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Abstract
Background and Aims: Repetitive Transcranial Magnetic Stimulation (rTMS) is
a non‐invasive technique capable of altering cortical excitability and treating
disease through effects on long term potentiation and depression. In general,
high frequency stimulation is thought to produce facilitation, whereas low
frequencies (1 Hz or less) produce inhibition. Few studies have investigated
inhibitory rTMS using frequencies less than 1 Hz. One potential indication for
inhibitory rTMS is hemispheric stroke, where hyperexcitability in the unaffected
cortex may be detrimental, due to upregulated transcallosal inhibitory
influences. Inhibitory rTMS to the unaffected hemisphere may be of benefit.
Simple motor reaction times (SRT) are slower when performed bimanually
versus unimanually, in an effect termed Bimanual Cost (BC). BC is probably
mediated by similar transcallosal mechanisms. The aims of this study were
firstly to compare the effects of different low frequency rTMS protocols, and
secondly, to determine if BC as a functional model for transcallosal effects in
stroke could be modulated by rTMS.
Methods: Three stimulation frequencies (1, 0.2 and 0.05 Hz) delivered to the
right motor cortex at two intensities (110% and 80% of resting motor threshold)
were compared in 20 normal volunteers aged 45 to 75 years, using a
counterbalanced cross over design. TMS was carried out using a 70 mm figure of
eight coil and was preceded and followed by assessment of neurophysiology
with single pulse TMS, SRT and strength dynamometry. Each subject received
four out of six possible combinations of frequency and intensity in sessions
spaced at least 4 days apart.
Results: Contrary to expectations, the predominant effect of rTMS protocols
was to increase resting MEP (RMEP) amplitudes, indicating cortical excitation
rather than inhibition. Comparison of protocols using a mixed linear statistical
model revealed significant effects of frequency and intensity. Frequency was a
significant determinant of RMEP (p= 0.026), CSP (p< 0.001) and unimanual SRT
(Right and left hand, p= 0.02 and p<0.001 respectively). 1 Hz was more effective
than both 0.2 and 0.05 Hz at raising RMEP amplitude (p< 0.001). Low intensity
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was more effective than high intensity at raising RMEP (p< 0.001) and caused a
slight reduction in pinch grip strength (p= 0.044). There was significant
interaction between frequency and intensity (p< 0.001) and the 1 Hz low
intensity combination was the most effective at raising RMEP amplitude (p<
0.001). BC was increased ipsilaterally with low intensity 1 Hz stimulation
significantly more than high intensity at1 Hz (p= 0.021) and 0.05 Hz (p< 0.001).
Conclusions: In this study, low frequency rTMS produced excitatory rather than
inhibitory effects. Possible reasons for this are the older age group of
participants and biphasic rather than monophasic stimulation. This study
highlights the unreliability of low frequency rTMS as a means of inducing cortical
inhibition and the need for better protocols. It also demonstrates that rTMS can
modulate BC in a way analogous to hemispheric stroke, providing further
support for the hypothesis that hyperexcitability of the unaffected motor cortex
may have detrimental effects on recovery.
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1. INTRODUCTION
1.1 Transcranial Magnetic Stimulation
Transcranial magnetic stimulation (TMS) is a non‐invasive technique used to
artificially stimulate neural tissue. It is a simple and painless technique that has
becoming increasingly useful for researchers and neurologists alike. With the
ability to painlessly stimulate structures from the cortex through to peripheral
nerves, TMS can divulge information relevant in both laboratory and clinical
settings. It can reveal information important to diagnosis, prognosis and
progression of various diseases and allow investigation into nervous system
functions that were previously unobtainable. (Rossini et al. 1998; Chen et al.
2008, Kobayashi & Pascual‐Leone 2003)
In addition to discrete stimuli, multiple TMS pulses delivered in succession can
disrupt normal cortical functioning for a period outlasting duration of treatment.
This stimulation, known as repetitive transcranial magnetic stimulation (rTMS),
modulates response to successive cortical stimulation, reflected as changes to
cortical excitability. The direction of change to excitability varies in regard to
stimulation parameters and facilitation or inhibition may be induced.
Stimulation parameters are wide ranging and the mechanism of action is not
clearly understood. Trials indicate, however, that the predominating factor
determining cortical excitability change is frequency of stimulation and broad
classes of rTMS are determined relative to this. High frequency rTMS involves
stimulation at 2 Hz or more and generally induces a cortical excitation. (Pascual‐
Leone et al. 1994) Cortical inhibitory effects on the other hand are induced by
low frequency rTMS, at 1 Hz or less. (Chen et al. 1997a; Fitzgerald et al. 2002,
2004, 2005)
Comparison of rTMS protocol effects is difficult however, as there are multiple
factors involved that need to be considered. Seemingly identical studies have
produced different results and, contrastingly, studies using very different
stimulation parameters have induced similar effects. Wide ranging variation of
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effects that are difficult to compare make determination of best protocols very
difficult. If optimal parameters are to be determined, direct comparisons must be
made.
By determining the optimal method of rTMS delivery, researchers will be able to
explore the true effects of alteration of cortical excitability and therapeutic trials
will more confidently deduce the benefits of rTMS in disease treatment.

