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Chapter 1 - Introduction

Transcranial Magnetic Stimulation (TMS) is a non-invasive technique
which allows assessing and modulating the excitability of cortical areas
directly targeted by the stimulation as well as remote cortical and
subcortical areas connected to the targeted area via projections. Since its
introduction in 1985 (Barker et al., 1985) TMS has become a well
established method in clinical neurophysiology and a common research
tool in neurology and psychiatry (Kobayashi and Pascual-Leone, 2003;
Rossini and Rossi, 2007). Beyond that repetitive TMS (rTMS) offers the
potential to induce long-lasting changes of cortical excitability which
makes it a promising technique for a non-invasive therapeutic approach in

neuropsychiatric disorders.

Several studies have already explored the application of rTMS in different
movement disorders with promising results in specific motor tasks.
Currently major limitations for clinical application of rTMS are that (a) the
effect of the rTMS protocols used so far is not yet strong enough to include
this method into standard treatment strategies, (b) the mechanisms behind
rTMS induced after effects are not fully understood and (c) the effects of
non-invasive brain stimulation on cortical areas with pathologically altered
excitability cannot be predicted from studies on young healthy subjects

alone.

The objective of this dissertation was primarily to better understand rTMS
parameters in order to design hypothesis generated protocols based on
neurophysiological data that might be more suitable for clinical trials. For
this reason the first study was planned to compare in a groups of patients
with Parkinson’s disease the immediate after effects of conventional rTMS
and the recently introduced Theta Burst Stimulation protocol (TBS) (Huang
et al,, 2005). In the next steps the influence of breaks during high
frequency rTMS as well as the effect of TMS pulse configuration and
duration were assessed in healthy volunteers in order to improve the

theoretical background for designing appropriate protocols. In movement



disorders the influence of concomitant medication or changes in relevant
transmitter systems as well as the pathophysiology of movement planning
has to be taken into account. The wider objective of these studies was to
define strategies for future approaches to apply non-invasive brain
stimulation techniques in research and therapeutical trials in movement

disorders.



1.1 Plasticity of the Central Nervous System

The term “neuroplasticity” refers to the remarkable ability of the central
nervous system to change its functional connectivity and thus enable
adaptation to a changing environment or injury and disease. Even though
the potential for functional reorganisation is highest during childhood an
activity-dependent modification of cortical and subcortical neuronal circuits
takes place throughout the lifetime of each individual. These changes are
thought to underlie processes like learning and memory formation.

The concept of functional changes in synaptic efficacy had been
postulated by Donald Hebb in 1949 (Hebb, 1949), while the idea that
plastic changes of brain structure might underlie certain mental processes
can already be found in the work of Santiago Ramon y Cajal (DeFelipe,
2006). Activity-dependent alterations of synaptic strength outlasting the
time of stimulation were first demonstrated by Bliss and Lemo in 1973
(Bliss and Lomo, 1973). Following this discovery several mechanisms and
forms of long-term potentiation (LTP) and long-term depression (LTP) of
synaptic strength have been found and studied in vitro in the hippocampus
and other brain areas. These processes describe the modification of
postsynaptic responses to presynaptic transmitter release as a result of
coincident activation. The main form of neocortical LTP of excitatory
glutamatergic synapses is mediated by N-methyl-D-aspartate receptors
(Feldman, 2009). In addition even forms of structural plasticity such as
formation of new synapses, loss of synapses, remodelling of dendritic

spines and neurogenesis have been described.

The knowledge about links between cellular plasticity and features of
plasticity at the systems level is still in the early stages. While the term
neuroplasticity sensu stricto still refers to synaptic plasticity correlates of
these processes such as practice-dependent plasticity have been
described in animal models and even in awake and behaving human
subjects (Meintzschel and Ziemann, 2006). With the help of recently

developed imaging and neurophysiological techniques, changes in



regional cerebral blood flow, receptor binding potentials and stimulus-
response-relationships to external brain stimulation can be assessed non-
invasively. Furthermore non-invasive brain stimulation allows testing the
functional relevance of cortical excitability in specific brain areas for
various tasks via the induction of virtual lesions during stimulation and
changes of cortical excitability outlasting the duration of stimulation. These
techniques can be combined with pharmacological approaches in order to
further clarify the involved mechanisms and relate the results to the
knowledge of plasticity on a cellular level.

1.2 Non-invasive brain stimulation

In recent decades several methods for the assessment of changes in brain
activity have been introduced. While functional imaging techniques such
as functional magnetic resonance imaging (fMRI) or positron emission
tomography (PET) can visualise changes in brain activity with a high
spatial resolution or specificity for a certain transmitter system, the
neurophysiological techniques such as electroencephalography (EEG) or
non-invasive brain stimulation offer a high temporal precision. While
functional imaging techniques allow scans of the whole brain
neurophysiological approaches are primarily restricted to superficial
cortical areas. In addition to observing brain activity stimulation of cortical
areas allows interaction with ongoing processes and the induction of
neuroplastic changes in itself.

Several methods for non-invasive brain stimulation have been introduced
since the 1980s. Transcranial electrical stimulation (TES) (Merton and
Morton, 1980) and transcranial magnetic stimulation (TMS) (Barker et al.,
1985) were designed to induce action potentials in neuronal tissue using
brief high intensity pulses while transcranial direct current stimulation
(tDCS) (Nitsche and Paulus, 2000) and the newly introduced forms of
transcranial random noise stimulation (tRNS) (Terney et al., 2008) are
intended to induce changes in cortical excitability by a sustained
polarization or current flow. As all studies included in this dissertation are
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based on different forms of TMS, this technique will be explained in more

detail in the following sections.

1.2.1 Transcranial magnetic stimulation

TMS was developed as a means of stimulating the human cerebral cortex
in a contactless and painless fashion (Barker et al., 1985). The technique
is based on the principle of electromagnetic induction and uses a rapidly
changing magnetic field to induce an electrical field and thereby an
electrical current in conductive tissue. In order to achieve a very short rise
time of the magnetic field a capacitor bank is discharged through a
magnetic coil which can be placed over the cortical region of interest.
Additional technical details will be discussed in chapter 2.4 which deals
with the effect of pulse duration for TMS.

The focality of stimulation depends on the coil geometry, size and
orientation. The figure-of-eight coil with two wings of opposite current flow
direction (Ueno et al., 1988) has evolved into a standard for focal
application of TMS. It is important to note that the magnetic field
decreases exponentially with distance from the coil which limits the use of
TMS to superficial cortical areas.

While TES is thought to activate pyramidal neurons directly TMS
preferentially activates pyramidal neurons transsynaptically. Within the
volume of neural tissue targeted by TMS a mixture of different types of
neurons might be activated depending on their orientation in relation to the
induced electrical field. Thus TMS might elicit excitatory and inhibitory
effects simultaneously. There are only two brain regions where TMS gives
rise to a positive response: Suprathreshold stimulation of motor areas
leads to excitation of corticospinal projections and measurable muscle
twitches. Subjective visual sensations can be induced by stimulation over
the visual cortex. In other cortical areas TMS leads to inhibitory processes
or disruption of information processing (“virtual lesion”), which are also

present in motor and visual system.
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1.2.2 Repetitive transcranial magnetic stimulation

While a single TMS pulse might affect cortical excitability for a few
hundred milliseconds a sequence of stimuli can induce bidirectional
changes in cortical excitability outlasting the time of stimulation by several
minutes up to a few hours. Since the first systematic assessment of rTMS
effects using suprathreshold TMS at different intensities and frequencies
applied over the motor cortex (Pascual-Leone et al., 1994) an abundance
of different stimulation protocols has been introduced. At the starting point
of this thesis project the repetition rate of TMS pulses was considered to
be the single most important factor determining the direction of the
induced after effects (Fitzgerald et al., 2006) with low frequencies of 1 Hz
or less leading to inhibition (Chen et al., 1997) and high frequencies of 2
Hz and more leading to facilitation (Peinemann et al., 2004; Quartarone et
al., 2005). LTP-/LTD-like plasticity has been proposed to underlie rTMS
induced effects based on similar basic properties — associativity of
convergent pathways, input specificity, and a similar effect duration of
rTMS effects compared to slice experiments (Ziemann et al., 2006). This
assumption is supported by pharmacological studies (Thickbroom, 2007).
The aspect of input specificity is even clearer than in rTMS when a
peripheral electrical stimulation of a sensory nerve is repeatedly paired
with a suprathreshold TMS pulse (Stefan et al., 2000; Wolters et al.,
2003). This paired associative stimulation (PAS) protocol is capable of
inducing facilitatory and inhibitory after effects depending on the
interstimulus interval and thus the order of events at the level of the motor
cortex resembling the pattern of spike-timing dependent plasticity (Wolters
et al., 2005).

Based on electrophysiological protocols commonly used for the induction
of LTP in hippocampal or cortical slices Huang and colleagues developed
a special rTMS protocol termed Theta Burst Stimulation (TBS) (Huang et
al., 2005). This protocol combines high frequency burst (3 pulses at 50/s)
with a repetition rate of these bursts at 5/s (which lies in the theta range of
the EEG spectrum). The application of this pattern continuously for 40s

leads to inhibition while splitting up the same number of pulses in 2s
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stimulation blocks followed by 8s breaks leads to facilitation. The major
advantage of TBS protocols compared to conventional rTMS protocols
seemed to be a stronger and more stable effect following conveniently
short low intensity stimulation trains.

However, several other parameters of the stimulation itself as well as the
properties of the stimulated brain areas might alter the magnitude and
even the direction of the after effects (Helmich et al., 2006). In this context
the state of excitation at the time of stimulation and the recent history of
activation for the targeted cortical area are of particular interest as
processes of homeostatic plasticity might enhance or reverse the
expected effects (lyer et al., 2003; Lang et al., 2004; Siebner et al., 2004).
The resulting changes in cortical excitability following rTMS can be
assessed by electrophysiological parameters in the motor system,
functional imaging techniques or behavioural parameters and have been
interpreted as correlates of neuroplastic processes involving alterations of
synaptic efficacy.

While TMS can only target superficial cortical areas directly even remote
effects of rTMS on functionally connected brain areas can be observed
(Strafella et al., 2001; Strafella et al., 2003; Wassermann et al., 1998).
Transcallosal projections between the primary motor cortices can even be
demonstrated after single TMS pulses (Ferbert et al., 1992).

1.3 The motor system as a model for neuroplastic
mechanisms in man

As stated above the motor system is unique for studies of neuroplasticity
in man as its output is readily accessible and can be measured objectively
and non-invasively by neurophysiological methods, which also makes it
the best characterized system regarding different elements of cortical
excitability.

Following suprathreshold stimulation of the primary motor cortex (Barker
et al., 1985) and even some frontal non-primary motor areas (Teitti et al.,
2008) motor evoked potentials can be recorded from contralateral
muscles. Most studies have used the small hand muscles as they have
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lowest stimulation thresholds and large representational areas close to the
surface, but more proximal arm muscles, leg muscles as well as facial
muscles can be targeted as well. Epidural cervical recordings
demonstrated that TMS preferentially acts via transsynaptic activation of
corticospinal neurons reflected by a dominance of later corticospinal
volleys termed |-Waves (indirect) (Di Lazzaro et al., 1998; Kaneko et al.,
1996) depending on the direction of the induced electrical current in the
brain while TES produces D-Waves (direct).

The excitability of the motor cortex is commonly characterised by
measuring resting (RMT) and active motor threshold (AMT), stimulus
intensity—response—curves or MEP amplitudes at a certain stimulus
intensity. Motor threshold is the lowest stimulus intensity that produces
discernable MEPs and is believed to reflect mainly axon excitability
regulated by voltage gated sodium channels (Ziemann, 2003). MEPs
reflect the synaptic strength and balance of excitatory and inhibitory
processes acting at the corticospinal output neurons (as well as spinal
excitability) and are the most sensitive parameter for changes in cortical
neurotransmission. In addition inhibitory intracortical mechanisms can be
specified by measuring cortical silent period (SP) following a single TMS
pulse or using conditioning pulse — test pulse paradigms such as short
latency intracortical inhibition (SICI) (Kujirai et al., 1993), long-latency
intracortical inhibition (LICI) (Roick et al., 1993), transcallosal inhibition
(Ferbert et al., 1992) or short-latency afferent inhibition (SAIl) (Tokimura et
al., 2000).

Thus neuroplastic changes in the motor system following rTMS,
pharmacological interventions or motor learning can be assessed both on
a neurophysiological level as well as on a behavioural level. Most rTMS
protocols have been tested and characterised in the motor system first
before they were applied to other brain regions.
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1.4 Application of non-invasive brain stimulation in
movement disorders

Pathologically altered cortical excitability has been found in a number of
neuropsychiatric disorders such as movement disorders, stroke, chronic
pain, migraine, epilepsy and depression (Rossini and Rossi, 2007;
Wassermann and Lisanby, 2001). In addition to being a direct
consequence of a primary lesion these changes reflect adaptive (and in
part even maladaptive) processes involving neuroplastic mechanisms.
Thus it has been hypothesised that externally induced plasticity aiming to
compensate for altered cortical excitability, enhance beneficial adaptations
or prevent maladaptive processes would be a valuable therapeutic option.
This approach is supported by experience with implantable electrical
stimulation devices such as Deep Brain Stimulation (DBS) in Parkinson’s
Disease, epidural stimulation in chronic pain or vagus nerve stimulation
(VNS) in epilepsy, which are established treatment options.

As the motor system is probably the best characterized system in humans
regarding externally induced neuroplastic changes it is not surprising that
the second largest group of clinical rTMS studies has focused on

movement disorders outnumbered only by depression.

1.4.1 Parkinson’s Disease — Clinical Features and
Pathology

Parkinsonism is defined as a movement disorder showing the typical
clinical symptoms of akinesia in combination with rigidity, resting tremor or
postural instability. Additional symptoms may include sensory signs,
vegetative disorders, cognitive impairment and psychic symptoms,
depression in particular (Diener and Putzki, 2008). The most common
etiology for Parkinsonism accounting for about 75% of all cases is
Parkinson’s Disease (PD) while it also occurs as part of other
neurodegenerative diseases such as multisystem atrophy, progressive

supranuclear palsy or corticobasal degeneration and in monogenetically
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inherited forms. Even vascular lesions or medication can cause the clinical
signs of (secondary) Parkinsonism.

Parkinson’s Disease is a one of the most common neurodegenerative
diseases with a prevalence of 100-200/100.000 in the general population
in Germany, which increases to 1.800/100.000 in the population aged > 65
years (Diener and Putzki, 2008).

The pathological process underlying motor symptoms in PD is a
progressive loss of dopaminergic neurons in the substantia nigra pars
compacta projecting to the striatum. At present it is still unclear what
causes this rather selective loss of a specific subset of neurons. Recently
a model of a spreading affection of vulnerable neurons starting in the
olfactory bulb, anterior olfactory nucleus, and dorsal motor nucleus of the
vagus nerve has been proposed based on post-mortem examinations
(Braak et al., 2003). According to this model a yet unknown pathogen
causes progressive neuronal loss in 6 stages. As alternative explanation
for the loss of dopaminergic neurons excitotoxic effects have been
proposed.

According to classical models of basal ganglia function (Albin et al., 1989;
Alexander and Crutcher, 1990; DelLong, 1990) the loss of dopaminergic
neurons leads to complex alterations in the cortex — basal ganglia — cortex
loop. In the indirect pathway (putamen — external segment of the globus
pallidus (GPe) — subthalamic nucleus (STN) — internal segment of the
globus pallidus (GPi)/substantia nigra pars reticulata (SNr)) reduced
activation of putaminal D2 receptors leads to excessive activation of the
inhibitory output nuclei which is paralleled by disinhibition of the GPi/SNr
via reduced activation of D1 receptors on neurons which are part of the
direct pathway (putamen — GPi/SNr). This in turn leads to an increased
inhibition of the ventrolateral thalamus and a consecutively reduced
excitatory drive to cortical premotor areas which has been associated with
bradykinesia.

In the initial stages of PD a sufficient control of motor symptoms can be
achieved by intake of dopaminergic drugs. However, with disease
progress the therapeutic range of these drugs shrinks and patients
develop motor fluctuations and treatment-induced dyskinesias (Watts,
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1997). In addition gait disorder, on-freezing and postural stability as well
as non-motor symptoms do not respond sufficiently well to dopaminergic
treatment. For patients with severe motor fluctuations Deep Brain
Stimulation (DBS) has been introduced in recent years which is believed
to reduce the pathologically increased activity of the STN by high-

frequency stimulation (functional lesion).

1.4.2 Electrophysiological Findings in PD

Despite the huge variability in clinical presentation and predominant
symptoms in PD patients and different inclusion criteria for TMS studies
there are some consistent findings in the literature regarding
electrophysiological measures in PD (review in (Lefaucheur, 2005)). As
expected from models of PD pathophysiology the corticospinal tract itself
is not affected in PD as shown by normal central conduction times to direct
stimulation using TES (Dick et al., 1984) or transsynaptic stimulation using
TMS (Cantello et al., 1991; Ellaway et al., 1995). However, the response
to TMS differs considerably when measured at rest or under tonic
contraction. Using TMS over the primary motor cortex lower motor
threshold (Cantello et al., 1991) and higher MEP-amplitudes at rest with a
decreased facilitation by tonic contraction (Valls-Sole et al., 1994) have
been observed reflecting an increased excitability at rest combined with an
impaired voluntary drive. This pattern resembles the clinical features of
rigidity and bradykinesia respectively.

The assessment of inhibitory mechanisms in the primary motor cortex has
shown a shortened cortical silent period (Cantello et al., 1991) reflecting
decreased GABA-B receptor mediated inhibition, which tends towards
normal values after L-DOPA intake (Priori et al., 1994). A reduced GABA-
A receptor mediated SICI has been shown in PD patients OFF medication,
which is partly restored ON medication (Ridding et al., 1995). The
contribution of striatal and cortical dopamine receptors for these
observations remains open.

In addition studies using functional imaging demonstrated a reduced
activation of the rostral supplementary motor area (SMA) and prefrontal
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areas in PD patients while performing a simple movement task (Buhmann
et al., 2003; Sabatini et al., 2000).

1.4.3 Externally induced neuroplasticity in PD

The rationale behind the application of non-invasive brain stimulation in
PD is to induce changes in cortical excitability which can compensate for
alterations caused by the primary pathology or to enhance adaptive and
prevent maladaptive plasticity. So far the primary motor cortex has been
the target region for most studies as it a) is the final output regions of the
motor system, b) has been shown to be affected by alterations in cortical
excitability and c) can be reached easily by non-invasive stimulation. In
addition it has been found that rTMS over the primary motor cortex is
capable of inducing increased dopamine release in the striatum (Strafella
et al., 2003).

