but not 5
Hz PMd-rTMS can only be speculated upon. The dissociat-
ing effects of putatively excitability decreasing versus
increasing PMd-rTMS of the present study are in line with
similar observations from previous studies [Stinear, et al.
2009; Suppa, et al. 2008]. First, the local changes in PMd
excitability after 1 Hz versus 5 Hz PMd-rTMS are
unknown but may be different from those typically
observed in M1 after M1-rTMS. For instance, continuous
versus intermittent theta burst stimulation, which produce
excitability decreasing versus increasing effects in M1
[Huang, et al. 2005] both produce excitability decreasing
effects in PMd [Koch, et al. 2007]. Therefore, one straight-
forward explanation for the lack of any 5 Hz PMd-rTMS
effect in the present experiments is that 5 Hz PMd-rTMS
did not induce significant change in local PMd excitability.
Another possibility is that the putative local excitability
increase and connectivity decrease induced by 5 Hz PMd-
rTMS [Rounis, et al. 2005] were balanced and, therefore,
did not lead to changes in CNV.

Modification of CNV2 but not BP2

The major finding of this study is the modification of
CNV2 but not BP2 by 1 Hz PMd-rTMS. It may be
argued that BP is generally less sensitive to perturba-
tion than CNV, but this is unlikely because several
studies showed significant BP alteration after repetitive
stimulation of M1 [Lu, et al. 2009; Ortu, et al. 2009;
Rossi, et al. 2000]. The absent effect of PMd-rTMS on
BP2 is in agreement with one previous study, which
demonstrated a decrease of BP2 amplitude after cortico-
spinal excitability depressing continuous theta burst
stimulation of the left M1 but no effect on BP2 when
the same stimulation was applied to the left PMd
[Ortu, et al. 2009]. In conjunction with the significant
increase of CNV2 after 1 Hz PMd-rTMS these findings
strongly support the notion that PMd is more signifi-
cantly involved in preparation of externally cued than
self-initiated movements.

This view is based on broad evidence from single cell
recordings in monkeys that show that high portions of
PMd cells are involved in visually instructed rather than
self-initiated movements [Mushiake, et al. 1991], are active
preceding the instructional cue signal, thus reflecting
anticipation of the time and nature of this instruction
[Mauritz and Wise 1986], and, as so called motor set-
related cells, are coding information of an instructional
cue before the go-signal [di Pellegrino and Wise 1993;
Godschalk, et al. 1985; Kurata and Wise 1988; Weinrich
and Wise 1982; Wise and Mauritz 1985]. Perturbing neu-
ronal activity in the monkey PMd by injection of the
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GABAA receptor agonist muscimol results in specific be-
havioral deficits of direction errors of visually cued move-
ments, directly proving the significance of neuronal
activity in PMd for preparation of a forthcoming move-
ment [Kurata and Hoffman 1994]. Evidence in humans for
a particular role of the PMd in externally cued movement
preparation is, however, circumstantial and so far limited
to mapping results in neuroimaging studies [Deiber, et al.
1996; Grafton, et al. 1998; Lee, et al. 1999; Simon, et al.
2002; Toni, et al. 1999] and MRCP studies [Hamano, et al.
1997; Ikeda, et al. 1992,1999; Neshige, et al. 1988]. The
present study demonstrated that rTMS-induced perturba-
tion of neuronal activity in PMd modifies CNV2 but not
BP2. It can be concluded that these findings provide, to
the best of our knowledge for the first time in humans, a
direct link between the left PMd and neuronal activity in
preparation preferentially for externally cued rather than
self-initiated movements. This effect was topographically
specific because perturbation of neuronal activity of the
SMA did not result in modification of CNV2 (Control
Experiment 1). In addition, Control Experiment 2 demon-
strated that 1 Hz SMA-rTMS increased BP2 amplitude.
This double dissociation of modification of CNV2 but not
BP2 by 1 Hz PMd-rTMS (main experiment) versus modifica-
tion of BP2 but not CNV2 by 1 Hz SMA-rTMS (Control
Experiments 1 and 2) completes supportive evidence for the
notion outlined in the introduction that the SMA proper, in
contrast to the left PMd, is preferentially involved in self-ini-
tiated rather than externally cued movements.

PMd-rTMS Effects on MEP Amplitude

Both, 1 Hz and 5 Hz PMd-rTMS did not affect cortico-
spinal excitability as measured by MEP amplitude in the
FDI muscle. At first sight, this null finding is at variance
with previous reports that demonstrated a MEP decrease
after 1 Hz PMd-rTMS [Chouinard, et al. 2003; Gerschl-
ager, et al. 2001; Rizzo, et al. 2004; Suppa, et al. 2008]
and a MEP increase after 5 Hz PMd-rTMS [Rizzo, et al.
2004]. An important difference between those studies
and the present experiments is that only the present
study required a significant amount of volitional motor
activity before PMd-rTMS (Fig. 1). Volitional motor activ-
ity prior to rTMS can significantly reduce the expression
of rTMS-induced change in corticospinal excitability
[Gentner, et al. 2008] and, thus, volitional motor activity
may have prevented significant MEP change in the pres-
ent experiments. Those studies that involved relevant
volitional motor activity prior to PMd-rTMS showed, on
the other hand, rather inconsistent results with the
expected MEP decrease after excitability decreasing
PMd-rTMS is some studies [O’Shea, et al. 2007; Ortu,
et al. 2009] but a MEP increase in one other study [Sti-
near, et al. 2009]. Therefore, the present results are not in
contradiction with previous studies. It appears that direc-
tion and magnitude of modulation of corticospinal excit-

ability after PMd-rTMS depend on many details of the
experimental protocol which renders a prediction of this
effect difficult.

CONCLUSIONS

RTMS of the left PMd resulted in modification of CNV2
but not BP2. Control experiments showed that this effect
was not caused by current spread to M1. Further control
experiments showed that rTMS of the SMA proper resulted
in a modification of BP2 but not CNV2. This double dissoci-
ation of PMd-rTMS versus SMA-rTMS effects on MRCP
amplitudes provides direct evidence in support of the
notion that neuronal activity of the left PMd in humans is
preferentially involved in the preparation of externally cued
movements rather than self-initiated movements, contrast-
ing with an opposite role of the SMA proper. The experi-
ments exemplify that focal rTMS in combination with high
resolution EEG recordings provide a powerful tool to
explore the functional significance of neuronal activity in the
human brain.
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