1.2 Hemispheric Stroke
Neural networks are widely interconnected and rTMS effects demonstrate this.
As well as inducing plastic effects local to stimulation, excitability changes are
also evident in distant circuits within the brain. One particular relationship is
between hemispheres. rTMS stimulation to one hemisphere also produces an
excitability change in corresponding areas of the opposite cortex. (Gorsler et al.
2003) In case of primary motor cortex (M1) for example, rTMS effects are
communicated via fibres of the corpus callosum (CC). This factor of network
interconnectivity can be used for multiple applications; particularly treatment of
neurological disease involving altered cortical functioning.
This ability of rTMS to modulate interconnected circuits may prove beneficial for
stroke rehabilitation. Recovery after stroke is characterised by functional
reorganisation of cortical networks and involves vicarious functioning. Networks
associated with the damaged site undergo changes in order to assume
responsibility for the lost function. (Butefisch et al. 2008; Cao et al. 1998; Cramer
et al. 1997; Foltys et al. 2003) This mobilisation of networks is important for the
recovery of function. A growing body of evidence, however, suggests that the
mobilisation of some cortical areas may be detrimental to recovery. After
hemispheric stroke affecting the motor cortex for example, the contralateral
motor cortex becomes hyperactive. Increased cortical activity in the
contralateral cortex may exert excessive inhibitory effects back onto the
damaged region via long interhemispheric connections of the CC. (Lefaucheur
2006; Murase et al. 2004)
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Suppression of cortical excitation by rTMS delivered to the hyperactive cortex
may enhance recovery. (Boggio et al. 2006; Mansur et al. 2005; Takeuchi et al.
2005)

1.3 Bimanual Cost
Simple motor reaction time (SRT) is slowed when response is with both hands
(bimanual) versus one hand alone (unimanual) in an effect called Bimanual Cost
(BC). (Franz and Fahey, 2007; Hughes and Franz, 2007; Shen and Franz, 2005;
Taniguchi et al. 1999a, 1999b; Ohtsuki, 1993) For example, the right hand
response time is faster when acting alone than when acting in unison with the
left hand, and vice versa.
BC is presumed to be mediated by similar transcallosal pathways implicated in
hemispheric stroke and rTMS effects. (Hughes and Franz, 2007) We postulated
that rTMS might alter BC, and that BC might prove a good marker for both rTMS
effects and provide evidence for the proposed detrimental interhemispheric
effects seen in hemispheric stroke.
This study reports a comparative trial of low frequency rTMS protocols in order
to determine the most effective form of this treatment. A combination of three
frequencies and two intensities were compared to reveal the effects that these
factors have on rTMS efficacy as well as any interaction there may be between
them. rTMS effect was measured using neurophysiological measures of response
to single pulse TMS and by a series of functional tests to explore strength, SRT or
BC changes.
After describing current understandings of TMS and rTMS, this thesis will
describe our study, involving a counterbalanced cross over study design, that
was carried out to compare the effects of different low frequency rTMS protocols
on neurophysiological and functional measures. By relating the results to the
current TMS literature, specific conclusions will be made that relate to the
optimisation of rTMS treatment. This is important to the future of rTMS
treatments, as it will allow future researchers to improve their decision making
about their use of protocol and provide direct evidence for or against the use of
one parameter over the other.
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2. LITERATURE REVIEW
2.1 TMS Background
2.1.1 History of TMS
Artificial stimulation of the brain has a rich history and has been a major
contributor to our current understanding of neurological function. It is also a
potential means of treating neurological disease
One increasingly important method of stimulation developed in recent years is
TMS. Modern TMS stems from the work of Barker and colleagues at the
University of Sheffield in 1985. (Barker et al. 1985) They successfully produced
an easily manageable machine capable of focused magnetic stimulation of neural
structures. This utilised Faraday’s discovery of electromagnetic induction of
1839 and built on the electrophysiological experiments of D’Arsonval and
Thompson. D’Arsonval used whole head stimulation to produce phosphenes and
dizziness, (D’Arsonval 1896) later thought by Thompson to be due to occipital
lobe and retinal stimulation. (Thompson 1910) This early work showed that a
strong, rapidly changing magnetic field induced adjacent to the scalp could
produce an electrical current sufficient to stimulate neurons.
Over 70 years later Barker et al. developed a more suitable and focal transcranial
magnetic stimulator and used it to produce hand movements. Investigators
showed that TMS was able to selectively stimulate other regions of cortex to
produce illusory sensory perceptions. (Amassian et al. 1989) This led to the use
of TMS as a diagnostic and therapeutic tool.
Single pulse stimulation allowed for cause and effect studies of the motor system
to be carried out. Thus motor system networks could be distinguished and
isolated. Its ability to focally stimulate a select region of cortical neurons is
helpful but its ability to show a specific temporal relation is perhaps most
important. These two factors have allowed researchers to show not only which
regions of cortex are involved in a task, but also activation timing. Single pulse
stimulation is now widely used in the investigation of neurological diseases such

5
as multiple sclerosis. Stimulation of the motor cortex with recording of the motor
evoked potential over an appropriate muscle allows the measurement of central
motor conduction times, which may be altered by lesions of the corticospinal
tracts (CST).
Paired pulse TMS has allowed the probing of cortical function. In this technique a
priming magnetic pulse is followed milliseconds later by a test pulse from which
the response is recorded. Depending on the time interval this provides indices of
cortical excitation and inhibition. (Kobayashi & Pascual‐Leone, 2003)
Advances in technology allowed for more frequent stimulation reaching 50 Hz or
more. The advent of rTMS, which can alter cortical excitability beyond the period
of stimulation, (Chen et al. 1997a, Pascual‐Leone et al. 1994) opened the door to
the potential use of TMS as a therapeutic option.
With myriad possible TMS delivery options, and limited understanding of its
mechanism, TMS poses many questions for researchers, yet continues to provide
considerable insight into neurological functioning and potential for treatment.