At the starting point of this thesis project a number of rTMS-studies had
already been conducted in Parkinson’s disease. Positive effects on
bradykinesia had been reported following a variety of different stimulation
intensities and repetition rates (Khedr et al., 2003; Lefaucheur et al., 2004;
Siebner et al., 1999; Siebner et al., 2000; Sommer et al., 2002). A study
using high frequency stimulation targeting the SMA yielded a worsening in
complex movements (Boylan et al., 2001). Other studies did not confirm a
therapeutical effect on a movement task during or following rTMS (Ghabra
et al., 1999; Tergau et al., 1999). Because of the high variability in patient
selection, stimulation parameters and rather modest clinical effects it is not
possible to draw firm conclusions from these studies what the optimal
stimulation parameters for rTMS in PD might be. In that context a more
reliable, conveniently short and highly effective protocol as proposed for
TBS would be a promising option for clinical trials (Huang et al., 2005;
Paulus, 2005).

Furthermore non-invasive brain stimulation could be useful to better define
which patients might benefit from DBS, which is a technically challenging

operation associated with the risk of brain surgery.
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1.5 Aims

The general objective of this thesis project was to re-evaluate the
therapeutic potential of rTMS in Parkinson’s Disease and identify
stimulation parameters which could be optimised in order to facilitate a
clinically meaningful application of non-invasive brain stimulation. While
the first study focused on aspects of rTMS induced after effects on motor
function in PD, the following studies were designed to explore the
relevance of specific rTMS parameters and the mechanisms behind
movement timing. These studies were done in the motor system of healthy
subjects as the impact of breaks during rTMS and pulse duration for single
pulse TMS had not been investigated previously.

The specific aims of the following studies were

- to compare the potential of the newly introduced TBS protocol and
conventional rTMS protocols as a therapeutic option in Parkinson’s
Disease,

- to clarify the role of concomitant dopaminergic medication on rTMS
induced after effects

- to explore the role of breaks during pronged rTMS trains

- to explore the effect of pulse duration in TMS

- to clarify the role of the dorsolateral premotor cortex in movement

timing.
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Chapter 2 — Original Articles

The following articles will be presented in this chapter:

IL.

I1I.

Rothkegel H, Sommer M, Rammsayer T, Trenkwalder C, Paulus
W. Training Effects Outweigh Effects of Single-Session
Conventional rTMS and Theta Burst Stimulation in PD Patients.
Neurorehabil Neural Repair 2009; 23: 373-81.

The main study design was given by a DFG proposal by Dr. M.
Sommer. H. Rothkegel was responsible for the choice of motor
tasks and the selection of the two conventional rTMS protocols.
All experiments were performed and analysed by H. Rothkegel.
Statistical analysis was done by H. Rothkegel and Dr. M.
Sommer. The manuscript was prepared by H. Rothkegel with

contributions of all authors.

Lang N, Speck S, Harms J, Rothkegel H, Paulus W, Sommer M.
Dopaminergic potentiation of rTMS-induced motor cortex
inhibition. Biol Psychiatry 2008; 63: 231-3.

The study was designed by Dr. N. Lang. H. Rothkegel was
involved in the execution of the experiments, statistical analysis

and writing of the manuscript.

Rothkegel H, Sommer M, Paulus W. Breaks during 5Hz rTMS
are essential for facilitatory after effects. Clin Neurophysiol.
[Epub ahead of print, available online 16 Dec 2009]

The idea for this study was developed by H. Rothkegel and Dr.
M. Sommer. H. Rothkegel developed the study design and
scripts for rTMS timing, carried out all experiments and
performed data and statistical analysis. The manuscript was
written by H. Rothkegel with contributions of Prof. W. Paulus
and Dr. M. Sommer.



IV.

20

Rothkegel H, Sommer M, Paulus W, Lang N. Impact of pulse
duration in single pulse TMS. [submitted]

The idea for this study was developed by H. Rothkegel and Dr.
N. Lang. Study design, experiments, script programming for
offine EMG measurements, data and statistical analysis were
done by H. Rothkegel. the manuscript was prepared by H.
Rothkegel with contributions by Prof. W. Paulus, Dr. N. Lang
and Dr. M. Sommer.

Pollok B, Rothkegel H, Schnitzler A, Paulus W, Lang N. The
effect of rTMS over left and right dorsolateral premotor cortex on
movement timing of either hand. Eur J Neurosci 2008; 27: 757-
64.

The study was designed by Dr. B. Pollok and Dr. N. Lang with
contributions of H. Rothkegel. The main test program was
provided by Dr. B. Pollok, additional programming for
randomized TMS control was done by H. Rothkegel.
Experiments were performed by Dr. B. Pollok, Holger Rothkegel
and Dr. N. Lang. Data analysis, statistical evaluation and
preparation of the manuscript were done by Dr. B. Pollok. All

authors contributed in writing the manuscript.
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2.1 Training Effects Outweigh Effects of Single-
Session Conventional rTMS and Theta Burst
Stimulation in PD Patients

Previous studies using conventional rTMS have shown positive effects on
motor symptoms in PD patients. The results have so far been rather
modest and inconsistent between studies. The reasons for this might be
the differing selection of patients in different stages of the disease, the
state of medication and the use of various stimulation protocols. At the
starting point of this thesis a new rTMS protocol had been introduced,
which was designed to transfer theta burst stimulation, a commonly used
pattern for induction of LTP or LTD in cell physiology, to experimental
conditions in humans. TBS promised to produce stronger and more
reliable after effects (Huang et al., 2005; Paulus, 2005).

The main objective of this study was to compare short-term effects of TBS
with those of conventional rTMS as assessed by several motor tasks in
PD patients. As the antiparkinsonian medication (mainly dopaminergic
drugs) or the lack of dopamine compared to healthy subject might interfere
with the expected rTMS induced effects we included a group of patients
ON and OFF medication respectively.

Surprisingly the major finding of this study was a strong and prolonged
motor learning in the patients ON medication in tasks which were derived
from standard clinical tests. This effect was not observed in the patients
OFF medication. Neither the group ON medication nor the group OFF
medication showed any effects on motor function which could be clearly
attributed to the rTMS protocol as there was no difference compared to
sham stimulation. These results demonstrate that a lack of dopamine in
PD leads to impaired motor learning. The lack of rTMS induced effects
might be explained by interactions with previous motor learning in the ON
group and by the impaired neuroplastic capacity in the OFF groups.
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Neurorehabilitation and
Neural Repair
Volume 23 Number 4

May 2009 373-381
© 2009 The Author(s)

Training Effects Outweigh Effects of 10.1177/1545968308322842

Single-Session Conventional rTMS and Theta

http://nnr.sagepub.com

Burst Stimulation in PD Patients

Holger Rothkegel, Martin Sommer, MD, Thomas Rammsayer, PhD,

Claudia Trenkwalder, MD, and Walter Paulus, MD

Background. Focal single-session repetitive transcranial magnetic stimulation (rTMS) of the primary motor cortex has been claimed to
be capable of improving motor function in Parkinson’s disease. Objective. The authors sought to determine which type of rTMS protocol
holds the highest potential for future therapeutic application. Methods. Twenty-two patients with Parkinson’s disease received 5 different
rTMS protocols on 5 consecutive days in a pseudorandomized and counterbalanced order either in the defined OFF condition or with
their usual medication. The protocols tested in the present study included 2 conventional rTMS protocols (0.5 and 10 Hz) as well as the
recently introduced theta burst stimulation (cTBS, iTBS) and a sham condition. Cortical excitability, motor performance (pointing move-
ment, pronation-supination, Purdue Pegboard Test, walking), and mood were assessed before and after each session. Results. The authors
observed motor training from days 1 to 4, particularly in the group on dopaminergic medication. None of the rTMS paradigms excelled
placebo stimulation. The only exception was the Purdue Pegboard Test, in which all active stimulation paradigms yielded slightly stronger
effects than sham stimulation. Conclusions. Within a single session, no clinically relevant difference in the rTMS protocols could be
detected. Training effects outweigh and may have masked rTMS effects, particularly in the group on dopaminergic mediation.

Keywords: Parkinson’s disease; Single-session repetitive transcranial magnetic stimulation (rTMS); Theta burst stimulation (TBS).

Dopaminergic drugs are a highly effective treatment in the
initial stage of Parkinson’s disease (PD). However, gait
disorder, on-freezing, and postural instability do not respond
well to dopaminergic treatment. With disease progression,
the dopaminergic drug effects shrink, with response fluctua-
tions and akinesia on one side and sometimes painful and
disabling dyskinesias on the other side. Therefore, a number
of alternative, nonpharmacological procedures have been
suggested.

Repetitive transcranial magnetic stimulation (rTMS) is a
noninvasive technique that is capable of inducing alterations
of neuronal network excitability in the area directly targeted
by the stimulation coil as well as in connected areas outlast-
ing the time of stimulation.'” Even with focal stimulation
over the motor cortex, remote areas such as the basal ganglia
can be affected.? Therefore, rTMS has been assumed as a tool
possibly restoring pathologically altered excitability of cere-
bral motor areas in movement disorders. A multitude of dif-
ferent stimulation paradigms varying in frequency, intensity,
configuration, or location of rTMS has already been tested in
PD patients. However, the results so far have been modest and

inconsistent*” (for review, see Fregni et al,* Helmich et al,’
and Sommer and Paulus'®). None of the protocols so far has
made its way into standard therapy.

Recently, theta burst stimulation (TBS) has been adapted
as a new TMS protocol.'" Theta burst stimulation seems to
have a higher potential of inducing stronger and more reliable
aftereffects than conventional rTMS, thus possibly making it
a better option for treatment studies in movement disorders. "
Because it is not possible to predict the effects of neuroplas-
ticity-inducing protocols on cortical areas with pathologically
altered excitability from studies on young healthy subjects
alone,*" we have studied TBS effects in PD patients.

The aims of this study were to assess whether (1) a single
session of TBS was able to improve motor performance in
PD immediately after stimulation, (2) TBS was more effec-
tive than conventional rTMS, (3) unilateral stimulation of the
hand motor area had differential effects on contralateral hand
muscles compared with other muscle groups, (4) dopaminer-
gic medication was necessary to achieve these effects, and (5)
effects on motor performance were associated with changes
in cortical excitability.

From the Department of Clinical Neurophysiology, University of Gottingen, Gottingen, Germany (HR, MS, WP); Paracelsus Elena-Klinik, Kassel, Germany (CT);
Georg-Elias-Miiller Institute for Psychology, Gottingen, Germany (TR); and University of Bern, Institute for Psychology, Bern, Switzerland (TR). Address
correspondence to W. Paulus, MD, Department of Clinical Neurophysiology, University of Gottingen, Robert-Koch-Strae 40, 37075 Goéttingen, Germany. E-mail:
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Table 1
Clinical Features and Antiparkinsonian Medication
Intakes
Gender Age,y Duration Symptoms UPDRSIII L-Dopa, mg Per Day Agonists LED, mg Other
OFF-group
1 M 66 25 ART 28 575 7 Pram 1.5 mg 750 Ent, Aman
2 F 69 38 ART 28 350 9 Cab 4 mg, Pram 2.1 mg 800 Ent, Aman
3 F 64 8 ART 14 350 6 Cab 6 mg 650
4 M 52 3 ART 18 300 4 Rop 20 mg 800
5 M 65 6 ART 52 825 8 Pram 2.45 mg 1115 Tol, Aman
6 F 75 7 AR 35 925 9 Pram 2.1 mg 1175 Tol, Aman
7 M 75 6 AR 51 600 5 Pram 0.72 mg 685 Ent
8 M 65 3 ART 23 400 4 Cab 6 mg 700
9 M 67 7 ART 17 500 5 Cab 4.5 mg 725
10 F 66 7 ART 20 675 8 Pram 2.45 mg 965 Ent, Aman, Ras
11 F 73 4 AR 11 800 9 — 800 Ent
Mean F/M: 67.0 10.4 27.0 572.7 6.7 833.2
SD 5/6 6.4 11.0 13.9 214.3 2.0 175.7
ON-group
12 F 74 12 ART 26 800 8 Pram 1.75 mg 1005 Tol, Aman
13 F 76 11 AR 39 700 9 Rop 24 mg 1300 Ent, Aman
14 F 67 8 ART 21 350 6 Pram 1.05 mg 475
15 M 48 1 AR 15 100 2 Pram 1.4 mg 265 Ras, Aman
16 M 65 13 AR 38 650 8 Rop 6 mg 800 Ent
17 M 59 8 AR 18 1100 9 Cab 4 mg, Pram 1.62 mg, 1490 Ent, Ras, Aman
Apo 4 mg (2 days) (1590)
18 F 63 17 ART 46 1000 9 Pram 2.1 mg 1350 Ent, Aman
19 M 34 6 ART 21 0 0 Cab 6 mg, Pram 2.1 mg 550 Ras, Aman
20 F 65 7 AR 21 350 8 Cab 3 mg 500
21 M 56 5 ART 17 575 8 Pram 2.8 mg 905 Ras
22 M 65 8 ART 32 675 6 Pram 1.75 mg 880 Bud
Mean F/M: 61.1 8.7 26.7 572.7 6.6 865.5
SD 5/6 11.9 4.3 10.4 345.8 3.0 398.2
Overall Mean F/M: 64.0 9.5 26.9 572.7 6.7 849.3
SD 10/12 9.8 8.2 12.0 280.7 2.5 300.8

Abbreviations: M, male; F, female; duration, duration since disease onset in years. Symptoms, dominant symptoms of Parkinson’s Disease; AR, akinetic-rigid;
ART, akinetic-rigid-tremor; UPDRS III, Unified Parkinson’s Disease Rating Scale part III motor score. Dopamine agonists and daily dose: Pram, pramipexol; Cab,
cabergoline; Rop, ropinirol; Apo, apomorphine; LED, L-Dopa equivalent dose. Other antiparkinsonian drugs: Ent, entacapone; Tol, tolcapone; Ras, rasagiline;

Aman, amantadine; Bud, budipine.

Material and Methods

Subjects

Twenty-two patients were studied while inpatients at the
Paracelsus-Elena-Klinik, Kassel. All patients fulfilled the
UK Parkinson’s Disease Brain Bank Criteria for PD and
were in Hoehn & Yahr stages II to IV. No antiparkinsonian
medication was newly introduced or stopped during the trial
week, and slight changes of the dosage were allowed accord-
ing to the patients’ needs. Patients with severe motor fluctua-
tions, dementia, or any contraindication against TMS (metal
or electronic implants, cerebral ischemia, epilepsy, instable
psychiatric or internal diseases, pregnancy, drug or alcohol
abuse) were excluded. Depression, a frequent comorbidity in
this population, was evaluated using the Beck Depression
Inventory'* with 5 patients in the OFF group and 4 patients
in the ON group, yielding scores higher than 11. None of the
subjects had ongoing psychosis or hallucinations at the time
of the study.

All patients gave written informed consent to the study pro-
tocol, which had been approved by the ethics committees of the
University of Gottingen and the Landesdrztekammer Hessen
and was in accordance with the Declaration of Helsinki.

General Study Design

To study the influence of dopaminergic medication, we
decided to randomize patients to receive rTMS either in the
defined OFF condition in the morning (ie, after a 12-hour
overnight withdrawal of antiparkinsonian medication'®; OFF-
group) or as add-on intervention while continuing to take their
normal medication (ON-group). The 2 groups did not differ
significantly in gender, age, duration, and dominant PD symp-
tom (tremor or hypokinesia), dose of L-dopa, or L-dopa
equivalent dose (see Table 1), as shown by 2-tailed unpaired ¢
tests or chi-square tests where appropriate (SPSS 12.0 for
Windows, SPSS Inc, Chicago, Illinois). A P value of <.05 was
considered significant for all statistical tests. L-dopa equiva-
lent dose was calculated according to the guidelines of the
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German Parkinson-Network (www.kompetenznetz-parkinson.
de/Parkinson/leittherapie.html, retrieved July 11, 2006:
L-dopa equivalent dose = L-dopa + apomorphine/4 * 100 +
cabergoline/2 * 100 + pramipexole/0.85 * 100 + ropinirole/4 *
100 [daily doses]).

All patients had one training session encompassing all
clinical tests before entering the study to prevent strong learn-
ing effects in the motor tasks and to familiarize them with the
procedures of TMS. Five different rTMS protocols, including
sham stimulation, were tested on 5 consecutive days in a pseu-
dorandomized order at the same time of day for each subject.
Patients were told that different rTMS protocols were about to
be studied in the search of the optimal clinical effect, but no
details were given about the different types of stimulation or
about the presence of a sham condition.

Intervention

TMS was generated by a Medtronic MagPro X100 +
MagOption stimulator in the biphasic mode with reversed cur-
rent direction (initially posterior-anterior current flow in the
brain, as originally described for TBS'). A slightly bent fig-
ure-of-8 coil (Medtronic MC-B70) was held perpendicular to
the head over the optimal representation of the target muscle
(see assessment of corticospinal excitability) with the handle
pointing posteriorly and 45 degrees laterally.

We chose 0.5 Hz (continuously, 600 pulses at an intensity
of 80% resting motor threshold [RMT]) and 10 Hz (20 trains
of 100 pulses, 50-second intertrain interval, 80% RMT) as
conventional rTMS protocols, as published by Lefaucheur
et al.’> For TBS, we used the continuous (cTBS, 600 pulses,
80% active motor threshold [AMT]) and intermittent (iTBS,
20 trains of 30 pulses, 8-second intertrain interval) pattern, as
described by Huang et al.!' In brief, TBS stimulation consists
of triplets of pulses at a high frequency (50 Hz) repeated with
a lower frequency in the theta range (5 Hz). For sham inter-
vention, we used the iTBS protocol with the coil tilted at
90 degrees so that only the edge of the coil touched the head.'

Assessment

Immediately before the first and after the last session,
patients were assessed using the motor section of the Unified
Parkinson’s Disease Rating Scale (UPDRS),"” and they com-
pleted the Beck Depression Inventory (BDD)™ to test for
changes during the week of experiments.