2.1.2 Technical Aspects of TMS
TMS is a means of non‐invasively stimulating superficial nervous tissue. This
includes all structures from the cerebral cortex, cranial nerves, spinal nerve
roots to the peripheral nerves. The use of a magnetic pulse means that TMS is
easily produced and painless.
A magnetic pulse is induced using an electric coil according to Faraday’s law of
magnetic induction. It is based on the physical property of magnetic field
induction around a wire with changing current. Faraday’s law states that when
an electric current is changed in one electric wire (primary), another electric
current is induced in a nearby wire (secondary) by the fluctuating magnetic field
surrounding the primary coil. (Faraday 1839) For TMS, a coil of wire is used to
produce a magnetic field and the secondary wire is represented by the axons of
the nervous system.
Faraday’s law also states that the intensity of induced current is proportional to
the total change in current and its rate. Thus the greatest induction will be from a
coil producing the greatest current change in the shortest time.
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TMS waveform
The induced electric field is in the opposite direction to charge flow within the
coil. This can cause difficulties for TMS technicians because the electric field is
induced as a wave. Therefore, within a specific cortical area of stimulation, there
will be a specific order of excitation relative to current flow within the
stimulation coil. Biphasic stimulators can be used that involve current flow in
both directions and overcome this fact, however. This stimulator type is
adequate for most types of stimulation. Monophasic stimulation, however,
confers some advantage as one can stimulate neurons in a specific order and
selectively stimulate axons at specific orientations in the cortex. This can aid
researchers to focus on a more specific group of axons within an area of cortex
and deduce information that a biphasic stimulator will not. (Kaneko et al. 1996;
Antal et al. 2002) An example is the prolongation of the CSP when using anterior‐
posterior monophasic stimulation direction. (Orth & Rothwell 2004) As a result
TMS treatment must consider stimulation wave direction and type when
applying treatments.
TMS coil types
The focality of the magnetic pulse is also modifiable, dependent on the size and
configuration of coils. A single large magnetic coil will produce widespread
depolarisation of neurons with low spatial resolution. Larger single loop coils
contain a lot of electric wire so produce a stronger pulse, with peak strength
around the coil’s circumference and. In contrast a “figure of eight” shaped coil
(i.e. 2 coils placed side by side in the same plane) will produce a smaller and
more focal magnetic impulse as the two individual coils’ magnetic fields interact.
Magnetic field strength is 2‐3 times larger at the centre of the two coils than at
the outer edges. Thus it is much more useful for low intensity focused
stimulation requirements.
Operators must come to a balance between efficient stimulation and spatial
resolution in order to best accomplish their stimulation aims.
Painless stimulation
Because the calvarium and skin have no impedance to a magnetic field, no pain is
produced and no skin prep or mechanical contact is required for TMS to be
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effective. Other artificial cortical stimulation techniques involve direct electrical
stimulation of the skin, which is painful as passage of electrical current is
through the skin and skull, where free nerve endings are stimulated.
Additionally, the high resistance of skin can result in burning at electrode contact
points. TMS induced current does not pass through these structures, only the
magnetic field.
Axonal stimulation
In order for an axon to be depolarized it must have a sufficient magnetic field
change across its membranes. Therefore axons perpendicular to the magnetic
field are most likely to be stimulated as they receive maximum magnetic force.
Contrastingly, an axon in parallel with the field will not be stimulated because
there is no field difference across its membrane. Nervous tissue is therefore
stimulated at the point along its length where the current crossing its membrane
is sufficient to cause a depolarisation. This factor, combined with TMS field
direction, means that TMS preferentially stimulates fibres aligned horizontally
within the cortex and/or more tortuous axons. The functional significance of this
is not clear, though in the case of M1, which has many horizontally
communicating interneurons, this indicates that pyramidal neuron stimulation is
preferentially trans‐synaptic. (Day et al. 1989a)
Stimulation direction
A study modulating coil positioning, determined that motor evoked potential
(MEP) induction by stimulation in the anterior‐posterior direction preferentially
stimulates pyramidal neurons indirectly, while TMS perpendicular to the saggital
plane stimulates pyramidal cells directly. (Kaneko et al. 1996) Transcranial
electric stimulation (TES) also preferentially stimulates pyramidal axons
directly. (Edgley et al. 1990) This is thought to be why there are no cortical
excitability changes seen with TES, and perhaps indicates that an anterior‐
posterior TMS current induction direction differs from posterior‐anterior
electrical induction.
Effectiveness of stimulation relates to the nature of the magnetic field, its spatial
resolution and the receptiveness of neurons. These factors are modifiable and
must be controlled during experimentation.
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2.1.3 Safety of TMS treatment
Any artificial stimulation of the brain is potentially dangerous and any
investigator aims to make the risk negligible. To date there is no evidence that
TMS performed with present day stimulators and adhering to safety precautions
has any significant risk of undesirable short or long term effects. (Wassermann
1998; Chen et al. 1997b; Foerster et al. 1997; Anderson et al. 2006; Janicak et al.
2008)
While still a relatively new technique, TMS has been used by thousands of
subjects, some (experimenters included) having received stimulation over years
amounting to thousands of magnetic pulses.
Potential effects include local discomfort at stimulation site, epilepsy, deafness
and mood alterations.
rTMS has a very low risk for the induction of a seizure, less than 2.8% risk in
epileptics, (Schrader et al. 2004) precautions must still be made. Guidelines
suggest (Wassermann, 1998) that testing be carried out under supervision of
qualified physician experienced in the techniques involved with expert medical
aid close by; a medical setting equipped to deal with seizures and their sequelae
is recommended.
Screening prior to TMS application is paramount. Subjects with personal or
family history of epilepsy, or with any existing neurological condition should not
receive TMS unless it is to investigate their condition. Any person who has had
neurosurgery must also be thoroughly checked up to ensure no aneurysm clips
or similar are present. While magnetic forces are brief and weak, ferromagnetic
material is liable to be dislodged. Similarly patients with implanted electric
devices such as pacemakers, defibrillators or cochlear implants should not be
stimulated for risk of displacing metallic components and causing malfunction.
TMS can produce pain in the form of headache. These can arise from superficial
scalp nerve stimulation or direct muscle stimulation creating a tension headache.
This is especially prevalent when stimulating over the side of the head, especially
level with the ears and below.

9
Noise from the coil, a sharp cracking sound, can be unpleasant and possibly
dangerous. Even though the sound may not be particularly loud the sound
pressure can reach in excess of 100dB. This level is enough to produce inner ear
damage; therefore earplugs should be worn at higher stimulation frequencies
and intensities.
These risks are all very minimal, so the answer to the general question of safety
is that TMS under controlled conditions, remaining within recommended
stimulation parameters, is a safe technique for neurological investigation.

2.1.4 Neurophysiological Measures
Single pulse TMS is the simplest form of magnetic stimulation and electrical
recording allows various neurophysiological measurements to be made. These
measures can be used in many ways by clinicians and researchers alike.
(Kobayashi & Pascual‐Leone, 2003; Rossini & Rossi, 1998; Chen et al. 2008)
A single short magnetic pulse can induce an electrical current in superficial
axons. At strong enough intensity it may result in depolarization of axons and a
propagated signal through communicating networks. By changing TMS timing,
intensity, location or combining it with other technologies researchers can
investigate multiple aspects of neural networking. Measuring the timing and
amplitude of TMS responses allows both associative and temporal relationships
to be determined. Some achievements utilising single pulse TMS include the
production of cortical maps, (Wassermann et al. 1992; Wassermann et al. 1993)
demonstration of association between cortical regions (Ferbert et al. 1992) and
provided causal evidence for regional activation in neural processing. (Chen et al.
2008; Rossini & Rossi, 1998)
The first TMS studies focused on the corticospinal pathways, stimulating
contralateral M1 to produce hand movements. (Barker et al. 1985) The
simplicity of response measurement over muscles has meant that the use of TMS
for CST measurement is very common and helpful in diagnosis and monitoring of
multiple diseases from multiple sclerosis to stroke. (Chen et al. 2008; Rossini &
Rossi, 1998) Visual and sensory pathways can also be investigated, as TMS
interferes with afferent signals to alter perception. In this light, Amassian et al.
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(1989) showed that a specifically timed TMS input could block visual perception
of visual cues presented for the duration of that input.
Motor Evoked Potentials
A single TMS stimulus over the M1 can produce a recordable response in the
corresponding muscles as a MEP. Cortical pyramidal cell depolarisation
propagates down the spinal cord and into the periphery causing depolarisation
of the corresponding muscle fibres. This effect is measured using surface
electrodes and forms the basis of the MEP.
MEP Amplitude
MEP amplitude is proportional to the number of active muscle fibres and their
rate of firing, which directly corresponds to the number of motor neurons firing
within the central nervous system.
As neuronal recruitment is influenced by cortical inhibitory networks, the MEP
amplitude provides a measure of overall cortical functioning. (Chen et al. 2008;
Rossini & Rossi 1998)
Though MEP are simply elicited, in practice, they show great variability both
between and within individuals. (Wassermann 2002; Ellaway et al. 1998; van der
Kamp et al. 1996)
MEP has three major influencing factors; number of neurons recruited, neuronal
firing synchronisation and number of neurons firing more than once. Only very
high intensity stimulation can cause multiple firing of motor neurons, (Day et al.
1989a) so this effect may be cancelled out in routine TMS practice.
Synchronisation of neuron firing is affected by the make up of direct and indirect
motor neuron inputs to the CST because direct inputs (D waves) have a shorter
latency than the indirect inputs (I waves). (Day et al. 1989a; Edgley et al. 1990)
High intensity impulses will directly stimulate pyramidal axons to produce more
D waves, while lower level stimulation results in higher proportions of I waves
as pyramidal neurons depolarise via synaptic transmission. (Day et al. 1989a;
Edgley et al. 1990) Finally, the number of neurons recruited is a measure of the
cortical excitability relative to stimulation intensity, because different neurons
have differing thresholds for stimulation. As stimulation intensity increases a
greater number of neurons reach threshold and MEP size increases. The
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combination of motor neuron recruitment and synchronisation provides the
basis for MEP amplitude, such that the largest MEP amplitude will result from a
large pool of neurons firing in high synchrony. (Ravnborg et al. 1991)
Active MEP
Background muscle activity greatly facilitates MEP size and reduces latency
compared with MEP in the relaxed state. MEP facilitation is a result of lowered
neuronal stimulation thresholds in their tonically active state. There is a rapid
rise in MEP size with increasing levels of background muscle contraction and
MEP facilitation plateaus at about 20% MVC. (Taylor et al. 1997) Clinical practice
generally utilises 15% MVC for the elicitation of active MEP (AMEP). (Ravnborg
et al. 1991)
Motor Threshold
Motor thresholds (MT) are thought to reflect neuronal membrane excitability.
This could be of presynaptic excitatory axons or corticospinal neurons, however
study by Terao and Ugawa (2002) indicates that resting motor threshold (RMT)
is more likely a reflection of presynaptic networking as MEP elicited at close to
RMT are predominantly I‐wave summation. This suggests that RMT is
predominantly a measure of intracortical and corticocortical networks. An
alternate theory is that motor threshold reflects membrane related intrinsic
neuronal excitability. (Ziemann et al. 1996)
Motor threshold reflects the excitability of horizontally lying intracortical fibers
with synaptic input to pyramidal fibers. The excitability of pyramidal cells, spinal
motor neurons and neuromuscular junctions are also reflected in the motor
threshold. (Terao & Ugawa 2002)
Cortical Silent Period
A period of EMG silence is produced when TMS is applied to M1 during voluntary
muscle contraction. This brief interruption of muscle activity is called the cortical
silent period (CSP). CSP is considered a measure of cortical inhibitory circuit
activity and can be modulated using rTMS, (Cincotta et al. 2003; Daskalakis et al.
2006) though its origins are complex.
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CSP can be elicited with TES but it is much shorter than CSP after TMS. (Inghilleri
et al. 1993) In contrast to TMS, TES excites subcortical axons predominantly
(Edgley et al. 1990) indicating that CSP is likely an intracortical inhibitory
mechanism. Stimulation parameters that predominantly excite intracortical
neurons also lengthen the CSP. (Orth & Rothwell 2004) Pharmacological studies
indicate that GABAB receptors are involved in CSP mediation (Ziemann et al.
1996; Siebner et al. 1998; Inghilleri et al. 1996).
Elicitation of a CSP occurs at a lower stimulus threshold than MEP, (Inghilleri et
al. 1993) and also has different topography for stimulation. The optimal site for
CSP elicitation is approximately 2cm lateral to optimal site for MEP elicitation.
(Wassermann et al. 1993) CSP commonly lasts between 100 and 300 ms, where
longer CSP are indicative of a higher level of cortical inhibition. Strength of
contraction has little bearing on the length of CSP, (Wu et al. 2002; Taylor et al.
1997) which is largely a linear function of stimulus intensity.
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2.2 Repetitive TMS
Administering TMS repeatedly induces a cortical excitability change that outlasts
the duration of stimulation. This occurs by stimulation of various cortical
networks eliciting a transient inhibition or facilitation of neural excitability.
Naturally this process has garnered much interest for its potential application in
neurological disorder treatment and plasticity research. Already the FDA has
given approval for the use of rTMS techniques to treat major depression. (US
Food and Drug Administration 2008)