Corticospinal excitability, several motor tasks, and a behav-
ioral self-rating scale were assessed in the following order
starting 5 minutes after intervention and, for practical reasons,
in reversed order for baseline measurements:

1. Corticospinal excitability (RMT, AMT, motor evoked potential
[MEP], background electromyographic [EMG] activity)

2. Rapidly alternating arm movements (pointing task, pronation-
supination)

3. Purdue Pegboard Task (PPT)

Rothkegel et al / Training Outweighs rTMS in PD 375

4. Mood self-rating scale
5. Gait (time, number of steps)

(1) Corticospinal excitability. Surface EMG was recorded
with Ag/AgCl cup electrodes in a belly-tendon montage from
the abductor digiti minimi (ADM) of the more affected hand.
Signals were amplified with a Toennies Electromyograph II
(Toennies, Wiirzburg, Germany) using a bandpass filter of 1.6
to 1000 Hz, sampled with a CED Micro 1401 mk IT (Cambridge
Electronic Design, Cambridge, England) at a rate of 5 kHz and
stored on a lab computer for offline analysis. Single-pulse
TMS was applied using the Medtronic stimulator with the
same settings as for the interventions (biphasic pulses, reversed
current direction). The coil was moved over the assumed loca-
tion of the primary motor cortex contralateral to the more
affected side of the body. The point where maximum responses
in the ADM were observed was defined as the optimal cortical
representation of this muscle and was used for single-pulse
and repetitive stimulation.

Resting motor threshold was determined as the minimum
intensity at which at least 5 out of 10 consecutive TMS pulses
induced MEPs of >50 1V in amplitude with the subject at rest.
Active motor threshold was measured under tonic contraction
of the target muscle of about 20% of maximum EMG activity,
as monitored by visual feedback. The minimum intensity at
which at least 5 out of 10 TMS pulses induced MEPs of >200 uV
in amplitude was considered AMT."®

For assessment of MEP amplitudes, 20 single pulses were
applied every 4 = 0.4 seconds. The intensity of the magnetic
pulses was adjusted to induce MEPs of about 1 mV at baseline
and kept constant for the measurement after intervention.
Peak-to-peak amplitudes were measured offline.

Mean baseline EMG activity was measured in the 80 ms
preceding the TMS stimulus. Pearson’s correlation coefficients
were calculated to investigate the relations between baseline
EMG activity, motor thresholds, and overall rigidity, as well
as rigidity of the more affected arm (ie, contralateral to the
stimulated hemisphere), as assessed by the respective UPDRS
score on the first day of experiments.

(2) Rapidly alternating arm movements. Two types of rap-
idly alternating arm movements were recorded with an ultra-
sound-based 3D motion analysis system (zebris CMS-HS
using customized WinArm Software, zebris Medical GmbH,
Isny im Allgdu, Germany).

First, an arm-hand pointing movement between 2 targets 30 cm
apart was performed according to the Core Assessment Program
for Surgical Interventional Therapies in Parkinson’s Disease
(CAPSIT-PD") and recorded at a sampling rate of 100 Hz.

Second, a forearm pronation/supination movement was
assessed using the predefined item of the WinArm Software
(sampling rate 80 Hz).

We recorded 2 trials for either hand at each time point.
Motion trajectories were analyzed offline for average frequency
and amplitude of 8 full-movement cycles, leaving out the first 2
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cycles (starting phase). As the frequency of rapid, alternating
movements depends on the amplitude, we chose movement
speed (ie, product of mean frequency and mean amplitude) as a
more reliable parameter. Results for each sample were normal-
ized to the individual baseline of each experiment.

(3) Purdue Pegboard Task. As a test for fine motor skills
and complex upper limb movements, we tested performance
with the PPT (Lafayette Instrument Co. Europe, Loughborough,
UK) for both hands separately and bimanually. Patients were
instructed to pick up pins from a cup and place them in holes
in the board starting with the top hole as fast as possible for 30
seconds. Two trials for either hand and for the bimanual task
were performed, and the number of pins placed correctly was
counted.

(4) Mood self-rating scale. Before and after each session,
subjects completed a self-rating questionnaire containing the
following items as 7-point scales ranging from —3 to +3, adapted
and translated from Strafella et al’: comfort, anxiety, fatigue,
mood, irritation, attention, and pain. Positive values represent
positive feelings, whereas negative values represent negative
feelings. After stimulation, subjects were asked whether they
felt the respective protocol to be effective for them and whether
they felt better, worse, or the same as before.

(5) Gait performance. Patients were asked to perform the
walking test of the CAPSIT-PD."” We measured the duration
and counted the number of steps for walking 7 meters forth
and back, including turning (2 trials at each time point). All
values were normalized to the individual baseline of each
experiment.

Statistical Analysis

For UPDRS and BDI scores, repeated-measures analyses of
variance (ANOVAs) were calculated with the 2 time points
(before/after the week of stimulation) as the within-subjects
factor and group (ON/OFF) as the between-subjects factor. We
also tested for baseline differences between the 2 groups using
2-tailed unpaired ¢ tests.

To test for different effects of the 5 intervention protocols
(0.5 Hz, 10 Hz, iTBS, c¢TBS, sham), we performed repeated-
measures ANOVAs (Statview 5.0, SAS Institute Inc, Cary,
North Carolina) for all tests separately with intervention pro-
tocol and group (ON/OFF) as between-subjects factors.
Within-subjects factors were time (pre/post), trial (for all
motor tasks), and hand (only for arm movement tasks). For
motor thresholds, the level of activation was used as an addi-
tional within-subjects factor. The intraindividual variance of
MEP amplitudes was too high to allow for meaningful statisti-
cal analysis, which we therefore omitted. Results of the Purdue
Pegboard Task were entered into separate repeated-measures
ANOVAs for the unimanual and the bimanual tasks.

The 7-point self-rating scales were tested for changes after
intervention or over the week of experiments by ANOVAs as

described above for the motor tasks. The 2 items, efficacy and
general change, were tested using chi-square tests for cross-
table relationships.

To further address the question of training effects over the
week of experiments, we performed ANOVAs on the nonnor-
malized values of each test with group as the between-subjects
factor and day (+ trial and hand, where applicable) as within-
subjects factors.

Results

The behavioral measures showed a remarkable training
effect, with gradual performance improvement from day 1 to
day 4. This training effect was particularly pronounced in the
group of patients “on” dopaminergic medication.

Rapidly alternating movements. In both groups, performance
in the arm-hand pointing task improved in either hand after
intervention and from trial 1 to trial 2 (ANOVA, effect of time,
F(1,100)=11.050, P =.0012; effect of trial, F(1, 100) =35.087,
P <.0001). This improvement was particularly pronounced for
the more affected side in the ON-group (Interaction Side X Group,
F(1, 100) = 6.912, P = .0099; Interaction Side X Time X
Group, F(1, 100) = 6.862, P = .0102; Interaction Side X Trial X
Group, F(1, 100) =7.225, P = .0084; see Figure 1a).

Analysis of baseline raw values revealed increasing per-
formance during the first 4 days of the study week for both
groups (ANOVA, effect of day, F(4, 80) = 16.544, P < .0001),
which was more pronounced in the ON-group (Interaction
Day x Group, F(4, 80) = 2.800, P = .0313; see Figure 1b).
Performance in trial 2 was generally better than in trial 1
(effect of trial, F(1,20)=11.160, P =.0033), with the steepest
increase for the more affected hand in the ON-group (Interaction
Side x Trial x Group, F(1, 20) =4.374, P = .0495).

For the forearm pronation/supination task in the ON-group
but not in the OFF-group, we found an improved performance
after intervention, as measured by the product of frequency
and amplitude normalized to baseline (ANOVA, effect of
group, F(1, 100) =4.281, P = .0411; effect of time, F(1, 100) =
4.784, P = .0311; Interaction Time X Group, F(1, 100) =3.920,
P =.0505). Performance in the second trial compared with the
first trial was reduced in the ON-group (effect of trial, F(1,
100) = 11.873, P = .0008; Interaction Trial X Group, F(1, 100) =
5.596, P = .0199) for both the stimulated and nonstimulated
sides before and after intervention (no interaction of trial with
side or time), whereas performance in the OFF-group was
rather constant in both trials (see Figure 2a).

Over the week of experiments, the ON-group’s baseline
performance improved during the first days, whereas there was
a slight decrease in performance for the OFF-group (ANOVA
for baseline raw values, Interaction Day x Group, F(4, 80) =
5.113, P = .0010; see Figure 2b). Trial 2 was generally worse
than trial 1 (effect of trial, F(1, 20) = 7.279, P = .0138), only
for the first day, this pattern was reversed (Interaction Day X
Trial, F(4, 80) =2.649, P = .0392).
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Figure 1
Arm-Hand Pointing Movement

)
8 T
i J

1.14
- !
_g 112 —&- OFF-group o 7]
© i —O~ ON-group e
E 1.10 - ©
e i >70
g 1.08 - g
= i g )
S 1.06 - 365
g 104 1 x
T 60
£ 1.02 1 =
2 1 TE.SS . —@- OFF-group
E " < —O- ON-group
< 0.98 - 50 -
0.96 2 . . . . 45 4. ‘
- o - o - o - o d1 d2 d3 d4 d5
TE IE §3F EE Day
pre post pre post
contralateral ipsilateral

Note: Higher values indicate better performance. Results of the different types of intervention are pooled because analysis of variance (ANOVA) did not show
any main effect or interaction for this factor. (a) Amplitude x Frequency normalized to individual mean baseline values (pretrials 1 and 2); (b) Amplitude x
Frequency, mean baseline values over the days of the experiment, both sides pooled; error bars indicate +1 SEM.

Figure 2
Forearm Pronation-Supination Movement
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any main effect or interaction for this factor. (a) Amplitude x Frequency normalized to individual mean baseline values (pretrials 1 and 2); (b) Amplitude x
Frequency, mean baseline values over the days of the experiment, both sides pooled; error bars indicate +1 SEM.
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PPT. Performance in the unimanual tasks improved after
intervention (ANOVA, effect of time, F(1,95)=5.161 P =.0254;
see rTMS-related effects). Performance also improved from
trial 1 to trial 2 (effect of trial, F(1, 95) =49.414, P < .0001) in
the ON-group, especially at baseline (Interaction Time X Trial x
Group, F(1, 95) = 5.121, P = .0259; Time x Trial, F(1, 95) =
4.067, P = .0466).

For the bimanual task, performance improved after inter-
vention and from trial 1 to trial 2 (ANOVA, effect of time,
F(1, 95)=17.355, P =.0079; effect of trial, F(1, 95) = 12.047,
P =.0008).

Baseline values in the unimanual task improved during the
week of experiments (ANOVA, effect of day, F(4, 76) =9.363,
P <.0001), from 9.24 £ 2.00 (mean £ SD) pins to 10.41 £ 1.86
pins on the more affected side and from 10.29 + 1.88 to 11.29
+ 1.76 pins on the less affected side (effect of side, F(1, 19) =
10.075, P = .0050). Performance also improved from trial 1 to
trial 2 (effect of trial, F(1, 19) = 24.845, P < .0001). In the
bimanual task, we found improved performance during the
week of experiments (ANOVA, effect of day, F(4, 76) = 6.673,
P =.0001) but no significant effect of trial.

One patient in the ON-group was not able to complete the
pegboard task with the less affected hand or bimanually
because of a ruptured flexor tendon in the thumb of the less
affected hand.

Gait performance. There were no significant main effects
or interactions concerning number of steps or total duration
needed to complete the task.

rTMS-Related Effects

None of the rTMS protocols was able to induce marked
changes in any measure after a single session. Only for the
unimanual PPT did we find differential effects for either hand
depending on the intervention protocol (Interaction Side x
Intervention Protocol, F(4, 95) = 2.802, P = .0301; Interaction
Side x Time X Intervention Protocol, F(4, 95)=2.802, P =.0301),
with improved performance of the more affected side after any
active rTMS protocol but not after sham (see Figure 3).

Statistical analysis did not show significant main effects or
interactions with the intervention protocol for any other task,
indicating that there was no difference of any active rTMS
protocol compared with sham stimulation.

Analysis of baseline raw values showed only that the OFF-
group needed less steps on day 1 compared with the other days
(Interaction Group X Day, F(4, 80) = 2.547, P = .0456).

Corticospinal Excitability

As expected, RMT was higher than AMT (see Figure 4;
ANOVA: effect of level of activation, F(1, 100) = 401.772,
P < .0001). We found higher RMT and lower AMT in the
ON-group compared with the OFF-group (interaction of Level
of Activation X Group, F(1, 100) = 15.002, P = .0002) with

Figure 3
Boxplots for the Purdue Pegboard Task (PPT):
Performance on the Unimanual Tasks for the Different
Types of Intervention Separately for Either Group
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Note: The box represents all values within the 75th percentile with a horizon-
tal bar at the position of the median, error bars at the 90th percentile, and
single dots all values >90th percentile. Values higher than 1 indicate improved
performance after repetitive transcranial magnetic stimulation (rTMS) inter-
vention. cTBS, continuous theta burst stimulation; iTBS, intermittent theta
burst stimulation.

slightly decreased RMT and increased AMT after stimulation
for both groups (Level of Activation X Time, F(1, 100) =
7.850, P =.0061). In the control ANOVA, for baseline values,
we did not find any effect or interaction of day.

No correlation was found between motor thresholds, base-
line EMG activity, and overall or limb rigidity.

Mood Scale

Mean values for the mood scale are summarized in Table 2.
All patients reported decreased attention after the experiment
(ANOVA, effect of time, P = .0013). The OFF-group reported
more often that the stimulation had been effective than the
ON-group (Chi-Square Test Efficacy x Group, P = .045).
However, this was not related to the stimulation protocol. All
other parameters did not show any significant effects.

Baseline values did not differ between groups or over the
week of experiments.
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Figure 4
Effect of Group (OFF/ON) on RMT and AMT for the
ADM of the More Affected Side in Percentage of
Maximum Stimulator Output
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Note: Error bars indicate £1 SEM. As there was no significant effect of type
of intervention, data of all 5 sessions have been pooled. RMT, resting motor
threshold; AMT, active motor threshold; ADM, abductor digiti minimi.

UPDRS, BDI

No significant main effects or interactions were found for
UPDRS motor scores or BDI scores (see Table 3).

Side Effects

There were no serious side effects of TMS. Two patients
reported transient headache following the experiments, and 1
patient reported nausea.

Discussion

The pivotal positive finding of this study is the marked and
prolonged behavioral training effect of PD patients in the ON
state, extending over the first 4 days of study. Dopamine is
involved in motor planning,"” and motor learning can be
enhanced by dopaminergic medication, particularly in the
elderly.? It is used for this purpose in some rehabilitative
settings.?! Neurophysiological studies on direct-current stimu-
lation and on paired associative stimulation have shown that
dopaminergic input facilitates synapse-specific plasticity and
reduces unspecific plasticity, thus focusing facilitation.?
However, the high degree of short-term (within 1 session) and
long-term (from day to day) training effects in the arm motor
tasks (pointing, pronation-supination, PPT) was unexpected as
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all tests were based on standard clinical tests. We are not aware
of a study that has shown this extent and this duration of learn-
ing present over several days of training, even with rather
conventional tasks.

We therefore did not include a group of patients who only
received sham treatment for 5 consecutive days. It is hard to
say whether the observed improvement of motor function
reflects an unspecific rTMS effect or purely motor training.
However, the marked and prolonged training effect is obvi-
ously dependent on dopaminergic input and has to be carefully
considered for future clinical trials.

The pivotal negative finding of this study is that none of the
rTMS protocols was strong enough to induce remarkable
effects after a single session.

Against the background of several studies reporting benefi-
cial effects of rTMS on motor performance in PD, some short-
comings in our study design have to be considered for the
interpretation of these negative findings. The high degree of
training and placebo effects might have masked subtle differen-
tial effects of the rTMS protocols used in this study. Moreover,
there might have been interactions between the stimulation
protocols as the experiments were conducted on consecutive
days. We can therefore only comment on immediate short-term
responses, whereas other authors stimulated patients with the
same protocol in a sequence of several days or 4 weeks.??*

In addition, it has been shown that PD patients are highly
susceptible to chronic placebo effects**” and even show bilat-
eral dopamine release in the dorsal and ventral striatum in
response to placebo rTMS.?® However, a recent study on short-
term placebo effects in PD found an improvement in UPDRS
scores after sham rTMS of about 21%, which did not reach
statistical significance, but there was a much more pronounced
increase in subjective self-evaluation of motor function using
a visual analog scale.”” Even mood changes might interfere
with motor performance, and rTMS has been shown to be
effective in the treatment of depression.’®* Patients in the
present study often reported after the experiment that they felt
“somehow more at ease,” but this could not be confirmed by
the results of the mood scale and was attributed as a placebo
effect. Interestingly, the OFF-group reported more often than
the ON-group that they had found the stimulation effective,
even if there was no change in motor performance. This might
be explained by a “greater drive for symptom relief.”?

Another important aspect is a potentially shared neuronal
network responsible for motor learning as well as rTMS
effects. On one hand, this might preclude distinct rTMS
effects in patients who show impaired motor learning, as the
OFF-group did in the present study. This is in line with a
recent study showing that facilitating after effects of paired
associative stimulation (PAS) could be found only in PD
patients on medication but not in the same patients off medi-
cation.*® Thus, a dopaminergic pretreatment might be neces-
sary for an effective rTMS. On the other hand, such a shared
network could be a limit to neuroplastic changes, and intensive
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Table 2
Behavioral Self-Rating Scale, Mean Values
OFF ON
Pre Post Pre Post
Comfort -0.09 £ 1.53 022 £1.27 0.49 £ 1.78 0.64 £ 1.65
Anxiety 0.49 +1.20 0.53 +1.09 0.58 £1.45 0.76 £ 1.31
Fatigue 0.18 £ 1.44 -0.29 £1.07 0.20 £ 1.53 0.24 £ 1.60
Mood 0.44 £ 1.00 0.49 £0.81 0.62£1.23 0.75£1.25
Irritation 0.80 + 1.00 0.80 + 1.00 0.89 £1.26 0.62 £ 1.37
Attention 0.24 +£1.32 —0.13 + 1.14%* 0.47 £ 1.53 -0.02 £+ 1.60*
Pain 1.04 £1.89 1.02+£1.98 1.58 £1.67 1.53 £ 1.60
* Analysis of variance, effect of time, P = .0013.
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2.2 Dopaminergic potentiation of rTMS-induced
motor cortex inhibition

Dopaminergic neuromodulation plays an important role in various
cognitive functions and has been associated with NMDA-receptor
dependent neuroplasticity. It has also been shown that practice-dependent
plasticity in the human motor cortex can be enhanced by the D2 agonist
cabergolin while it is blocked by the D2 antagonist haloperidol
(Meintzschel and Ziemann, 2006).

In the following study we found that a single dose of pergolide potentiated
and prolonged the inhibitory effect of an inhibitory 1 Hz rTMS protocol
applied over the left primary motor cortex in healthy human subjects.
Pergolide is a combined D1/D2 receptor agonist which also acts on
serotonin receptors and ion channels. In a parallel study using tDCS
(Nitsche et al., 2006) a prolongation of the inhibitory after effects of
cathodal tDCS was found after intake of pergolide, while the inhibitory
effect was prevented by the D2 receptor antagonist sulpirid even in the
combination with pergolide (resulting in predominantly D1 activation).
Therefore it seems most likely that the enhancement of inhibitory
neuroplastic effects is mediated by D2 receptor activation.