2.2.1 Plasticity
Plasticity may be thought of as the intrinsic capacity for the brain to change that
is persistent throughout life. It is involved in memory and learning and is
implicated in any lasting change of cortical functioning. Plasticity occurs via the
constant remodelling of networks, as connections are made, adjusted and
solidified. The cerebral cortex is plastic, and constantly reorganising in response
to numerous events, from sensory experience to skill acquisition, and rTMS
responses are no exception.
Plasticity works over varying time periods by different mechanisms. Transient
changes lasting milliseconds to minutes result from alteration to synaptic
transmission, while more permanent changes may be a result of axonal
sprouting and creation of new neural connections. rTMS creates plastic changes
lasting minutes, therefore it most likely involves plastic changes at the synaptic
level.
Two mechanisms of synaptic modulation that have effects over seconds to
minutes are long term potentiation and depression (LTP and LTD respectively).
LTP, the enhancement of synaptic transmission, creates a strengthened and
more sensitive connection between neurons acting at a synapse. Contrastingly,
LTD is the weakening of a synaptic connection, and acts to decrease transmission
within a neuronal network. Both of these mechanisms tend to be considered in
tandem to create a balance of transmission that is modifiable in either direction.
(Sanes 2003; Malenka & Bear 2004)
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Long Term Potentiation
Normal propagation of action potentials is by ion exchange, namely Na+ and K+
exchange over neural cell membranes. At the post‐synaptic space,
neurotransmitter responsive channels, called AMPA receptors (AMPAR), control
Na+ /K+ exchange. Suprathreshold depolarisation results in an excitatory
postsynaptic potential (EPSP) and activation of voltage gated channels which
mediate action potential propagation along the axon. Multiple rapid EPSPs can
build up, in a process called summation, causing a very large cellular
depolarisation. Excessive depolarisation releases NMDA blockade allowing flow
of Ca2+ into the cell. NMDA receptors (NMDAR) are receptive to the same
neurotransmitters as AMPAR but have an additional Mg2+ blockade that may be
overcome by excess depolarisation. NMDAR mediated Ca2+ influx activates
protein‐signalling enzymes, known as protein kinases. These molecules are able
to modify intracellular contents that, in the case of synaptic regulation, promote
further release of intracellular calcium stores and up regulation of AMPAR.
AMPAR up regulation results in a greater number of EPSPs, and therefore
increased postsynaptic depolarisation. The increased likelihood of post synaptic
depolarisation from weaker synaptic inputs results in a stronger connection of
neurons.
Maintenance of increased synaptic firing further increases synaptic efficacy and
prolonged protein kinase activation results in nuclear changes producing a more
permanent synaptic modification.
Long Term Depression
LTD induction is less well understood, though it follows some similar pathways
to LTP. LTD is also reliant on post synaptic NMDA mediated Ca2+ influx to
activate protein kinases. The variation here is that LTD is reliant on activation of
a different set of kinases that inhibit AMPAR activation. AMPAR inhibition is by
removal from the postsynaptic membrane and phosphorylation of specific
AMPAR active sites that decrease its efficiency. Decreased potential for EPSP
production results, which means that a greater presynaptic excitation is required
before postsynaptic depolarisation and signal propagation. This reduces
transmission between two neurons and weakens any networks associated to
them.
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Synaptic Modulation
Evidence in support of rTMS altering cortical activity by an LTP/D mechanism is
that successful rTMS protocols have been derived from studies inducing LTP and
LTD processes in animal and in vitro studies. For example 1 Hz rTMS
stimulation, shown to induce a reduction of cortical excitability, (Chen et al.
1997a) uses a similar stimulation frequency to animal studies inducing LTD in
cortical brain slices. (Malenka & Bear 2004; Hess & Donoghue 1996) Similarly
tetanic stimulation of cortical brain slices is an effective means of inducing LTP,
(Malenka & Bear 2004) and high frequency rTMS also induces cortical excitation.
(Pascual‐Leone et al. 1994) Additionally, administration of drugs to inhibit
specific NMDA and GABAergic receptors prevents any rTMS effect. (Ziemann et
al. 1996) As these receptor types are integral to LTP/D processes, it greatly
supports rTMS acting by this mechanism. Finally, as already mentioned, rTMS
changes occur over minutes, a similar timeframe required for the induction of
LTP/D. (Hess & Donoghue 1996)