For clinical application of externally induced neuroplasticity these findings
imply that stronger and more stable effects might be achieved not only by
optimizing the stimulation protocol itself but also by combination of brain
stimulation with a pharmacological intervention. On the other hand
conditions with reduced dopaminergic neuromodulation such as
Parkinson’s Disease or neuroleptic medication might be associated with a

reduced potential for neuroplastic changes.
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Dopaminergic Potentiation of rTMS-Induced Motor
Cortex Inhibition

Nicolas Lang, Sascha Speck, Jochen Harms, Holger Rothkegel, Walter Paulus, and Martin Sommer

Background: Experiments in animal models suggest that neuronal plasticity can be enhanced by dopaminergic receptor activation. The
present study tested whether stimulation-induced plasticity of human motor cortex after low-frequency repetitive transcranial magnetic
stimulation (rTMS) could be potentiated by a single oral dose of the combined D1/D2 receptor agonist pergolide.

Methods: In a randomized, double-blind, placebo-controlled cross-over design, nine healthy young volunteers received .125 mg pergolide or
placebo 2 hours before 1 Hz rTMS was applied for 20 min to the left primary motor cortex. In a control experiment 7 subjects received .125 mg
pergolide 2 hours before sham rTMS. We used single-pulse TMS at rest to assess corticospinal excitability before and up to 24 min after rTMS.

Results: Suppression of corticospinal excitability by 1 Hz rTMS was more pronounced after pergolide intake compared with placebo and
lasted approximately 20 min after pergolide but only 5 min after placebo. No change of corticospinal excitability could be observed when
sham rTMS was performed after pergolide intake.

Conclusions: The results suggest a possible role for dopaminergic potentiation of rTMS-induced neuroplasticity in experimental or therapeutic
applications and should be considered when rTMS is applied in patients under medication with dopamine agonists or antagonists.

the effects of plasticity as a consequence of D2 receptor activa-
tion are less consistent: with regard to LTP it has been described
as enhancing (19), suppressing (20), or without effect (16).
Long-term depression has been shown to be enhanced by D2
receptor activation (21,22) but also to be inhibited (18).

The present study was designed to explore the effects of
pergolide, a combined D1/D2 receptor agonist, on motor cortex
excitability changes induced by low-frequency rTMS in a ran-
domized, double-blind, placebo-controlled crossover design.
The preponderance of evidence suggests that pergolide, as a
D1/D2 agonist, would enhance LTD, although studies specifi-
cally examining the impact of this drug on LTD are lacking.

Key Words: D1, D2, pergolide, primary motor cortex, receptor,
repetitive transcranial magnetic stimulation, stimulation-induced
plasticity

non-invasively with repetitive transcranial magnetic stimula-

tion (rTMS) (1,2). Although the mechanisms of these
changes are not fully understood, analogies to long-term potentia-
tion (LTP) and long-term depression (LTD) of individual synapses
are apparent. When rTMS is given with constant interpulse-intervals
the direction of after-effects can be controlled by the frequency of
stimulation: lower frequencies, in the range of 1 Hz, can produce
LTD-like inhibition of motor cortical excitability (3,4), whereas
frequencies of =5 Hz can induce LTP-like facilitation (5,6).

C hanges in cortical excitability can be induced in humans

- . . Methods and Materials
In recent years, rTMS has attracted considerable interest as a
therapeutic tool in neuropsychiatry. The method has been used Altogether 14 healthy human subjects (8 women and 6 men,
in numerous clinical trials to improve a variety of brain diseases, ages 21-44 years, median age 25 years) gave their informed
such as Par.kinson’s disease, epil§psy, major depression, and  onsent before participating in the experiments. Experimental
schizophrenia (7,8). Because clinical effects have often been procedures had the approval of the Ethics Committee of the

subtle and variable, the therapeutic potential of rTMS is still open
to debate, and methodological considerations to enhance rTMS
efficiency by optimizing stimulation pattern (9,10) or sensitizing
cortical areas with preconditioning (11-13) are developing.
Another approach of potentiating rTMS effects might be
achieved by pharmacological interventions with dopaminergic
drugs. There is evidence that dopaminergic mechanisms are
involved in N-methyl-D-aspartate (NMDA) receptor-dependent
neuroplasticity. In animal models, LTP and LTD can be modified
by D1 or D2 receptor activation: D1 receptor activity can have
enhancing effects on the induction and consolidation of LTP
(14-17) but can also facilitate LTD induction (17,18). Reports on

University of Goettingen and were performed according to the
ethical standards laid down in the Declaration of Helsinki.

In the main experiment nine participants (six women and
three men, ages 21-26 years, median age 24 years) underwent
two rTMS sessions on different days separated by at least 1 week.
One session was done after pergolide intake and one after
placebo intake. A uniform capsule, containing .125 mg pergolide
or placebo, was orally administered 2 hours before each exper-
iment. The order of intake (pergolide or placebo) was pseudo-
randomized and balanced, and subjects and TMS examiners
were not informed about it. At the end of each session subjects
were interviewed about possible adverse effects. The rTMS was
given at a rate of 1 Hz over 20 min (i.e., 1200 pulses) with an
intensity of 90% of the individual resting motor threshold (RMT)
to the left primary motor cortex (M1). Corticospinal excitability
was studied over a period of 8 min before rTMS (baseline) and
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(8L, was individually determined at the beginning of each
experiment and held constant throughout the session.

An additional control experiment was performed in seven
subjects (four women and three men, ages 21-44 years, median
age 24 years) with sham rTMS given 2 hours after a single oral
dose of .125 mg pergolide in order to exclude an unspecific
effect of pergolide intake on cortical excitability. For sham rTMS,
the coil placed over the motor hot spot was disconnected from
the stimulator during rTMS. The TMS stimulator was then dis-
charged through a second coil, which was fixed to a coil holder
positioned approximately 50 cm behind the subject’s head. This
provides a similar noise compared with real rTMS and can serve
as a reasonable method to provide sham rTMS (11). All other
procedures were kept identical to the main experiment.

TMS was performed with a Medtronic MagPro stimulator and a
figure-of-eight—shaped Medtronic MC-B70 coil (Medtronic Func-
tional Diagnostics, Skovlunde, Denmark). The coil was held tan-
gentially to the skull over the optimal cortical representation of the
right FDI with the handle pointing posterolaterally at a 45-degree
angle to the sagittal plane. Stimuli were biphasic, and the first phase
of the stimulus elicited an anterior—posterior current in the brain.

In each subject rTMS experiments were done at identical times
during the day with the participant comfortably seated in a reclining
chair with head and arm rests. Surface electromyogram (EMG) was
recorded from the right FDI through a pair of silver—silver chloride
(Ag-AgCD surface electrodes in a belly-tendon montage. Raw
signals were amplified, band-pass filtered (3Hz—3kHz), digitized
with a micro 1401 AD converter (Cambridge Electronic Design,
Cambridge, United Kingdom) controlled by Signal Software (Cam-
bridge Electronic Design, version 2.13), and stored on a personal
computer for offline analysis. Complete relaxation was controlled
through auditory and visual feedback of EMG activity.

Mean MEP values of each individual were calculated for baseline
recordings and for 6 time bins of 4-min duration each, covering a
24-min period after rTMS. For the main experiment these values
were entered into a two-way repeated-measures analysis of vari-
ance (ANOVA) with “drug” (two levels: pergolide and placebo) and
“time” (seven levels: before rTMS and time bins 1-6 after rTMS) as
within-subject factors. For the control experiment we performed a
one-way ANOVA with “time” (seven levels: before rTMS and time
bins 1-6 after rTMS) as within-subject factor. Conditional on a
significant Fvalue, we performed follow-up one-way ANOVAs and
post hoc paired-samples two-tailed # tests to characterize the effects
revealed by the main ANOVA. Two-tailed  tests were also used to
test for differences in RMT and SI,,,,, at baseline between drug
conditions. A p value of < .05 was considered significant for all
statistical analyses. All results are given as mean and SEM.

Results

Three subjects reported some mild and transient adverse
effects after the intake of pergolide, such as dizziness and
nausea; however this did not interfere with the ability of the
subjects to complete the study. None of the subjects reported
adverse effects after placebo intake. Side effects from pergolide
might have partially unblinded the investigators and therefore
weakened the double-blinded study design. However, partici-
pants did not make explicit statements to the investigators about
adverse events until the end of each session.

In the main experiment ANOVA on mean MEP revealed signif-
icant main effects of the factors “drug” [F(1,8) = 11.31, p = .01] and
“time” [F(6,48) = 5.92, p = .003] and a significant “time” X “drug”
interaction [F(6,48) = 2.38, p = .042]. Follow-up one-way ANOVAs
separately performed on each drug condition showed significant
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Figure 1. Low-frequency repetitive transcranial magnetic stimulation
(rTMS)-induced motor cortex inhibition 2 hours after intake of .125 mg
pergolide or placebo. Filled symbols indicate significant differences of
mean motor evoked potential (MEP) amplitudes compared with before
ITMS (post hoc t test; p < .05, error bars indicate SEM).

effects for the factor time in both conditions [placebo: F(6,48) =
2.77, p = .021; pergolide: F(6,48) = 4.50, p = .01]. Post hoc
analyses showed that MEPs were more strongly suppressed after
pergolide intake compared with the placebo condition within the
first 20 min after rTMS (post hoc ttests; all p < .05). After placebo
intake a significant inhibition compared with baseline values
could only be seen within the first 4 min (1 time bin) after rTMS
(post hoc ttest; p = .039), whereas it lasted for 20 min (5 time
bins) after pergolide (post hoc #tests; all p < .05). At the last time
bin (21-24 min after rTMS) mean MEP values in both drug
conditions were not different from baseline (Figure 1.

Mean values (= SEM) in the pergolide and placebo condition,
respectively, were: for baseline MEP .94 * .04 and .97 = .04 mV,
for RMT 41 = 2 and 41 * 2% maximum stimulator output, and for
SI v 50 = 2 and 49 * 2% maximum stimulator output. Analyses
of baseline MEP values, RMT, and SI,,, data did not reveal
significant differences between drug conditions for these data
(ttests; all p > .5).

In the control experiment with sham rTMS after pergolide intake
no significant effect on “time” could be observed [F(6,36) = 1.336,
p = 2671

Discussion

The present study confirms previous studies (3,4,23) that continu-
ous 1-Hz rTMS to the human motor cortex can induce a transient
decrease in corticospinal excitability. Extending previous work, we
show that this effect can be potentiated by a single dose of the
combined D1/D2 receptor agonist pergolide: suppression of cortico-
spinal excitability was more pronounced after pergolide compared
with placebo and lasted approximately 20 min after pergolide, whereas
it ceased within 5 min after placebo. No change of corticospinal
excitability could be observed when sham rTMS was performed after
pergolide intake. These findings are in line with results obtained from
animal experiments that show that dopamine receptor activation can
enhance LTD (17,24). However, it should be considered that our data
has been obtained in motor cortex, and it cannot be assured that these
conditions can be applied identically to other cortical areas. Moreover,
it has been shown that pergolide—at least on a peripheral level—not
only interacts with dopamine receptors but also with serotonin (5-HT)
receptors and ion channels (25,20). Therefore, it cannot be ruled out
completely that the observed central nervous system effects could
partially be mediated by mechanisms other than dopaminergic recep-
tor activation.
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Our results parallel a recent study that tested effects of D1/D2
receptor agonists and antagonists on excitability changes induced
by transcranial direct current stimulation (tDCS) (27). Like rTMS,
tDCS can be used to alter cortical excitability bi-directionally and
non-invasively in humans (28), and its pharmaco-physiological
properties suggest that activity-dependent synaptic plasticity, such
as LTP and LTD, mediates the effects induced by tDCS (29). With
tDCS, combined D1/D2 receptor activation by pergolide also en-
hanced LTD-like effects after inhibitory cathodal tDCS, whereas D2
antagonism with sulpiride alone or D1 activation alone (achieved by
combining pergolide and sulpiride) prevented inhibition. This was
taken as an explanation that D2 receptor activation has a consoli-
dation-enhancing effect on LTD-like cortical excitability changes.

Although not tested in the present study, it might be questioned
whether only LTD-like plasticity induced by rTMS could be potentiated
by dopaminergic receptor activation or whether LTP-like plasticity,
such as the facilitation of excitability by 5-Hz rTMS, would be similarly
enhanced. In the aforementioned tDCS study no enhancement or
prolongation of LTP-like effects after facilitatory anodal tDCS could be
observed with pergolide (27). However, with another non-invasive
stimulation protocol that also induces LTP- and LTD-like after-effects in
motor cortex (i.e., paired associative stimulation [PAS)), it was demon-
strated that D2/D3 activation with cabergoline enhanced LTP-like
plasticity after PAS, whereas application of the dopamine receptor
antagonist haloperidol suppressed PAS-induced LTP-like processes
(30). Could it be that dopaminergic receptor activation accompanying
stimulation-induced plasticity can generally be used for “gating” of LTP-
and LTD-like processes in motor cortex? Further experiments will be
necessary to clarify this question.

In conclusion, the present study demonstrates that LTD-like
motor cortex inhibition induced by rTMS in humans can be en-
hanced by a single dose of the D1/D2 receptor agonist pergolide.
This suggests a possible role for dopaminergic potentiation of
rTMS-induced neuroplasticity in experimental or therapeutic appli-
cations and should be considered when rTMS is applied in patients
under medication with dopamine agonists or antagonists.
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2.3 Breaks during 5Hz rTMS are essential for
facilitatory after effects

The repetition rate of TMS pulses has so far been regarded as the single
most important factor responsible for the direction of after effects of rTMS
protocols. However, for most prolonged high-frequency protocols the total
number of stimuli has been split up in short trains of stimulation separated
by breaks of several seconds up to one minute.

The aim of the following study was to elucidate the functional relevance of
these breaks in high-frequency rTMS. For this purpose a clearly
subthreshold protocol was used in order to avoid any safety risk
associated with high-frequency stimulation at suprathreshold intensities
(Wassermann, 1998). The major finding of this study is that the presence
of breaks is essential for facilitatory after effects, while a continuous
application of the same number of pulses tends toward inhibition. These
results might be explained by a different time course of excitatory and
inhibitory processes which are activated simultaneously. Alternatively
homeostatic mechanisms might play a role. The optimal relationship of
stimulation frequency, stimulation duration and breaks needs to be

clarified in further studies.
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Objective: Stimulation frequency has been considered the most important factor in conventional repetitive
transcranial magnetic stimulation (rTMS) for determining the direction of after effects on corticospinal
excitability. Here, we examined the functional relevance of breaks during high-frequency subthreshold
r'TMS for the induction of facilitatory after effects.

Methods: The after effects on corticospinal excitability of a standard 5 Hz rTMS protocol in a block design
were compared to a continuous rTMS protocol using the same number of pulses. In addition the effect of
current direction both for rTMS and single pulse TMS was included in the study design.

Results: While 5 Hz rTMS in a standard block design induces facilitatory after effects on corticospinal excit-
ability, the continuous protocol does not induce facilitation but rather inhibition. In our study only rTMS
using an initially posterior-anterior current direction in the brain leads to significant neuroplastic effects
atall.

Conclusions: Breaks during conventional high-frequency rTMS are a crucial factor determining the direc-
tion of induced neuroplastic changes.

Significance: These results contribute to the understanding of rTMS-induced neuroplasticity and are impor-
tant for the design of rTMS protocols both for experimental and clinical studies.
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1. Introduction

The application of repetitive transcranial magnetic stimulation
(rTMS) over various cortical areas has become a widely accepted
tool to induce neuroplastic changes outlasting the duration of
stimulation for minutes or even hours (for a review see (Ziemann
et al., 2008)).

Direction, magnitude and duration of these after effects depend
on a complex set of extrinsic factors such as frequency or intensity
of stimulation and intrinsic factors such as the functional state of
cortical neurons before or during stimulation (Ziemann et al.,
2008). So far stimulation frequency of conventional rTMS seems
to be the key parameter which determines the direction of after
affects. It is widely accepted that low-frequency rTMS (1 Hz or less)
produces inhibitory after effects while high-frequency rTMS (2 Hz
or more) produces facilitatory after effects (Fitzgerald et al., 2006).

Interestingly high-frequency rTMS protocols are usually applied
either as a single short train of pulses or several trains with differ-
ent intertrain intervals. Prolonged continuous stimulation has been
applied mainly to inhibitory 1 Hz paradigms (Chen et al., 1997),
but to our knowledge there are only few studies using prolonged
high frequency continuous stimulation and none of these exam-

* Corresponding author. Tel.: +49 551 39 66 50; fax: +49 551 39 81 26.
E-mail address: hrothke@gwdg.de (H. Rothkegel).

ined after effects on corticospinal excitability of the stimulated
motor cortex. So far a continuous subthreshold 5 Hz stimulation
was only used in one study, which found increased corticospinal
excitability contralateral to the stimulated motor cortex as assessed
by MEP amplitudes, but did not measure the effects on the
stimulated hemisphere (Gorsler et al., 2003).

Two main reasons account for the introduction of intervals
resulting in periods of stimulation: (1) safety issues, namely the
risk of induction of epileptic seizures which has been observed
during and after suprathreshold high frequency protocols. Safety
guidelines were established for suprathreshold rTMS protocols
only (Wassermann, 1998), while subthreshold rTMS so far seems
to be safe and no limitations regarding stimulus frequency or num-
ber of pulses in a train have been considered so far. (2) In addition
the introduction of breaks during stimulation reduces excessive
coil heating by allowing active cooling of the coil in the interval
or simply allowing a passive reduction of heating before the next
part of the intervention.

The aim of the present study was to determine the functional
relevance of breaks during 5 Hz subthreshold rTMS for the induc-
tion of facilitatory after effects. For this purpose we compared
the excitability of the corticospinal system as assessed by ampli-
tudes of motor evoked potentials following a standard protocol
in a block design with a continuous protocol using the same inten-
sity and total number of pulses. Previous studies have shown that
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r'TMS induced neuroplastic changes depend on the pulse configura-
tion and direction of the induced electric field in the brain (Som-
mer et al., 2006). Therefore current direction for the test stimulus
and the rTMS protocol were included as additional factors.

2. Material and methods
2.1. Subjects

Fourteen healthy human subjects (6 women and 8 men, age
range 19-28 years) participated in the experiment after giving in-
formed consent. Experimental procedures had the approval of the
Ethics Committee of the University of Goéttingen and were per-
formed according to the ethical standards laid down in the Decla-
ration of Helsinki.