2.2.2 Neurophysiological effects
Studies indicate that low frequency rTMS, about 1 Hz or less, causes a reduction
to cortical excitability and high frequency rTMS, rates greater than 1 Hz and
usually 5 Hz or more, cause facilitation. The effects show high variability
between individuals with some responding well to set protocols and others
having the opposite or no response. (Maeda et al. 2000a)
Low and high frequency protocols are based on findings of animal studies (Hess
& Donoghue 1996; Bear & Malenka 1994) inducing inhibitory and excitatory
processes using electrical stimulation. These stimulation frequencies were
transferred to humans and shown to exert similar effects. (Chen et al. 1997a;
Pascual‐Leone et al. 1994) Many trials have attempted to utilise and ascertain
mechanism of these effects with varying results. Generally the initial findings
have been replicated, yet there have been numerous contradictory studies.
Continued study has shown wide variation in response to any single rTMS
treatment and few studies have compared protocols within subjects to elucidate
that these are actually the optimal protocols for stimulation.
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Review of low frequency rTMS (1 Hz or less) shows varying effects by frequency,
intensity, duration and region of stimulation that cast doubt on the optimal
stimulation parameters to induce cortical changes. A trial of various higher
frequency rTMS protocols also indicated that response is not strictly frequency
dependent. (Maeda et al. 2000a)
1 Hz rTMS
Presented here is a review of studies utilising 1 Hz stimulation in non‐diseased
human brains since the initial work of Chen et al. (1997a).
Muellbacher et al. (2000) raised RMT and lowered MEP for 30 minutes using
115% RMT, 1 Hz rTMS treatment to M1 for fifteen minutes. These findings were
confined to the area of stimulation, as measurements based on stimulation of
distant cortical sites showed no change.
Additional studies have also demonstrated a lowered MEP after 1 Hz rTMS
treatment. (Fitzgerald et al. 2002, 2004, 2005; Stinear & Byblow 2004; Romero
et al. 2002; Maeda et al. 2000a, 2000b)
These studies demonstrate that 1 Hz stimulation is able to lower cortical
excitability, in the form of reduced MEP size to a set stimulus. However, other
studies have utilised 1 Hz rTMS and reported no change to cortical excitability.
(Gerschlager et al. 2001; Daskalakis et al. 2006; Brighina et al. 2005; Modugno et
al. 2003; Gilio et al. 2003)
Comparisons of different 1 Hz protocols indicate that stronger intensity, i.e.
suprathreshold, stimulation produces a greater effect (Fitzgerald et al. 2002) and
longer duration stimulation produce more consistent results. (Touge et al. 2001)
Intensity of stimulation plays a role in rTMS effect, as studies have utilised 1 Hz
rTMS at subthreshold intensity but produced no change to MEPs (Gerschlager et
al. 2001; Daskalakis et al. 2006; Brighina et al. 2005; Modugno et al. 2003)
compared with other suprathreshold protocols. It is a grey area however, as
other investigators have found MEP changes at similar subthreshold intensities.
(Fitzgerald et al. 2002; Romero et al. 2002) Notably also, the changes induced by
subthreshold stimulation were shorter lasting than changes induced in studies
using suprathreshold stimulation.

17
rTMS effect may also be duration dependent as the various studies using similar
frequency and intensities have shown varying effects. Four studies (Fitzgerald
2002, 2004, 2005; Stinear et al. 2004) used suprathreshold stimulation for at
least 10 minutes and reduced MEP size however, Inghilleri et al. (2006) used a
similar intensity for less than 2 minutes and produced no effects.
This is further supported by two studies that demonstrated longer lasting effects
on cortical excitability are induced by a longer duration of rTMS treatment.
(Touge et al. 2001) Additionally Maeda et al. (2000a) examined 1 Hz
subthreshold intensity stimulation, first in a four minute protocol that produced
no significant effect, however when extended to 26.7 minutes treatment (1600
pulses at 1 Hz) there was a significant decrease to MEP area.
This series of studies tends to indicate that suppression of MEP size and raising
of RMT is best achieved by suprathreshold intensity 1 Hz rTMS with a greater
consistency achieved by a longer treatment duration though there have been
very few comparisons made within same patient groups.
Very low frequency rTMS
Additional procedures performed in conjunction with TMS have provided
alternate means of inducing cortical plasticity. One such development is paired
associative stimulation (PAS), where a peripheral nerve stimulus precedes
cortical TMS stimulation so that both signals create cortical activity in a
synchronised fashion. PAS is able to exert both a stimulatory and inhibitory
effect depending on the timing of signal arrival at the cortex. If the sensory
peripheral nerve stimulus response conducts to the M1 before it is stimulated by
TMS a positive or excitatory response results and vice versa for sensory signals
arriving at the same time or shortly after TMS. PAS can be performed at very low
level stimulation frequency, and has been shown to be effective at 0.2 and 0.05
Hz. (Stefan et al. 2000, 2002; Wolters et al. 2003; Fratello et al. 2006)
The effects of rTMS alone have not been well characterised at these frequencies
with few trials examining frequency below 0.9 Hz. 0.3Hz, 0.2 Hz and 0.1 Hz trials
have been performed. Cincotta et al. (2003) used suprathreshold stimulation
(115% RMT) at 0.3 Hz for 30 minutes and produced no change to MEP size or
RMT, yet the CSP was significantly prolonged. Murase et al. (2005) used 0.2 Hz
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stimulation at 85% RMT for 250 pulses and failed to alter MEP or RMT, however
writer’s cramp sufferers showed significant functional improvements and
prolonged CSP with stimulation to the premotor cortex. Chen et al. (1997a)
delivered 0.1 Hz at 105% RMT for one hour and found no change to cortical
response both in train and post train.
This variability is worrying, as many therapeutic trials have utilised similar
stimulation parameters with the assumption that they are creating a well
characterised consistent effect on the cortex. I propose that frequencies differing
from 1 Hz may also be able to produce inhibition and also show a similar effect of
intensity.

2.2.3 Functional effects
Single pulse TMS can interrupt voluntary activity when applied at specific
intervals relative to a task. (Day et al. 1989b) However, a growing body of
evidence suggests that rTMS may alter cortical functioning for a longer period in
the form of alterations to various aspects of basic motor behaviour. This has
been made evident in both health (Dafotakis et al. 2008; Kobayashi et al. 2004;
Doumas et al. 2005; Avanzino et al. 2008; Schlaghecken et al. 2003) and disease.
(Siebner et al. 1999; Mansur et al. 2005; Murase et al. 2005; Takeuchi et al. 2005;
Boggio et al. 2006)
Neurological disorder sufferers show clear functional improvement after TMS
application, such as improved coordination of a paretic hand (Mansur et al. 2005;
Takeuchi et al. 2005) or improved performance in a handwriting task by writer’s
cramp sufferers. (Murase et al. 2005; Siebner et al. 1999). Functional effects
induced by low frequency rTMS in healthy human brains have proven more
difficult to demonstrate, but subtle changes do occur.
A number of studies have examined the effects of 1 Hz rTMS on basic motor
behaviour. 1 Hz rTMS improved ipsilateral upper limb velocity, tapping
frequency, (Kobayashi et al. 2004) and movement timing. (Dafotakis et al. 2008;
Avanzino et al. 2008) Finger tapping speed was not altered in another study
using similar frequency, (Chen et al. 1997a) but this was likely due to differences
in stimulation type. Ipsilateral improvement occurred without any detriment to
stimulated hand functioning (Dafotakis et al. 2008; Kobayashi et al. 2004;
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Avanzino et al. 2008) and another study found that the stimulated cortex had a
reduced asynchrony after low frequency rTMS (Doumas et al. 2005).
These investigations did not clearly relate the amplitude of functional changes to
neurophysiological measures and the relationship between these two factors is
unclear. Two studies have demonstrated associations however. Decreased task‐
tone asynchrony has accompanied a prolonged CSP in one study (Doumas et al.
2005) and increased intracortical facilitation was associated with increased
finger tapping speed (Kobayashi et al. 2004). Contrastingly though, significant
suppression of MEP and or raised RMT was not associated with any change to
peak force and acceleration (Muellbacher et al. 2000) or finger tapping speed of
the corresponding muscles. (Chen et al. 1997a)
These studies indicate that rTMS of the M1 induces only subtle changes to
complex motor behaviour, rather than overt changes to motor performance.
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2.3 Interhemispheric Communication
The cerebral hemispheres are functionally coupled and balanced. (Ferbert et al.
1992; Cicinelli et al. 2003) Communication between homologous areas is
required both for coordination of bimanual movement and integration of
sensory information.
Focal lesions, as seen in stroke for example, can unsettle this balance and result
in impaired function. Undamaged parts of the brain may take over functions of
the damaged area, (Butefisch et al. 2008; Cao et al. 1998; Cramer et al. 1997;
Foltys et al. 2003) but it is thought that hyperactivity in the unaffected
hemisphere may impede functional recovery from hemispheric stroke.
(Lefaucheur, 2006, Murase et al. 2004; Cicinelli et al. 2003) This is commonly
detrimental, though in select cases a paradoxical functional improvement can
result. This type of improvement has been documented in spatial awareness
where knocking out of one parietal lobe by stroke (Vuilleumier et al. 1996) or
TMS (Oliveri et al. 2001) improves visual awareness in the ipsilateral visual field.
These studies indicate an interhemispheric competition, where reciprocal
interhemispheric inhibitory (IHI) influences are normally in subtle balance
between homologous regions of each hemisphere, but a reduction of excitability
in one side results in an excitation to the other. The opposite cortical region is
said to be “disinhibited”.
Unilateral stroke victims, in whom hemiplegia has resulted, show an increased
motor cortical excitability in homologous areas on the unaffected side. As a
consequence, larger motor cortical maps and lower intracortical inhibition
develop. (Murase et al. 2004) This is thought to be due to the release of IHI
signalling from the lesioned area. In line with this change, stroke patients show a
reciprocal variation in IHI and a rTMS “virtual lesion” model has shown that a
reduction of IHI produced by one cortex increases excitability of the opposite
homologous cortex. (Gilio et al. 2003)
In concordance with altered post stroke functioning it has recently been shown
that unilateral movements have input from the ipsilateral M1. Finger sequence
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performance is interrupted when rTMS is applied concurrently to the ipsilateral
M1. (Chen et al. 1997c) This suggests that ipsilateral input to unimanual
movement is inhibitory and indeed electrophysiological studies support this.
TMS applied ipsilateral to voluntary contraction induces a period of EMG silence,
and similarly MEP elicitation contralaterally is reduced with ipsilateral
contraction. (Liepert et al. 2001) However, TMS induced IHI is classically
demonstrated by stimulation of the ipsilateral cortex 6‐50ms before MEP
elicitation from the contralateral cortex. (Ferbert et al. 1992; DiLazzaro et al.
1999; Wassermann et al. 1994; Meyer et al. 1995, 1998)
Ferbert et al. (1992) first described this inhibitory influence as ‘transcallosal
inhibition’ suggesting that fibres mediating this effect cross between
hemispheres at the CC and not other central brain
regions.
This is further supported by delay or lack of IHI in subjects with abnormal
corpus callosum morphology. (Meyer et al. 1995, 1998)

2.3.1 Corpus Callosum
The CC is the largest body of white matter communicating between hemispheres
and fibres connecting homologous areas of the sensorimotor and motor cortices
travel through the body. (Wahl et al. 2007; Bloom et al. 2005)
CC contains predominantly glutamatergic fibres and is therefore considered
primarily an excitatory system. (Bloom et al. 2005) It has connections with
motor and premotor areas of each hemisphere that can activate intracortical
networks. This mechanism, whereby excitatory callosal input activates various
intracortical inhibitory networks, is postulated to be responsible for TMS and
functional IHI effects already described. (Daskalakis et al. 2002; Ferbert et al.
1992; Gilio et al. 2003; Pal et al. 2005)

2.3.2 Mechanism Interhemispheric Communication
Neurons mediating IHI must arise from intracortical sites and travel to the
opposite hemisphere to exert their effects. Interhemispheric signalling is
postulated to be both facilitatory and inhibitory, though between motor areas in
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humans, TMS studies indicate a primarily inhibitory role. (Ferbert et al. 1992;
Ugawa et al. 1993)
This inhibitory role indicates a GABA involvement, however GABAergic neurons
tend to exert their effects only in local circuits. (Somogyi et al. 1998) As the CC is
primarily glutamatergic, IHI is likely mediated via activation of glutamatergic
callosal fibres that in turn terminate onto the local inhibitory networks of the
opposite cortex (Daskalakis et al. 2002)
This indicates that IHI should be closely related to intracortical inhibitory
mechanisms, such as long interval cortical inhibition (LICI) or short interval
cortical inhibition. Serial manipulation of all three paradigms indicates that
similar neuronal pools mediate LICI and IHI. (Daskalakis et al. 2002)