2.2. Assessment of corticospinal excitability

Surface EMG was recorded with Ag/AgCl cup electrodes in a bel-
ly-tendon montage from the abductor digiti minimi (ADM) of the
right hand. Signals were band-pass filtered (2-3000 Hz) and ampli-
fied using a Digitimer D360 amplifier (Digitimer Ltd., Welwyn Gar-
den City, Hertfordshire, UK), sampled with a CED Micro 1401 mk II
(Cambridge Electronic Design, Cambridge, England) at a rate of
5 kHz and stored on a lab computer for offline analysis.

Transcranial magnetic stimulation (TMS) was applied over the
optimal cortical representation for the right ADM using a slightly
bent figure-of-8 coil (Medtronic MC-B70) connected to a Medtron-
ic MagPro X100 + MagOption stimulator with a biphasic pulse con-
figuration. Throughout the manuscript the current flow direction
will be given as the direction of the induced current in the brain
during the first quarter cycle of the pulse. While most studies
use monophasic TMS pulses to assess corticospinal excitability
we chose biphasic pulses to ensure that after effects of rTMS were
measured in the same cortical circuits influenced by the interven-
tion. The coil was held tangentially to the head with the handle
pointing posterior and 45 degrees laterally.

Resting motor threshold (RMT) was determined as the mini-
mum stimulator output at which at least 5 out of 10 consecutive
TMS pulses induced MEPs of >50 puV in amplitude with the target
muscle at rest. Active motor threshold (AMT) was measured under
tonic contraction of the target muscle of approximately 20-30% of
maximum EMG activity. The minimum stimulator output at which
at least 5 out of 10 TMS pulses induced MEPs of >200 pV in ampli-
tude was considered the AMT. The optimal coil position, RMT and
AMT were determined for both current flow directions separately.

To assess changes in corticospinal excitability motor evoked
potentials (MEP) were recorded from the relaxed ADM. At baseline
the intensity of the magnetic pulse was adjusted to induce MEPs of
about 1 mV peak-to-peak and kept constant for the measurement
after intervention. Two blocks of 15 TMS pulses applied every
4+0.4s were recorded for either current direction at baseline.
The order of current directions for the single pulse measurements
was kept constant within one subject and counterbalanced be-
tween subjects.

Blocks of 15 MEPs for each current direction were measured
again 1, 3, 5, 10, 15 and 30 min after the end of the intervention
using the same intensities and order of current direction as before.
RMT was assessed again following the measurement 15 min after
the end of rTMS.

2.3. Repetitive transcranial magnetic stimulation (rTMS)

r'TMS protocols were derived from a previously established sub-
threshold 5 Hz rTMS protocol of 1200 pulses in six blocks of 200

pulses each with an intertrain interval of 60 s using an intensity
of 90% AMT (Sommer et al., 2006). In the present study 1200 pulses
were applied either continuously or in blocks as described above
with either anterior-posterior oriented or posterior-anterior ori-
ented current direction in separate sessions, respectively.

For rTMS the slightly bent figure-of-8 coil (Medtronic MC-B70)
was placed over the optimal representation of the ADM for the
respective current direction as identified by single pulse TMS.

2.4. Statistical analysis

A repeated measures ANOVA with current direction for single
pulse TMS (a-p, p-a), current direction for rTMS (a-p, p-a) and
I'TMS design (continuous vs. block) was calculated for the MEP
amplitudes at baseline to exclude any systematic differences.
MEP amplitudes were then normalized to the mean baseline
amplitude of each individual session. A repeated measures ANOVA
with current direction for single pulse TMS (a-p, p-a), current
direction for rTMS (a-p, p-a), ITMS design (continuous vs. block)
and time (1, 3, 5, 10, 15, 30 min after stimulation) as within subject
factors was calculated. Based on significant result of the ANOVA
paired two-tailed t-tests were calculated between individual time
points and the respective baseline.

A repeated measures ANOVA was calculated for RMT with cur-
rent direction for single pulse TMS (a-p, p-a), current direction for
I'TMS (a-p, p-a), rTMS design (continuous vs. block) and time (pre
vs. post). For AMT a repeated measures ANOVA was calculated
with current direction for single pulse TMS (a-p, p-a), current
direction for rTMS (a-p, p-a), rTMS design (continuous vs. block)
to exclude any differences in baseline values. A p-value <0.05
was considered significant for all statistical tests.

3. Results
3.1. MEP amplitudes

Only the 5 Hz rTMS protocol with posterior-anterior directed
current flow in the brain in the block design led to significant facil-
itation, while the continuous protocol with posterior-anterior di-
rected current flow tended towards inhibition instead (Fig. 1).
Both protocols with an anterior-posterior directed current flow
did not change corticospinal excitability significantly. The repeated
measures ANOVA accordingly yielded a main effect of rTMS design
(df=1, F=5.256, p=0.039) and time (df =5, F=4.226, p = 0.002)
and a two-way interaction of current direction for rTMS and rTMS
design (df =1, F=7.550, p = 0.017). All other interactions were not
statistically significant. Post-hoc t-tests showed significant differ-
ences for time points p3 and p15 (p = 0.043 and p=0.012) in the
continuous protocol with posterior-anterior directed current and
for time points p5 and p15 (p=0.016 and p = 0.023) in the block
design with posterior-anterior directed current only (Fig. 2).

MEP amplitudes at baseline were not significantly different be-
tween different rTMS sessions or between the two test pulses (no
significant main effects or interactions in ANOVA). The mean base-
line values are summarized in Table 1.

3.2. Threshold measurements

For RMT the repeated measures ANOVA revealed a highly sig-
nificant main effect of current direction for single pulse TMS
(df =1, F=187.839, p < 0.001) and no other significant main effects
or interactions. For AMT the repeated measures ANOVA revealed a
significant main effects of current direction for single pulse TMS
(df=1, F=173.330, p<0.001) and current direction for rTMS
(df =1, F=9.620, p = 0.008). The main effects of current direction
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Fig. 1. Interaction of current direction for rTMS and rTMS design. MEP amplitudes
measured after intervention using a-p and p-a test pulses are normalized to the
respective mean baseline amplitudes and pooled, as there was no interaction term
involving current direction for single pulse TMS, error bars indicate + 1 SEM. Time is
given in minutes after the end of the respective rTMS protocol (a-p = anterior-
posterior current direction, p-a, posterior-anterior current direction, cont, contin-
uous rTMS train, block, rTMS in blocks of 200 pulses each). Filled symbols represent
time points with MEP ratios significantly different from 1 (p < 0.05).

for single pulses are due to higher thresholds for posterior-anterior
directed pulses compared to anterior-posterior directed pulses
(see Table 1).

4. Discussion

For conventional rTMS there is a general consensus, that low
stimulation frequencies of around 1 Hz lead to inhibition while
higher frequencies lead to facilitation (Fitzgerald et al., 2006; Hal-
lett, 2007; Ziemann et al., 2008). Several studies have recently
shown exceptions to this rule, which seems to be applicable only
in a neutral resting condition of the motor system. Preconditioning
might enhance neuroplastic effects of i TMS, when the direction of
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expected after effects is opposite for the preconditioning protocol
and the rTMS intervention (Iyer et al., 2003; Lang et al., 2004; Sieb-
ner et al., 2004). On the contrary preconditioning with a protocol
which induces neuroplastic effects of the same direction leads to
an inversion of the rTMS induced after effects both for low and
high frequency protocols (Lang et al., 2004; Siebner et al., 2004),
which has been attributed to homeostatic mechanisms. Even
changes in the level of excitability during application of rTMS by
means of voluntary muscle contraction might invert the direction
of externally induced neuroplasticity as has been shown for short
trains of rTMS (Fujiwara and Rothwell, 2004) and transcranial di-
rect current stimulation (Antal et al., 2007).

Furthermore rTMS protocols using short bursts of high fre-
quency stimulation such as theta burst stimulation (TBS) or quad-
ripulse TMS (QPS) show a more complex relationship between
stimulation parameters and the direction of after effects. For TBS
(Huang et al., 2005) not stimulation frequency but the presence
of short breaks of a specific duration determines whether cortico-
spinal excitability is facilitated or inhibited. While 40 s of continu-
ous TBS leads to inhibition, breaking up this sequence every 2 s for
8 s switches inhibition to facilitation. For QPS (Hamada et al., 2008)
the repetition rate in a short train of four monophasic pulses as
well as the duration of stimulation determine the direction of the
induced after effects in a non-linear way.

4.1. The role of breaks in conventional rTMS

Here we argue that the interval in excitatory high frequency
stimulation of conventional rTMS plays a much bigger role in deter-
mining excitatory after effect than considered so far. The present
study shows, that the continuous application of 1200 pulses of sub-
threshold 5 Hz rTMS does not induce facilitatory after effects as the
standard condition with the same number of pulses split up in six
blocks of 200 pulses each with intertrain intervals of 60 s. The con-
tinuous protocol rather tends toward inhibition which resembles
the pattern seen after TBS. This indicates that even in conventional
I'TMS there is no clear frequency cut-off which separates inhibitory
from facilitatory protocols. The importance of intervals as shown for
TBS might also apply for conventional rTMS.

The mechanisms behind this functional importance of the
breaks are not clear from the experiment. TMS is known to activate
a combination of inhibitory and excitatory cortical pathways. As
induction of inhibitory or facilitatory after effects follows a differ-
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Fig. 2. Effect of rTMS design in protocols with posterior-anterior current direction during intervention for either current direction of single pulse TMS. MEP amplitudes
measured after intervention are normalized to the respective mean baseline amplitudes, error bars indicate + 1 SEM. Time is given in minutes after the end of rTMS. Filled
symbols represent significant difference of a time point compared to baseline (p < 0.05).
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Table 1
Motor Threshold and baseline MEP amplitudes.
p-a continuous p-a block a-p continuous a-p block
Baseline Post Baseline Post Baseline Post baseline post
Test pulse p-a RMT [% MSO] 384+4.8 384+4.8 394+64 39.3+6.0 39.4+6.8 389+6.4 379+5.6 38.1+5.6
AMT [% MSO] 30.8+4.1 31.5+44 30.6+4.8 29.6 +4.5
SI1 mV [% MSO] 46.9+7.4 47.8+7.1 47.6+9.0 46.7+7.5
MEP-Ampl [mV] 1.13+£0.25 0.93+0.21 1.09 £ 0.30 1.00 £ 0.23
Test pulse a-p RMT [% MSO] 32.6+3.6 324+41 329+53 33.0+5.1 32.7+55 32.8+5.7 32457 32.8+5.2
AMT [% MSO] 252+38 25.8+4.0 249+4.0 249+4.0
SI1 mV [% MSO] 40.8+6.1 41.7+6.2 409+7.7 40.7 £ 6.6
MEP-Ampl [mV] 1.13+0.28 1.06 +0.43 1.1240.29 1.06 +0.29

The required stimulus intensity for posterior-anterior directed pulses (p-a) was significantly higher compared to stimulus intensity for anterior-posterior directed pulses (a-
p). There was no statistically significant difference between sessions and no change in RMT after any of the rTMS protocols. All values are given as mean +1 SD. MSO,

Maximum Stimulator Output.

ent time courses the presence of breaks might favour a facilitatory
process which builds up faster while inhibitory processes are
stronger but build up more slowly. From our data an interval of
60 s seems to be efficient in turning inhibition into excitation.
But it remains to be determined if another timing pattern would
lead to even stronger effects. In this context the duration of the
ITMS train might be of interest. A recent study showed that
10 Hz rTMS at an intensity of 80% RMT with short trains of 1.5s
is capable of inducing facilitatory after effects while trains of 5s
lead to inhibition (Jung et al., 2008). The current direction for rTMS
used in this study is not clear from the article.

An alternative explanation why uninterrupted high frequency
stimulation inverts the direction of after effects into inhibition
could be a homeostatic mechanism. As stated above several studies
showed that the direction of after effects induced by rTMS depends
on the previous state of the cortex or history of activation (lyer
et al., 2003; Lang et al., 2004; Siebner et al., 2004). Thus it is con-
ceivable that prolonged trains of 5 Hz rTMS first increase cortical
excitability which in turn causes the later part of the rTMS train
to induce inhibition instead of facilitation. Breaks during the stan-
dard high frequency protocol after trains of limited duration might
prevent that the level of excitability exceeds a threshold which
would turn excitation into inhibition.

In addition intensity seems to play a role. A similar 5 Hz protocol
as in the present study using blocks of 300 pulses each (biphasic, ini-
tially posterior-anterior current flow in the brain) only induced a
significant facilitation at 90% RMT while there was no significant
change in corticospinal excitability with the lower intensity of 90%
AMT (Quartarone et al., 2005). In the present study the low intensity
of 90% AMT was chosen to avoid any safety risk in the continuous
condition and to ensure a cortical origin of neuroplastic changes.
Previous studies have shown that TMS at intensities below AMT
does not lead to detectable corticospinal volleys (Di Lazzaro et al.,
1998) which makes a spinal mechanism of the reported excitability
changes unlikely. However, as we did not measure spinal excitabil-
ity in the present study we cannot fully exclude this possibility. Our
protocol using shorter trains of stimulation seems to be more effec-
tive than the protocol used be Quartarone since in contrast we saw a
clear excitatory effect at 90% AMT.

Furthermore we cannot exclude an effect of voluntary muscle
contraction before rTMS due to the measurement of AMT, which
was used to adjust stimulation intensity as in many previous stud-
ies. It has been shown for TBS, that voluntary muscle contraction
might act as a priming condition favouring inhibitory after effects
(Gentner et al., 2008).

4.2. Influence of current direction for rTMS

The present study confirmed previous data that only the p-a
current direction leads to facilitatory after effects following the

standard protocol in block design (Sommer et al., 2006). It has been
shown that single pulses of p—a and a-p current direction preferen-
tially activate different subsets of interneuron. While the initially
a-p directed biphasic pulses tend to stimulate mainly those inter-
neurons responsible for the I11-wave (Di Lazzaro et al., 2001), the I-
wave pattern is much more complex for p-a current direction.
However at low intensities p-a directed pulses seem to activate
preferentially interneurons generating later I-waves such as 13.
Thus a sequence of activation involving more synaptic connections
after each TMS pulse might make the cortical network more sus-
ceptible to neuroplastic changes.

Another important factor might be the different physical inten-
sities for p-a and a-p rTMS due to a higher motor threshold for p-a
pulses. The pathways which are involved in the neuroplastic
changes do not necessarily follow the same sensitivity to current
direction as those structures generating the corticospinal volleys
following TMS. The lack of after effects following a-p rTMS could
simply result from lower stimulus intensity. The different physical
intensities are a limitation of the present study so that we cannot
draw firm conclusions regarding the question of current direction,
which needs to be re-evaluated in future studies.

4.3. Influence of current direction for single pulse TMS

Interestingly the after effects of both the facilitatory (block design)
and the inhibitory protocol were only significant for the p-a test
pulse. This might implicate that subthreshold rTMS using a
p-a current direction preferentially induces after effects in cortical
circuits involved in the generation of later I-waves such as I3. This pat-
tern differs from that found in studies on TBS: Facilitatory intermit-
tent TBS preferentially affects later I-waves as well, while inhibitory
continuous TBS mainly affects the I1-wave (Di Lazzaro et al., 2008)
indicating a different mode of action for the inhibitory protocols.

Previous studies exploring the after effects of subthreshold
high-frequency rTMS on short interval intracortical inhibition
(SICI), which is predominantly an inhibition of later I-waves (Di
Lazzaro et al., 1998), differ in the methods applied. However, the
most consistent finding of these studies (Peinemann et al., 2000;
Quartarone et al., 2005) is a decrease in SICI following subthreshold
5 Hz rTMS, which is paralleled by a decreased reduction of later
I-waves compared to baseline (Di Lazzaro et al., 2002). If both facil-
itation and inhibition of MEP in our present experiment are medi-
ated by changes of the same intracortical network an increase of
SICI following the continuous protocol has to be postulated and
will be subject of future experiments.

5. Conclusion

The present study shows the functional relevance of breaks dur-
ing high-frequency rTMS. Somewhat unexpectedly a prolonged
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continuous train of rTMS tends towards inhibition while the clas-
sical block design leads to facilitation. These results points towards
high frequency stimulation being a necessary but not sufficient
condition to induce excitation. In addition the latter requires the
involvement of stimulation intervals.
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2.4 Impact of pulse duration in single pulse TMS

The present design of TMS stimulator allows only pulses of a fixed
duration due to the physical properties of a resonant circuit formed by the
two main components of the machine, the capacitor bank and the
stimulation coil. Based on measurements of motor threshold and
calculations of neuronal membrane time constants a very brief pulse
duration has been found to be more efficient with regard to energy
consumption of the machine and coil heating (Barker et al., 1991).

The aim of the following study was to explore the impact of pulse duration
in the range of commercially available monophasic systems on single
pulse measures of cortical excitability. Two stimulators were connected in
parallel in order to achieve an increase in pulse duration by a factor of 1.4.
As expected the motor threshold expressed as percentage of maximum
stimulator output (%MSO), which correlates to capacitor voltage, was
lower using the longer pulse. There was no effect of pulse duration on the
other parameters as long as intensities where adapted to the respective
threshold. Pulse-to-pulse variation was decreased for the measurement of
contralateral silent period using the longer pulse.

Thus changing pulse duration in the range tested here does not lead to
stimulation of different neuronal populations. For subjects with high motor
thresholds (e.g. neurodegenerative diseases or under pharmacological
treatment) the longer pulse duration might be a valuable alternative. The
present study implies that studies using different pulse duration or even
different stimulator setup are comparable as long as measurements are

adjusted to the individual threshold and the same type of coil is used.
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Abstract

Objective: The intensity of transcranial magnetic stimulation (TMS) is typically adjusted by
changing the amplitude of the induced electrical field, while its duration is fixed. Here we
examined the influence of two different pulse durations on several physiological parameters

of primary motor cortex excitability obtained with single pulse TMS.

Methods: A Magstim Bistim? stimulator was used to produce TMS pulses of two distinct
durations. For either pulse duration we measured in healthy volunteers resting and active
motor thresholds, recruitment curves of motor evoked potentials in relaxed and contracting

hand muscles as well as contralateral (cSP) and ipsilateral (iSP) cortical silent periods.

Results: Motor thresholds decreased by 20% using a 1.4 times longer TMS pulse compared to
the standard pulse, while there was no significant effect on threshold adjusted measurements

of cortical excitability. The longer pulse duration reduced pulse-to-pulse variability in cSP.
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Conclusions: The strength of a TMS pulse can be adjusted both by amplitude or pulse
duration. TMS pulse duration does not affect threshold-adjusted single pulse measures of

motor cortex excitability.

Significance: Using longer TMS pulses might be an alternative in subjects with very high
motor threshold. Pulse duration might not be relevant as long as TMS intensity is threshold-

adapted. This is important when comparing studies performed with different stimulator types.
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Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive technique which allows
stimulation of cortical neuronal networks in the awake behaving human subject. It has
become a well established diagnostic tool for conduction studies of central motor pathways in
neurology and neurosurgery. It is also a valuable research tool for assessment of cortical
excitability in the motor and visual system as well as for modulation of cortical excitability in
different cortical regions. Repetitive TMS is capable of inducing changes of cortical
excitability outlasting the duration of stimulation thus making it a potential therapeutic option
in a variety of neuropsychiatric disorders (Fregni and Pascual-Leone, 2007; Kobayashi and
Pascual-Leone, 2003; Rossini and Rossi, 2007).

The technique of TMS is based on the principle of electromagnetic induction and uses a local
rapidly changing magnetic field to induce an electrical field, which in turn leads to an
electrical current in conductive tissue without attenuation by structure with high electrical
impedance (e.g. the scull) or necessity of direct contact to electrodes. The basic stimulator
design which is still used in all commercially available stimulators was first introduced in
1982 (Polson et al., 1982) for peripheral nerve stimulation and applied to transcranial cortical
stimulation in 1985 (Barker et al., 1985). In order to achieve a sufficiently high rate of change
of the magnetic field a high voltage from a capacitor bank is discharged via a magnetic coil.
These components form an oscillator (RLC-circuit) with a resonant frequency f, mainly
determined by the capacitance C of the stimulator and the inductance L of the coil according

to the following equation (simplified for an undamped resonant circuit):
1

f =—
° " 2L (1)

In conventional magnetic stimulators it is only possible to interrupt the effective stimulus
duration at quarters of the full oscillation period leading to the so called monophasic pulse

after the first quarter cycle, a halfsine pulse after the first two quarter cycles and the biphasic

-3
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pulse after a full period (Sommer et al., 2006). Due to the cosine shape of the induced
electrical field all pulses of more than one quarter cycle will have a reversal of the direction of
the electrical field after each odd quarter cycle. In contrast to electrical stimulation the pulse
duration in magnetic stimulation (regarding a single phase) cannot easily be adjusted as this
requires changing the resonant frequency and thus the stimulator hardware. The intensity of
the TMS pulse is controlled by the capacitor voltage, which determines the initial steepness of
the induced time-varying magnetic field and thereby the amplitude of the induced electrical
field.

Using six different capacitor configurations in order to achieve monophasic TMS pulses of six
distinct pulse durations Barker and colleagues demonstrated that a longer pulse requires more
stored energy and leads to stronger coil heating compared to shorter pulses (Barker et al.,
1991). However, the stimulation threshold in terms of capacitor voltage (which is proportional
to the commonly used percentage of maximum stimulator output) is lower with a higher pulse
duration. Comparing the stored energy required to evoke threshold motor responses at
different stimulus intensities to analogue measurements with electronically defined time
constants Barker and colleagues were able to estimate cortical membrane time constant in
man to be in the order of 150us.

Controlling the pulse duration of TMS might open the possibility to preferentially stimulate a
specific neuronal population in a spatially overlapping cortical network. It has previously
been shown that selection of a shorter pulse duration reduces stimulation of peripheral sensory
nerves at skin level for a given intensity of motor cortex stimulation (Geddes, 1987).

So far the effect of pulse duration has only been investigated for motor threshold (Barker et
al., 1991). The objective of the present study was to systematically investigate the effect of
two distinct pulse durations offered by a commercially available TMS system on a set of

single pulse parameters for corticospinal excitability.
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Material and Methods

Subjects

12 healthy right-handed human subjects (6 women and 6 men, age range 19 to 43 years)
participated in the experiment after giving informed consent. All subjects were non-smokers.
Experimental procedures had the approval of the Ethics Committee of the University of
Gottingen and were performed according to the ethical standards laid down in the Declaration

of Helsinki.

Stimulator Setup

A commercially available Magstim Bistim? stimulator setup (The Magstim Company Limited,
UK) was used to produce monophasic TMS-pulses of two distinct durations. This setup
allows discharging two identical capacitor banks of the connected Magstim 2007 stimulators
simultaneously through the same coil. In this configuration the two capacitor banks are
connected in parallel thus doubling the capacitance of the system. For a monophasic pulse the
first phase of the induced electrical field is approximately a quarter cycle of a cosine wave
followed by a relatively low electrical field in opposite direction induced by a slow decay of
the magnetic field. Thus the first phase of the monophasic pulse can be considered as the
“active” part so that calculations regarding pulse duration can be derived from the cosine
shape. According to equation (1) doubling the capacitance of the system leads to a decrease of

the resonance frequency of the system and thus an increase of the pulse duration by a factor of

V2 (= 1.4) compared to a single stimulator. All parameters of corticospinal excitability were
measured both in the simultaneous configuration and with a single stimulator discharging
through the Bistim module in order to keep all other components of the system comparable.

Figure 1 illustrates the time course of the magnetic field and the induced electrical field. The
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magnetic field rise time was 82us for the single stimulator and 114us for the simultaneous
mode.

Transcranial magnetic stimulation (TMS) was applied over the left primary motor cortex. The
position of a figure-of-8 coil (70mm standard double coil 9925-00, appr. 16.35uH, The
Magstim Company Limited, UK) connected to the Bistim? setup via a coil adapter (3110-00,
The Magstim Company Limited, UK) was adjusted to yield maximum MEP amplitudes from
the right first dorsal interosseus muscle (FDI, target muscle). MEPs from the right abductor
digiti mini muscle (ADM, non-target muscle) were registered to test the focality of
stimulation. The coil was held tangentially to the skull with the coil handle pointing
posterolaterally at an angle of 45 degrees to the sagittal plane inducing a posterior-anterior
directed current in the brain.

Surface EMG was recorded with Ag/AgCl cup electrodes in a belly-tendon montage from the
FDI bilaterally and the ADM of the right hand. Analogue signals were band-pass filtered (2-
3000 Hz) and amplified (Digitimer D360, Welwyn Garden City, Hertfordshire, UK), sampled
at a rate of 5 kHz using a CED Micro 1401 mk II (Cambridge Electronic Design, Cambridge,
England) and stored on a lab computer for offline analysis using customized Signal 2.16

software (Cambridge Electronic Design, Cambridge, England).

Parameters of corticospinal excitability

All of the following parameters were first measured with one of the pulse configuration and
after a break of at least 10 minutes with the other one. The order of pulse configurations was
pseudorandom and counterbalanced.

Resting motor threshold (RMT) was determined as the lowest stimulator output at which at
least 5 out of 10 consecutive TMS pulses induced MEPs of >50uV in amplitude in the target
muscle (right FDI) with all recorded muscles at rest. Values are given as a percentage of

maximum stimulator output (MSO). For active motor threshold (AMT) subjects were asked to

-6-
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keep a tonic contraction of the right FDI of approximately 20-30% of maximum EMG
activity. The minimum stimulator output at which at least 5 out of 10 TMS pulses induced
MEPs of >200uV in amplitude was considered the AMT.

MEP-amplitudes were measured peak to peak as recruitment curves in the relaxed muscle
both for FDI and ADM of the right hand using intensities of 100-160% RMT. Stimulus
intensities were adjusted to RMT to account for interindividual differences. The range of
intensities was chosen because 160% RMT was the highest intensity that could be reached in
all subjects tested. The intensity was increased in steps of 10% RMT with 10 MEPs recorded
at each level. In addition to MEP amplitudes we measured MEP latency, duration of the first
phase of the MEP and the area under the first phase of the MEP in the 160% condition only.
MEP amplitudes were also measured in the tonically contracting muscle at stimulus
intensities of 120%, 140% and 160% AMT. Subjects were instructed to keep 20-30% of
maximum voluntary force in the target and non-target muscles. Activation was controlled by
mean rectified EMG activity. Again 10 MEPs were recorded at each intensity level. In these
recordings also the contralateral (cSP) and ipsilateral (iSP) silent period (Ferbert et al., 1992)
were assessed. The duration of the cSP was measured for each individual TMS pulse from the
time of the stimulus to the point where the rectified EMG activity first reached the level of
baseline activity determined in the 100ms preceding the TMS stimulus. The iSP was assessed
in the tonically contracting left FDI muscle in the 160% AMT condition only. Data of all 10
recordings were rectified and averaged. Onset of the iSP was defined as the first point where
the EMG activity fell below prestimulus EMG activity determined in the 100 ms preceding
the TMS stimulus. The duration of the iSP was measured from the onset of the iSP to the
point where the EMG-activity again reached the level of prestimulus EMG activity for more
than 5 ms. The level of inhibition was measured as the ratio of the mean EMG activity during

iSP divided be the prestimulus EMG activity.
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In order to assess the pulse-to-pulse variability of MEP amplitudes and c¢SP the mean
consecutive difference (MCD) was calculated and normalized to the respective mean values

of amplitudes or cSP (Kiers et al., 1993).

Statistical Analysis

RMT and AMT values were compared using paired two-tailed t-tests. For MEP recruitment at
rest a repeated measures separate ANOVAs with innersubject factors pulse duration (standard
vs. simultaneous), muscle (target vs. non-target) and TMS intensity (7 levels) were calculated
for MEP amplitudes and normalized MCD. Repeated measures ANOVAs with innersubject
factors pulse duration and muscle were calculated for mean values of MEP latency, duration
and area under curve of the first phase of the MEPs at 160% RMT.

For the MEPs measured under tonic contraction of both the target and non-target muscle
repeated measures ANOVAs with inner subject factors pulse duration (standard vs.
simultaneous), muscle (target vs. non-target) and TMS intensity (3 levels) were performed for
mean amplitudes and cSP as well as for the respective normalized MCD.

Values for onset and duration of iSP as well as the ratio of EMG activity during iSP divided
by the respective prestimulus activity were compared using paired two-tailed t-test.

All statistical tests were performed using SPSS 17.0. A p-Value < 0.05 was considered

significant for all statistical tests.
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Results

Motor Threshold

RMT and AMT values expressed as maximum stimulator output were approximately 20%
lower using the longer pulse duration compared to the standard pulse (figure 2). Paired two-
tailed t-tests accordingly showed a highly significant difference for pulse duration (RMT: T =
13.403, p>0.001; AMT: T=15.117, p <0.001).

There was no statistically significant difference for the two pulses durations in the recruitment
curves of the target and non-target hand muscle (FDI and ADM) at rest (figure 3). The
repeated measures ANOVA showed a main effect of intensity (F=31.633, df=6, p < 0.001) as
expected, but no other main effects or interactions. For the normalized MCD there was a main
effect of intensity (F=25.273, df=6, p < 0.001) without any other significant main effects or
interactions.

Mean MEP latencies at 160% RMT did not differ significantly between the two pulse
durations or muscles (table 1). The first phase of the MEP was longer for the ADM compared
to FDI (repeated measures ANOVA, main effect of muscle, F=13,672, df=1, p=0.004)
without any effect of the pulse duration (table 1) while the area under the curve did not show
any significant differences between muscles or pulse durations.

MEP amplitudes evoked under tonic contraction increased with increasing intensity as
expected (figure 4). Repeated measures ANOVA showed a main effect of intensity
(F=45.536, df=2, p<0.001) and no other significant main effects or interactions. The
normalized MCD for MEP amplitudes decreased with intensity (F=24.075, df=2, p < 0.001).
The ANOVA for normalized MCD also revealed an interaction of pulse duration and muscle
(F=8.565, df=1, p=0.014) reflecting a slightly lower variability for the short pulse in the target
muscle (FDI) and a reversed pattern for the non-target muscle (ADM). However, post-hoc t-

tests did not confirm a significant difference for pulse duration at any level of intensity.
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Contralateral silent period increased as expected with intensity (s. figure 5). At a stimulus
intensity of 120% AMT six out of twelve subjects did not show a clearly discernable silent
period in up to three out of 10 trials. These trials were not included in the calculation of mean
values. ANOVA confirmed a main effect of intensity (F=64.525, df =2, p<0.001) without any
other main effects or interactions. However the variability of ¢SP duration was significantly
higher for the single pulse compared to the simultaneous pulse as revealed by a main effect of
pulse duration (ANOVA for normalized MCD: F=31.911, df=1, p<0.001) and decreased with
increasing intensity (F=3.923, df=2, p=0.035). Post-hoc t-test confirmed the effect of pulse
duration for the ADM at 120% AMT only (t=3.851, df=11, p=0.003).

There were no statistically significant differences concerning ipsilateral silent period

measured at 160% AMT (s. table 2). None of the subjects showed ipsilateral MEPs.

Discussion

The present study shows that an increase in stimulus duration by a factor of 1.4 compared to
the standard configuration reduces both active and resting motor threshold expressed as
%MSO by approximately 20%. Within the range of pulse durations tested here there is no
difference in commonly used single pulse measures of corticospinal excitability as long as the
intensity is adapted to the respective threshold. However, our data indicate that pulse duration
might have an effect on variability of MEP amplitudes under tonic contraction and variability

of silent period duration.

Effect of stimulus duration on motor threshold
The finding of a 20% decrease in motor threshold expressed as %MSO is in line with

previous studies and calculations. Barker and colleagues (Barker et al., 1991) found that the
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stored energy required to induce threshold responses was 1.27 times higher when the
magnetic field rise time was prolonged by a factor of approximately 1.4 (standard capacitance
vs. double capacitance). According to the equation for stored energy W on a capacitor W = 14
C * V2 this translates to a 0.797 times lower voltage V when considering that the capacitance
C is doubled for the longer pulse. In the present study we could confirm this stimulus duration

— response relationship for measurement both in the resting and tonically contracting muscle.

Threshold-adapted measures of corticospinal excitability

This is the first study systematically comparing different parameters of corticospinal
excitability for two different pulse durations of TMS. There were no statistically significant
differences in these parameters for the two pulse durations as long as stimulus intensities are
adapted to the respective threshold.

The chronaxie for a stimulus duration — response relationship has been estimated to be around
2.5 times the membrane time constant for magnetic stimulation when the shape of the
electrical field is modelled by a triangle (instead of the first quarter of a cosine wave). Thus
both pulse durations tested in the present study (82us and 117us) can be regarded as short
compared to an estimated chronaxie of approximately 375us). In order to selectively target
different neuronal populations on the basis of different membrane time constants thus a wider
range of pulse durations such as proposed for a near rectangular pulse (Peterchev et al., 2008)

might be required.

Response Variability

MEPs after cortical stimulation typically vary considerably in amplitude and shape with a
lower normalized MCD at higher stimulus intensities (Kiers et al., 1993). These fluctuations
cannot be explained by methodological aspects such as changes in muscle relaxation,

attentional modulation or slight displacement of the TMS coil alone. Based on studies using
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the triple stimulation technique and brainstem stimulation Rosler and colleagues concluded
that the main cause of this trial-to-trial variability are fluctuations in cortical and spinal
excitability, which change the number of motor neuron that are close enough to their firing
threshold to make them respond to the TMS pulse (Rosler et al., 2008). To our knowledge
there are no published studies on the pulse-to-pulse variability of the contralateral silent
period. It is conceivable, that the longer pulse duration increases the firing probability of
neurons close to threshold leading to more stable effects. The preferential effect of pulse
duration on c¢SP compared to the MEP amplitude would support the view that these
parameters are mediated by distinct neuronal populations. In this context it is important to
note that stimulus intensity for cSP measurements were adapted to AMT which might differ

from the c¢SP threshold.

Implications for future studies

Even though energy transfer from the stimulator to neural membranes is less efficient with
longer pulses and coil heating is increased, the possibility to expand the range of stimulator
strength is certainly useful in a number of settings. It has been shown that motor thresholds
increase with age even in healthy humans (Rossini et al., 1992), and a further increase has
been described in diseases affecting the corticospinal tract such as multiple sclerosis, stroke,
brain or spinal cord injury (Kobayashi and Pascual-Leone, 2003). Motor threshold has also
been shown to be increased after intake of certain drugs, especially Na'-channel antagonists
(Paulus et al., 2008; Ziemann, 2003). In some of these cases a stronger stimulus than 100%
MSO with the standard pulse duration might be required and could be realized using a longer
pulse duration. However, increasing the pulse duration does not seem to change the saturation
level of MEP amplitudes. That means using longer pulses would not increase MEP
amplitudes if they already saturate at a low level because of increase temporal dispersion in

the corticospinal conduction e.g. in MS.
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The lack of differences in threshold adapted measures of corticospinal excitability allows the
combination of different pulse durations within the same study if higher stimulus strength is
required in some subjects. This also means that studies using different stimulator systems
which might differ slightly in pulse duration are comparable as long as pulse configurations
(current direction, phase configuration) are identical and stimulus intensities are adapted to
the individual motor threshold. The use of longer TMS pulses might reduce variability in cSP
measurements, while it does not affect the mean duration, which has been shown to differ
between different pulse configurations (Orth and Rothwell, 2004).

It is important to note that even changing the TMS coil might change the pulse duration for a
given stimulator as the resonant frequency also depends on the inductivity L (s. equation 1).
However changing the coil leads to more complex changes than just pulse duration, as it will
also change the geometry of the magnetic field resulting in different functional effects of

TMS (Lang et al., 2006).

Conclusion

Increasing the pulse duration for TMS within the limits of commercially available systems
produces stronger pulses which might be needed in subjects with higher threshold due to age,
medication or disease. It might also be useful to reduce trial-to-trial variability. The results
further suggest that pulse duration does not have an effect on several measures of

corticospinal excitability as long as it is adapted to the motor threshold.
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Figure 1: Pulse configuration. Time course of the induced electric field in a wire probe
(measured data) at 75% maximum stimulator output (a) and the estimated magnetic field
calculated as integral of the original data (b) for the pulse of a single stimulator and the
simultaneous mode respectively. All values are given in arbitrary units. The amplitude of the
induced electrical field is identical for both stimulator configurations which corresponds to an
identical initial rate of change for the magnetic field. The duration of the first phase of the
electrical field (= magnetic field rise time) is 0.082ms for the single stimulator and 0.114ms

for the simultaneous mode respectively.
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Figure 2: Motor Threshold. Resting (RMT) and active motor threshold (AMT) for the longer

(simultaneous) pulse are significantly lower in terms of maximum stimulator output (i.e.

capacitor voltage) compared to the standard (single) pulse. Boxes represent all values between

25™ and 75" percentile with a horizontal bar at the position of the median. Upper and lower

Whiskers represent the maximum and minimum values respectively. *** marks highly

significant differences (p < 0.001, paired two-tailed t-tests).
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Figure 3: Input-Output curves for MEP amplitudes [mV] at rest for the target muscle (FDI)

and non-target muscle (ADM) of the right hand.). There were no statistically significant

effects of pulse duration. All values are presented as mean + standard deviation.
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Figure 4: MEP amplitudes under tonic contraction. Mean amplitudes of the target muscle

(FDI) and non-target muscle (ADM) of the right hand in mV. All values are presented as

mean =+ standard deviation.
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Figure 5: Contralateral silent period. (a) Mean duration of the contralateral silent period in the
target muscle (FDI) and non-target muscle (ADM). (b) Normalized MCD for the cSP
duration. All values are presented as mean = standard deviation. Filled symbols in (b)

represent a significant difference between the two pulse durations (p < 0.05, paired two-tailed

t-test).
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Table 1: Characteristics of MEPs measured at 160% RMT. Latency, duration and area of the
first phase of the MEP recorded from the target muscle (FDI) and non-target muscle (ADM)

of the right hand. All values are presented as mean across subjects = standard deviation.

single simultaneous
FDI ADM FDI ADM
latency 222+14 218+10 223+14 219+1.1
duration first phase 75+1.2 85+1.6 75+1.1 85+1.4
area first phase 7.2+4.9 7.0+4.7 6.5+3.3 6.5+3.4

Table 2: Ipsilateral silent period. Latency, duration and ratio of the mean rectified EMG
activity during iSP divided by the level of prestimulus activity for the FDI of the left hand.
There were no statistically significant differences for the two pulse durations. All values are

presented as mean values + standard deviation.

single sim p-value
iSP latency 33.1+53 314+5.1 0.461
iSP duration 28.1+7.9 30.6 £5.8 0.331
EMG Ratio iSP 68.5% + 12.0% 66.0% + 15.8% 0.494

221 -
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2.5 The effect of rTMS over left and right
dorsolateral premotor cortex on movement timing
of either hand

A precise timing ability is crucial for dextrous hand motor function, which is
impaired in a number of movement disorders. Functional interactions in a
cerebello-thalamo-cortical network (Pollok et al., 2005) and a specific
function of the left dorsolateral premotor cortex (dPMC) (Pollok et al.,
2006) have been proposed as the basis for a unimanual auditorily paced
synchronisation task. The aim of the following study was to further clarify
the role and functional hemispheric asymmetry of the dPMC for movement
timing. Inhibitory rTMS and pairs of TMS pulses were used as a transient
functional lesion to elucidate the functional relevance and time window of
dPMC action in healthy human subjects.

Inhibition of the left dPMC resulted in an increase in asynchrony and
variability for either hand, while there was no significant effect of right
dPMC stimulation. The time window for disturbance of the contralateral
right hand was at 160ms prior to the auditory signal, while synchronization
of the left hand was disturbed at 200ms prior to the pacing signal. This
implies that the relevant connections between left dPMC and right primary
motor cortex for movement timing are most likely mediated by an indirect
pathway.

These results highlight the role of the left dPMC in movement timing which
might be and interesting target in movement disorders.
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Abstract

It has been suggested that the left dorsolateral premotor cortex (dPMC) controls timing abilities of either hand. To further clarify its
functional significance for movement timing, low-frequency repetitive transcranial magnetic stimulation (rTMS) was applied over the
left and right dPMC, respectively, while subjects performed an auditorily paced finger-tapping task with each hand. rTMS over the left
dPMC decreased tapping accuracy of both hands, whereas no behavioural effects occurred following right dPMC stimulation. To
elucidate the time window in which left dPMC TMS disturbs synchronization abilities, pairs of TMS pulses were applied over the left
dPMC and the left anterior parietal cortex serving as control condition. TMS pulses were applied randomly at 40 ms, 80 ms, 120 ms,
160 ms, 200 ms and 240 ms before pacer onset, as taps precede the pacing signal for about 20-60 ms. Again, the analysis revealed
that TMS over the left dPMC disturbed synchronization abilities of either hand; however, this effect was shown at different times
suggesting that the left dPMC affects the right M1 via at least one additional relay station. The present data support the hypothesis
that the left dPMC is crucial for accurate timing of either hand. Additionally, they reveal a piece of evidence that the left dPMC affects

the left hand not via a direct left dPMC-right M1 connection.

Introduction

A fundamental prerequisite for exact timing abilities is the temporally
precise interaction between spatially distributed brain areas compri-
sing cortical as well as subcortical structures (for an overview, see
Wing, 2002). A recent study suggests that a unimanual synchroniza-
tion task, which requires subjects to press a button in synchrony with a
regular auditory pacing signal, is associated with functional interaction
in a cerebello-thalamo-cortical network (Pollok et al., 2005). Further-
more, a specific significance of the left dorsolateral premotor cortex
(dPMC) for movement timing has been evidenced, showing functional
interaction between the left dPMC and bilateral primary sensorimotor
cortices (S1/M1). In contrast, the right dPMC was shown to be
functionally connected with ipsilateral S1/M1 only (Pollok et al.,
2006). These data suggest that the left dSPMC modulates neural activity
in bilateral S1/M1, at least, in tasks that require precise timing
abilities. The specific functional relevance of this interaction pattern
for synchronization tasks, however, has yet to be solved.

One possibility to elucidate the functional significance of a certain
brain area for a specific task is to transiently affect its function by
transcranial magnetic stimulation (TMS; for reviews, see Pascual-
Leone et al., 2000; Sack & Linden, 2003; O’Shea & Walsh, 2007).
Thus, TMS provides the possibility to transiently and non-invasively
modulate neural activity in focal brain regions. TMS can be applied as
single- or paired-pulses, or repetitively at different frequencies.

Correspondence: Dr B. Pollok, as above.
E-mail: bettina.pollok@uni-duesseldorf.de

Received 17 September 2007, revised 15 November 2007, accepted 11 December 2007

Whereas single- and paired-pulses depolarize cortical neurons for
the stimulation period, repetitive TMS (rTMS) at intensities below
motor threshold modifies the excitability of focal brain areas, which
outlasts the stimulation period (reviewed in Anninos et al., 2006;
Pascual-Leone er al., 2000; Kobayashi & Pascual-Leone, 2003).
Under most conditions, low-frequency rTMS at 1 Hz results in
reduced cortical excitability (for reviews, see George et al., 2003;
Kobayashi & Pascual-Leone, 2003). Consequently, low-frequency
rTMS reveals the possibility to affect circuitries relevant for the
execution of a specific task and, therefore, allows establishing the
causal role of a given cortical region by directly investigating
the relation between behaviour and brain function. In addition,
single- or paired-pulse TMS allows to trace the time course of this
contribution to behaviour (for an overview, see Pascual-Leone et al.,
2000).

Data from our previous study (Pollok ef al., 2006) imply that the left
dPMC controls both hands in tasks that require precise timing abilities.
Additionally, these data suggest that the left dPMC controls both
hands via direct left dAPMC-M1 connection. Thus, we hypothesized:
(1) that rTMS over the left dPMC affects timing abilities of both hands.
Because temporal processing, at least timing of sequential movements,
has been primarily related to the left hemisphere, we further
hypothesized: (ii) that rTMS over the right dPMC should have no
behavioural effects. Additionally, our previous data suggest that the
left dPMC affects the left hand performance via a direct left dPMC—
right M1 connection. We therefore hypothesized that: (iii) perfor-
mance of both hands should be affected by TMS in comparable time
windows. Because data from a pilot study revealed that single-pulse
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TMS is not effective in disturbing synchronization abilities, we
applied paired-pulse TMS in order to boost the stimulation effects.

Materials and methods
Subjects and paradigm

Twelve healthy right-handed subjects participated in each experiment.
They gave their written informed consent prior to the study and were
naive with regard to its exact purpose. All applied TMS parameters are
in accordance with general safety guidelines (Wassermann, 1998). The
study was approved by the ethics committee of the medical faculty of
the Georg-August University, Gottingen, and is in accordance with the
declaration of Helsinki.

Subjects performed a unimanual synchronization task. To this end,
they pressed the space bar of a computer keyboard with respect to a
regular auditory pacing signal with the left and the right index finger,
respectively. The onset of space bar presses was determined using
eprime (http://www.pstnet.com). The pacing signal was presented
binaurally with a constant interstimulus interval of 800 ms and with a
duration of 10 ms. Handedness was assessed using the Edinburgh
inventory (Oldfield, 1971). Subjects were comfortably seated in a
reclining chair. During rTMS they were instructed to relax and to keep
their eyes open. During the tapping task, subjects closed their eyes to
avoid visual feedback. A short training period of about 10 finger-taps
preceded both experiments, respectively.

Behavioural data were analysed with respect to two measures: (i)
the asynchrony, which is defined as the temporal distance between tap
onset and pacer onset; and (ii) the inter-tap variability. Usually,
subjects show a negative asynchrony, indicating that the tap leads over
the pacing signal for about 20—60 ms.

TMS procedure

TMS was administered using a Magstim standard figure-of-eight coil
with an outer winding diameter of 70 mm connected to a Magstim
Rapid? stimulator (Magstim Company, Dyfed, Wales, UK) and placed
tangentially to the scalp. The handle pointed backwards and laterally
at 45° away from the midline, inducing an initial posterior—anterior
current flow in the brain. The magnetic stimulus had a biphasic
waveform with a pulse width of about 300 ps.

All stimulation areas of interest were localized with reference to the
primary motor cortex. To this end, surface electromyography (EMG)
of the first dorsal interosseus (FDI) muscle of the contralateral hand
was recorded. We first localized the optimal cortical representation of
the FDI by eliciting motor-evoked potentials (MEP; for an overview,
see Kobayashi & Pascual-Leone, 2003). By moving the coil in 0.5-cm
steps anterior, posterior, medial and lateral to this area, the exact
localization of the point that invoked the maximum motor response of
the FDI muscle was determined as the motor hot spot and marked with
a skin pen on the scalp. EMG was only recorded during localization of
the M1 hand area and determination of motor thresholds.

PMC was localized 2.5 cm anterior to the motor hot spot. This
procedure is in accordance with previous studies (e.g. Schluter ef al.,
1998, 1999; Munchau et al., 2002; Schlaghecken et al., 2003;
Mochizuki et al., 2004, 2005), and agrees well with data from
functional imaging studies indicating that the dPMC is located about
20 mm anterior to the M1 hand area (Fink et al., 1997; Picard &
Strick, 2001). In addition, in the second experiment we localized the
anterior part of the posterior parietal cortex (APC) 2.5 cm posterior to
the motor hot spot most likely corresponding to the primary
somatosensory cortex.

Experiment 1

Twelve healthy right-handed volunteers (six males) participated in the
study. The mean age was 29.2 + 2.1 years (mean + SEM), and the
overall age ranged between 21 and 43 years. We applied rTMS over
the left and right dPMC in separate runs at 1 Hz for 20 min, resulting
in 1200 TMS pulses, respectively. Stimulation intensity was set to
90% of the individual active motor threshold (AMT). AMT is defined
as the intensity needed to evoke MEPs in the tonically contracted FDI
muscle of about 200 pV in five of 10 consecutive trials. This intensity
has been shown to induce a decrease of cortico-spinal excitability,
which outlasts the stimulation for several minutes when applied as
rTMS over the dPMC (Gerschlager et al., 2001). Subjects performed
the finger-tapping task with each hand in consecutive runs before and
immediately after rTMS. In each experimental condition subjects
performed 50 auditorily cued finger-taps. Thus, each run lasted for
about 40 s. To avoid carry-over effects of the magnetic stimulation,
the second rTMS session was performed 48 h after the first one. All
experimental conditions were pseudorandomized and counterbalanced
across subjects.

Experiment 2

The second experiment was performed to determine the time window
in which the left dPMC affects synchronization abilities of the left and
right hand, respectively. To this end, pairs of TMS (ppTMS) pulses
with an interstimulus interval of 20 ms were applied while subjects
performed the finger-tapping task with both hands, each. Again 12
subjects (seven males) participated in the experiment. Nine of them
were investigated in the first study. The mean age was 29.4 (+ 1.7;
range: 23-43) years.

Because data from the first experiment showed that merely left
dPMC stimulation affects synchronization accuracy, TMS was applied
to the left hemisphere, only. In addition to dPMC stimulation, in a
separate run ppTMS were applied over the APC serving as control
condition. In each subject stimulation over the APC and the dPMC
was applied sequentially in consecutive runs on 1 day. Experimental
runs were pseudorandomized and counterbalanced across subjects.
Stimulation intensities were set to 90% of the individual resting motor
threshold (RMT). RMT is defined as the intensity needed to evoke
MEPs in the relaxed FDI muscle of about 50 pV in five of 10
consecutive trials. This intensity was chosen because it has been
shown that single-pulse stimulation with 90% RMT over the dPMC
inhibits MEPs of ipsilateral hand muscles (Mochizuki et al., 2004).
Thus, we expected stimulation at 90% RMT to activate inhibitory
pathways between the dPMC and the contralateral primary motor
cortex. Because in two pilot data a selective effect of single TMS
pulses did not occur, we administered paired-pulses to increase the
effect of stimulation without increasing the stimulation intensity
(Mochizuki et al., 2005). We chose this procedure because: (i) it is
likely that higher stimulation intensities lead to spread towards the
adjacent motor cortex; and (ii) higher stimulation intensities are
associated with stronger tactile sensations, which may induce
unspecific behavioural effects.

Due to the fact that subjects usually show a negative asynchrony
(i.e. the taps precede the pacing signal for about 20-60 ms), TMS
pulses were applied 40 ms, 80 ms, 120 ms, 160 ms, 200 ms or
240 ms before the onset of every third pacing signal. The temporal
distance between pacing signal and TMS pulses was randomized
(Fig. 1).

Hereby, TMS pulses were predictable, but the temporal distance
between pacer and TMS was unpredictable. This procedure was
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Fi1G. 1. Summary of the experimental procedure used in the second experi-
ment. The pacing signal was presented with a constant interstimulus interval of
800 ms. With respect to the onset of each third pacing signal, pairs of
transcranial magnetic stimulation (ppTMS) were applied with varying intervals
(i.e. 40 ms, 80 ms, 120 ms, 160 ms, 200 ms or 240 ms). The temporal distance
between ppTMS onset and onset of the pacing signal was randomized across
subjects and across trials.

chosen because pilot data demonstrate that the unpredictable presen-
tation of TMS pulses disturbed synchronization abilities in a
temporally and spatially unspecific way (i.e. synchronization accuracy
was declined in all time windows and following stimulation over the
dPMC as well as over the APC).

Each experimental run started with a baseline measurement, in
which the coil was held over the respective stimulation site without
applying TMS pulses. Following 20 taps without stimulation, ppTMS
was applied. For each stimulation interval subjects performed 20 taps.
Additionally, between stimulation 240 taps without ppTMS were
performed. All in all, each experimental run consisted of 380 taps.

TMS pulses produce additional tactile and auditory cues, which
may facilitate simple reaction times (Terao et al., 1997). To make
subjects familiar with the procedure, a first training condition was
conducted in which subjects performed the finger-tapping task with
the right hand while TMS pulses were applied about 10 cm behind
each subject’s head. Hereby, effects of the auditory cue were expected,
which tally with that during real TMS stimulation. This test condition
was performed in each subject before TMS was applied over the
cortex.

Results
Experiment 1

Analysis of the handedness inventory revealed quotients that ranged
between 95 and 100, indicating that all subjects were strictly right-
handed. The mean AMT was 52.0 + 3.1% max. stimulator output for
stimulation of the right hemisphere and 46.0 + 1.6% max. stimulator
output for stimulation of the left hemisphere. Although this difference
was not significant (z;; = 1.9; P = 0.08), stimulation of the right
hemisphere required higher stimulation intensities as compared with
the left side.

Analysis of asynchrony values revealed a negative asynchrony (i.e.
taps preceding the pacing signal) in all experimental conditions. In a
first step, we compared synchronization abilities preceding each rTMS
session. Analysis using a two-way analysis of variance (ANOVA) with
factors session (before left rTMS vs before right rTMS) and hand (left
vs right) revealed a slight but not significant increase of the negative
asynchrony preceding right dPMC stimulation (P > 0.2). The mean
values are depicted in Fig. 2.

Because we were interested in effects due to rTMS, we analysed
data with respect to the baseline values immediately preceding each
rTMS session.

Premotor cortex and movement timing 759

Right hand Left hand

N
oo
L

-20
-30 4 =
40 4
-50 4
-60 4
-70 4
-80 -

Asynchrony (ms)

B Before left rTMS Before right rTMS

FI1G. 2. Mean negative asynchrony values immediately before left and right
repetitive transcranial magnetic stimulation (rTMS). Error bars indicate
standard error of mean.

Statistical analysis using a three-way ANOVA with factors hand (left
vs right), stimulation (rTMS vs pre-rTMS) and location (left dPMC vs
right dPMC) revealed a significant main effect of stimulation
(Fi,1 =9.9; P=10.01), and a significant interaction between stim-
ulation and location (F ;; = 10.2; P = 0.01). Post hoc analysis using
Scheffé test revealed that rTMS over the left dPMC significantly
increased the negative asynchrony of each hand, whereas rTMS over
the right dPMC did not result in significant behavioural changes
(Fig. 3).

Inter-tap variability was analysed by calculating relative changes
following rTMS. To this end, pre-rTMS values were set to 100%, and
the individual changes in each subject following rTMS were
calculated with respect to these baseline values. Analysis revealed a
significant increase of variability following left dPMC stimulation
(F1,11 = 5.5; P = 0.04). No significant effects were observed follow-
ing right dPMC stimulation (P > 0.3). Figure 4 summarizes relative
changes of inter-tap variability of both hands during all experimental
conditions.

Finally, we investigated the mean inter-tap interval in all conditions
to estimate whether rTMS affects the subjects’ tapping speed. Analysis
using a three-way ANOVA with factors hand (left vs right), stimulation
(TMS vs pre-rTMS) and location (left dPMC vs right dPMC)
revealed neither significant main effects nor interaction (P > 0.1).

Experiment 2

Values of the Oldfield inventory ranged between 95 and 100. The mean
RMT was 52.4 £+ 1.7% max. stimulator output. To estimate whether the
dPMC affects synchronization abilities in a specific time window, paired
t-tests were performed. To this end, we compared synchronization
accuracy during ppTMS with those during the respective baseline
condition. Right-hand asynchrony was increased by ppTMS over the
dPMC at about 160 ms before onset of the pacing signal, corresponding
to 50 ms before onset of the finger-tap (¢11, one-tailea = 1.8; P = 0.05).
Contrary, left-hand asynchrony was increased when ppTMS was applied
at about 200 ms prior to the pacing signal (i.e. 90 ms prior to the tap;
11, one-tailed = 2.0; P = 0.04). Figure 5 summarizes the effects of
ppTMS on synchronization abilities.

Discussion

Recent data imply that in sensorimotor synchronization tasks the left
dPMC controls movement timing of either hand (Pollok ef al., 2006).
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F1G. 3. Effects of repetitive transcranial magnetic stimulation (rTMS) over the left and right dorsolateral premotor cortex (dPMC). Asynchrony values following
stimulation were compared with baseline values immediately before rTMS. Please note that rTMS over the left dPMC increased asynchrony values of both hands,

while no effect was observed following right dPMC stimulation. **P < 0.01.

Additionally, these data suggest that dPMC might affect the ipsilateral
hand via a direct left dAPMC-right M1 connection. The present study
aimed at elucidating the significance of this interaction pattern for
movement timing. Our data suggest that explicit timing of both hands
is premised on unimpaired left dPMC function. However, the time
course of functional interaction between the left dAPMC and bilateral
M1 reveals a piece of evidence for the assumption that dPMC
controls the ipsilateral hand not via a direct left dPMC-right M1
connection.

Behavioural effects of rTMS

In all conditions we found the tap preceding the pacing signal. This so-
called negative asynchrony is a well-established phenomenon dem-
onstrated in a variety of behavioural studies (reviewed in Repp, 2005).
We found the negative asynchrony of both hands to be increased
following rTMS of the left but not the right dPMC. Because
stimulation intensity of rTMS over the right hemisphere was stronger

as compared with left dPMC stimulation, this result cannot be
explained by ineffective stimulation of the right hemisphere.

Interestingly, a previous study did not show an effect of r”TMS over
left PMC for such synchronization tasks (Doumas et al., 2005). In this
study, rTMS was applied over the left hemisphere with stimulation
intensities of 90% RMT, whereas in the present study stimulation
intensity was set to 90% AMT. Although this discrepancy is not yet
clear, one might speculate that the behavioural effects of rTMS might
vary with stimulation intensity. However, results from our second
experiment weaken this assumption, as ppTMS at 90% RMT results in
an increase of the negative asynchrony as well.

We further investigated whether rTMS affects the subjects’ ability
to perform a movement with a certain frequency. Analysis revealed
that despite rTMS, subjects performed their finger-taps with the
requested mean interval of 800 ms. However, inter-tap variability of
both hands increased following left rTMS. Thus, rTMS over the left
dPMC affects the subjects’ ability to keep in time with a specific event
but not to perform a movement at a certain frequency. These results
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pose the question for the putative functional significance of the left
dPMC for movement timing.

Functional significance of the left dPMC for motor control

It is well established that in right-handed subjects the left hemisphere
is crucial for motor control, particularly for sequence production (for
overviews, see Harrington & Haaland, 1992; Haaland & Harrington,
1996; Serrien et al., 2006).

In several studies, TMS stimulation over the dPMC has been used
to investigate its effects on reaction times (Schluter et al., 1998;
Schlaghecken et al., 2003; Mochizuki et al., 2005). These studies
show that left dPMC stimulation delayed reaction times of the
contralateral right hand. The effects on ipsilateral left-hand perfor-
mance, however, were contradictory. Whereas Schluter et al. (1998)
found the left-hand reaction times to be delayed, other studies did not
replicate these findings (Schlaghecken et al., 2003; Mochizuki et al.,
2005). All in all, these data indicate that left dPMC stimulation affects
reaction times in complex choice reaction tasks that require response
selection, but not in simple reaction tasks, an interpretation corrob-
orated by a recent TMS study (Koch et al., 2006), showing that the left

Right hand

time of TMS (ms)
-40 -80 120 -160  -200 -240

time of TMS (ms)
-40 -80 -120 -160 -200 -240

| de 4 o
T 1

F1G. 5. Effects of pairs of transcranial magnetic stimulation (ppTMS) over the left dorsolateral premotor cortex (dPMC) and the left anterior parietal cortex (APC)
administered at different time windows on asynchrony values. The grey line indicates the mean negative asynchrony during the baseline condition preceding each
stimulation. Whereas no significant effects of APC stimulation were evident, TMS over the dPMC affects both hands in different time windows (grey bars).
Error bars indicate standard error of mean. Please note that TMS pulses were applied with respect to the pacing signal. Therefore, left-hand performance
was disturbed when the dPMC was stimulated at about 90 ms prior to tap onset, whereas the right hand was affected following TMS at about 50 ms before tap onset.

*P < 0.05.

© The Authors (2008). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 27, 757-764



762 B. Pollok et al.

dPMC may facilitate movements of the ipsilateral hand. Although
these data suggest that the left dPMC controls both hands, this
function does not seem to be exclusively related to the left hemisphere
as right dPMC stimulation delayed complex reactions of the
contralateral left hand (Schluter et al., 1998). In contrast, the data of
the present study support the hypothesis that at least in tasks that
require a movement with respect to a certain external event the left
hemisphere, in particular the left dPMC, is crucial. Although a left
hemispheric dominance for precise timing abilities is well established
(for review, see Serrien et al., 2006), it is the cerebellum that has been
related to such event timing in the subsecond range (for reviews, see
Ivry et al., 2002; Ivry & Spencer, 2004). Because it is well established
that the cerebellum is closely connected to the cerebral cortex via a
cerebello-thalamo-cortical loop (for review, see Horme & Butler,
1995), one might speculate that the cerebellum indicates the point in
time when a specific event occurs, whereas the left dPMC is crucial for
the implementation of a movement at this time. The hypothesis of a
functionally relevant functional connectivity between the cerebellum
and dPMC is supported by a recent TMS study (Del Olmo et al.,
2007). But, these results do not necessarily mean that left dPMC is
directly related to movement timing. Alternatively, it has been
evidenced that dPMC has a specific meaning for movement prepa-
ration (Churchland & Shenoy, 2007). In this study, PMC microsti-
mulation in macaque monkeys increased reaction times when applied
around the go-cue, whereas stimulation of the primary motor cortex
did not result in reaction time changes. Compiling these results and
those from the present study, the effect observed might be due to a
disturbance of preparatory activity within the dPMC.

However, this would not necessarily explain why the negative
asynchrony increased following rTMS. Presently, we do not have a
conclusive answer on this question. One highly speculative hypothesis
might be that a possible function of dPMC is not only to initiate but
also to inhibit a movement. Thus, rTMS might have disturbed this
putative inhibition, resulting in an increase of the negative asynchrony.
It should be stressed that this interpretation is highly speculative and
needs to be investigated directly.

Effects of sites remote from the dPMC

Electroencephalographic recordings suggest a rapid spread of activa-
tion following TMS (Ilmoniemi et al., 1997). Combination of TMS
with positron emission tomography and functional magnetic resonance
imaging indicates that cerebral blood flow changes in regions that are
anatomically connected to the target region (Paus et al., 1997;
Bestmann et al., 2004). Further evidence for the hypothesis that low-
frequency rTMS results in activation changes in connected brain areas
comes from several TMS studies (Wassermann et al., 1998; Gersch-
lager et al., 2001; Munchau et al., 2002; Baumer et al., 2006). Thus,
one might argue that present data are due to: (i) a widespread
stimulation rather than to local stimulation of the dPMC; or to (ii)
changes of cortico-cortical or cortico-spinal connections. The rela-
tively low stimulation intensity of 90% AMT weakens the former
interpretation (Ilmoniemi et al., 1997; Nahas et al., 2001; Baumer
et al., 2003). It is well known that low-frequency rTMS over the
primary motor cortex affects the excitability of motor cortical neurons
(Lang et al., 2006) without changes of basic motor behaviour, as
determined by maximum tapping speed (Chen ef al., 1997) or muscle
force and movement acceleration of the thumb (Muellbacher et al.,
2000), although in one study a slowing of fastest tapping was observed
(Jancke et al., 2004), which, however, was not required in the present
study. Therefore, it is unlikely that the observed disturbance of

synchronization abilities results from activation changes within M1.
Particularly, because in the studies of Chen et al. (1997), and of
Muellbacher et al., (2000), TMS over M1 was applied with supra-
threshold stimulation. Compiling these data, the effect observed in the
present study is most likely due to alterations of the functional
interplay between the left dPMC and the primary motor cortices.

Time course of stimulation effects

To further elucidate the pattern of functional interaction between the
left dPMC and bilateral M1, ppTMS was applied over the left dPMC
and over the left APC. APC stimulation did not affect synchronization
abilities. This result is in line with a previous study showing that
conditioning rTMS over the APC did not change the excitability of the
ipsilateral motor cortex (Gerschlager et al., 2001). Thus, the effect of
dPMC stimulation was again shown to be spatially specific.

Although there is growing evidence that the left dPMC exerts
dominance over the right hemisphere, the underlying mechanism
remains unclear. The data from our previous EMG study (Pollok et al.,
2006) imply a direct functional interaction between the left dPMC and
bilateral S1/M1. Anatomically, transcallosal connections between the
left dPMC and the right M1 have been evidenced in animal studies
(Rouiller et al., 1994; Marconi et al., 2003). From the first experiment,
we can not rule out the possibility that: (i) the left dAPMC affects the
contralateral hand indirectly via subcortical structures, possibly the
thalamus; or (ii) via other cortical areas like the contralateral dPMC or
the ipsilateral M1. Alternatively: (iii) direct cortico-spinal projections
originating in dPMC might contribute to the effect observed. The latter
opportunity is unlikely, as it has been shown that the electrical
stimulation threshold of cortico-spinal projection of the PMC is higher
than those originating in M1 (Cerri et al., 2003).

Previous studies tracking the time course of interhemispheric
facilitation and inhibition suggest a direct pathway between the left
dPMC and the right M1 (Mochizuki et al., 2004; Baumer et al., 2006).
However, it has yet to be solved whether this connection is
behaviourally relevant. Data from the present study suggest that
ppTMS over the left dPMC affects synchronization abilities of both
hands in different time windows. Whereas performance of the
ipsilateral left hand is disturbed by ppTMS at 200 ms before onset
of the pacing signal (i.e. about 90 ms prior to the tap), synchronization
of the right hand is altered when TMS is applied at 160 ms prior to the
pacing signal (i.e. 50 ms before tap onset). Thus, this effect is possibly
not due to direct connections between the left dPMC and the right M1.
Rather, it is more likely that the dPMC affects the left hand via an
indirect pathway running via the left M1 or the right dPMC or via a
subcortical locus.

Interestingly, the negative asynchrony during baseline was
increased in the second as compared with the first experiment. This
result indicates that the subjects’ performance was disturbed not only
by TMS pulses but also by the procedure itself without any
stimulation. Thus, one might speculate that the small effects observed
in the second experiment might be due to a simple ceiling effect. All in
all, we realize that the effect observed in the second experiment is
weak, but we would like to stress that the present data should only be
seen as first evidence against the idea that the left hand is controlled
via a direct left dAPMC-right M1 connection.

Conclusion

The present data suggest a spatially and temporally specific effect of
the left dAPMC on event timing. Our data support the hypothesis that
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the left dPMC modulates neural activity in bilateral primary motor
cortices, which is behaviourally relevant. Moreover, the present data
reveal first evidence against the assumption that the effect of the left
dPMC on right-hand performance is due to a direct connection
between left dPMC and right M1.
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Chapter 3 — Discussion

A causal treatment of movement disorders such as PD is not possible at present.
Pharmacological treatment strategies do not have a sufficient effect on all
symptoms of the disease. Some drugs lose their effect in the course of the disease
and are associated with adverse effects. Therefore additional non-pharmacological
treatment options would be desirable. The studies included in this thesis elucidate
different factors that are important for development and application of non-
invasive brain stimulation protocols and contribute to the understanding of the
mechanisms underlying rTMS induced after effects in healthy human subjects in
order to facilitate the rational design of suitable stimulation protocols in
movement disorders.

Several questions arise from the first study which was designed to compare short
term effects of conventional rTMS with the newly introduced TBS protocols. The
baseline assessment of motor performance in several tasks derived from standard
clinical tests showed strong training effects in the PD patients ON medication.
This has to be considered even in other patient studies that use repeated clinical
evaluation. On the other hand these changes might not reflect pure motor learning
by repeated performance of the respective tasks. An additional unspecific effect of
repeated rTMS sessions cannot be excluded, even if no significant short term
effect of a single rTMS session was present in this study, not even after TBS. Two
recent studies (Khedr et al., 2006; Lomarev et al., 2006) indicate that repeated
sessions of rTMS might be needed to achieve clinically significant improvement
of motor function. This resembles the approach for rTMS in the treatment of
depression (O'Reardon et al., 2007), where repeated sessions have become the
most common strategy.

One of the most important points for the application of rTMS in PD might be
whether the intervention should be combined with the patient’s previous
medication, an adapted medication or a transient interruption of drug intake.
While the size of possible effects could be bigger in the OFF condition an
impairment of neuroplastic processes strongly argues against a dopamine depleted
state. Several studies have shown impaired practice-dependent (Meintzschel and
Ziemann, 2006) or externally induced neuroplasticity (Nitsche et al., 2006) under

dopamine antagonists in healthy controls or in the dopamine-depleted OFF state
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in PD (Ueki et al., 2006). Accordingly training effects in study I were only present
in the ON group and not in a dopamine-depleted state. In healthy subjects
activation of dopamine receptors enhances inhibitory effects of rTMS (study II) or
cathodal tDCS (Nitsche et al., 2006), while it turns unspecific excitability
enhancement of anodal tDCS into inhibition (Kuo et al., 2008). In contrast
levodopa stabilizes synapse-specific plasticity facilitation following PAS (Kuo et
al., 2008). However, the use of dopaminergic drugs to enhance externally induced
neuroplasticity in PD patients is limited to a degree as doses exceeding the
patient’s previous medication might lead to undesirable dyskinesias. For the
application of rTMS in other disorders it is interesting to note that dopaminergic
potentiation of rTMS induced after effect might not be effective in other cortical
areas or pathological conditions such as the auditory cortex in tinnitus patients
(Kleinjung et al., 2009). Beyond dopaminergic medication a frequently used drug
for the treatment of PD is amantadine which acts as a NMDA receptor antagonist.
The exact mechanism by which amantadine improves motor function and reduces
levodopa induced dyskinesias is still a matter of debate (Paquette et al., 2008).
Nevertheless, if we assume that rTMS acts via the induction of neuroplastic
changes, the use of NMDA receptor antagonists might prevent these effects.
Practice-dependent representational plasticity has been shown to be impaired by
amantadine and memantine while there were no effects on motor learning
(Ziemann et al., 2006).

In addition to neuroplastic effects in the motor cortex itself even a change in
dopamine release in the striatum has to be considered in studies using rTMS in
PD. Strafella and colleagues showed that rTMS over the prefrontal (Strafella et
al., 2001) and primary motor cortex (Strafella et al., 2003) in healthy subjects as
well as in PD patients (Strafella et al., 2005) leads to a striatal dopamine release.
This effect was specific for the putamen ipsilateral to the stimulated hemisphere
with a smaller amount of dopamine release from a spatially enlarged area in the
more affected hemisphere in PD patients. However, an unspecific bilateral
dopamine release was also found after sham rTMS (Strafella et al., 2006). These
studies might imply that the main mechanism for rTMS induced improvements in
motor function in PD patient is an increased dopamine release from remaining

nigrostriatal projections rather than a neuroplastic effect in the primary motor
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cortex. Furthermore the sham study (Strafella et al., 2006) highlights the
importance of control experiments using sham stimulation.

Another important aspect for the design of studies using non-invasive brain
stimulation in PD is a possible dissociation of motor function and parameters of
pathologically altered excitability of the primary motor cortex. A recent study
demonstrated that rTMS over the premotor cortex normalized SP without clinical
effect, while DBS improved motor function without significant effect on SP
(Baumer et al., 2009). L-DOPA significantly improved motor function and
restored a shortened SP.

Despite these restrictions the motor cortex might still be an interesting target for
symptom relief in PD. Based on experiments in an animal model it has been
suggested recently that the effect of DBS on motor performance is mainly
mediated by corticosubthalamic projections originating in layer V of the primary
motor cortex (Gradinaru et al., 2009). However, in order to mimic the effects of
DBS a constant and selective stimulation of these projections would be required
which might be a mechanism underlying the effects of chronic epidural motor
cortex stimulation (Priori and Lefaucheur, 2007). Alternatively it might be
possible to activate these projections by neuroplastic changes induced in more
specific neuronal populations. For this purpose the underlying mechanism of
rTMS induced after effects need to be better understood.

In study I it could be shown that a high frequency of TMS pulses is not
sufficient to induce facilitatory after effects, but a pattern of stimulation trains and
breaks is required. Further studies are needed to clarify the optimal relationship
between stimulation intensity, stimulation train duration and breaks. Furthermore
it is not clear from this study which processes are active during the breaks. A first
approach might be to combine the rTMS protocol with voluntary muscle
contraction during the breaks in order to further increase excitability or utilize
surround inhibition. Even changes in the configuration and duration of single
TMS pulses as well as the direction of the induced electrical field have to be
considered, as the subsets of neurons targeted by the stimulation differ depending
on theses factors although spatially overlapping. In study III this is evident from
the effects of current direction for both the rTMS protocol and single pulses for
the assessment of cortical excitability. Study IV focuses on the impact of pulse

duration for single TMS pulses and shows that this factor is most relevant for the
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relationship between the maximum amplitude of the induced electrical field and
motor threshold. For threshold adjusted measures no significant difference was
found in the range of pulse durations that can be realized with commercially
available systems. This is important for the comparison of studies performed with
different TMS setups.

Precise motor timing requires the coordinated activation of a complex network of
different cortical and subcortical areas. Therefore improvement of motor
symptoms might be achieved by interactions with different targets in this network.
An interesting target might be the left dPMC, which has been shown to be
involved in an auditorily paced motor synchronisation task (Pollok et al., 2005)
among other functions. Using a virtual lesion approach the functional relevance of
the left dPMC for either hand could be demonstrated (study V). It would be
interesting to expand these experiments to patient studies. It is know that
movement initiation and self-paced finger tapping at maximum speed is impaired
in PD. External cues can be utilized to overcome these problems. In addition, the
premotor cortex can be easily targeted by rTMS and is highly connected to

bilateral primary motor cortices.

In conclusion the studies included in this thesis stress the importance of clarifying
the mechanisms underlying non-invasive brain stimulation. The application as a
therapeutic tool in movement disorders seems promising but at present premature.
Changes in cortical excitability caused by the primary pathology or adaptive
processes lead to an altered susceptibility to externally induced neuroplastic
changes. Therefore stimulation parameters cannot simply be copied from studies
in healthy subjects but need to be adapted to the underlying pathophysiology. As
the combination of Parkinsonian symptoms and the respective neurophysiological
alterations might differ between patients, it might even be necessary to adjust

several stimulation parameters individually.
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