2.3.3 Modulating Interhemispheric Inhibition
IHI levels are potentially modifiable at multiple sites, including the ipsilateral
initiating cortex and also the terminating inhibitory networks in the opposite
hemisphere. In line with the first mechanism, two studies have shown that
inhibitory rTMS treatment delivered ipsilaterally can alter levels of IHI. (Gilio et
al. 2003; Pal et al. 2005) Interestingly the reduction of IHI is in both directions
after unilateral conditioning, though the greatest reduction is from conditioned
to non‐conditioned cortex. (Pal et al. 2005)

2.3.4 Bimanual Cost
BC, defined as the response time difference between a hand acting unimanually
versus bimanually to a centralised visual signal, is a consequence of SRT
processing and cortical networking.
SRT is a quick measure of ability to respond with a very simple movement that is
planned prior to stimulus presentation. The main components are stimulus
recognition and response initiation. As response is pre‐planned, response time
involves little planning of movement. The rate of response initiation is perhaps
related to the excitability of the motor cortex, as more excitable neurons are able
to be recruited at a lower threshold and therefore initiate movement more
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readily. (Chen et al. 2001)
BC is mediated by a transcallosal mechanism where each hemisphere
communicates with the other before initiating a movement. In unimanual
movements this is thought to be important for the suppression of mirror activity
(Hübers et al. 2008) but when both hands are initiating the same movement
simultaneously, mutual inhibitory signals result in a bilateral slowing of
response.
BC is likely mediated by transcallosal fibres as acallosal individuals do not
exhibit a slowing of RT with bilateral response and is perhaps related to the level
of interhemispheric signalling. (Ohtsuki, 1993) As interhemispheric signalling is
also related to intracortical mechanisms producing and effecting the
interhemispheric signals, (Gilio et al. 2003; Pal et al. 2005) BC may also be
correlated to the relative activity of intracortical networks between
hemispheres.
SRT have been prolonged and shortened using single pulse TMS at various
intensity over the contralateral and ipsilateral homologous cortical
representations of response muscles. (Day et al. 1989b; Pascual‐Leone 1992;
Taylor et al. 1995; Foltys et al. 2001) This effect is strongest when stimulation
site corresponds to the optimal site for MEP elicitation in the contralateral
muscle (Taylor et al. 1995) and the delay is similar for the stimulated and non‐
stimulated hands in both the unimanual and bimanual condition. (Foltys et al.
2001)
Shortened response times are attributed to a modulation of intracortical
interneurons responsible for response initiation and led to the conclusion that
stimulation of motor representations is able to modulate activity of the neurons
involved in response initiation. (Pascual‐Leone et al. 1992; Taylor et al. 1995)
This indicates that a more lasting cortical effect to a muscle representation, as
induced by rTMS, may be able to transiently speed up SRT and one recent study
used cortical stimulation to one hemisphere to increase cortical excitability and
speed SRT in the corresponding hand. (Rizzo et al. 2009) Also of note is a
demonstration of choice reaction time slowing of the left hand after a treatment
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of low intensity 1 Hz rTMS. (Schlaghecken et al. 2003)
Bimanual SRT changes have not been specifically examined after rTMS however,
nor has BC.
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3. METHODS
3.1 Participants
The participants were healthy volunteers aged 45‐75 without history of
neurological disorder recruited by advertisements placed within Dunedin Public
Hospital. They were provided an information sheet (Appendix A) about the study
which they were given time to read before a verbal explanation and discussion of
any queries with the investigators. Written informed consent was obtained (see
Appendix B for consent form). Medical history was also checked verbally and by
written questionnaire (Appendix C) in order to rule out presence of exclusion
criteria. The study was approved by the Lower South Regional Ethics Committee,
New Zealand.

Exclusion criteria:
•

History of neurological disorder

•

History of seizure

•

Previous Neurosurgery

•

Pacemaker

•

Cochlear implant

3.2 Apparatus
3.2.1 TMS and rTMS
A Magstim Rapid2 magnetic stimulator fitted with an air‐cooled figure of eight
coil (70mm external diameter of half wing) was used for all TMS, both repetitive
and single pulse. The coil was held by a modified swivel arm, which provided a
stable coil fixation and 360‐degree movement around the target area.
Compound muscle action potentials were recorded using a Sapphire portable
EMG system and gold plated cup surface electrodes (10mm diameter).
Electrodes were placed over the left first dorsal interosseous (FDI) muscle in a
muscle belly distal tendon configuration: active electrode over the muscle belly,
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reference electrode on lateral edge of the 2nd metacarpophalangeal joint and a
ground electrode on the central portion of the dorsal hand.
A time base of 200ms was used for recording, which was extended to 250ms in
some cases where the CSP was prolonged. Sensitivities of 200µV and 1 mV per
division were used for resting MEP (RMEP) and AMEP recording respectively.

3.2.2 Strength
Strength testing performed using Jamar Hand Hydraulic Dynamometer and
Jamar Pinch Grip dynamometer. Pinch Grip dynamometer also used for baseline
contraction in active motor measurements. For each measurement the best
attempt out of three was used for analysis.

3.2.3 Simple motor reaction times
SRT were measured on both hands together (bimanual) and left hand alone or
right hand alone (unimanual). A personal computer with millisecond timing
routines produced stimuli and measured SRT. A black 14 inch computer display
monitor showed visual stimuli consisting of a 1cm x 1cm white cross fixation
point followed by a green circle of 45mm diameter. Responses were conveyed
separately for right and left index fingers via a modified key board with separate
keys assigned for the right and left index fingers. The keys were horizontally
separated by 185mm.

3.3 TMS application
Participants were seated in a comfortable chair facing a blank wall. Patients were
asked to sit with hands relaxed and to keep their head as still as possible. The
coil was placed tangentially over right cortex approximately equidistant from
superior part of nasal bone to external occipital protuberance with handle
projecting backwards parallel to the floor and centre of wings in tragus‐tragus
line. From here, the optimal site for stimulation of the FDI muscle was
determined using systematic movement of coil placement by 1 cm adjustments
around the initial estimated placement. The optimal site was determined as that
yielding the largest MEP amplitude using a suprathreshold stimulus. Right cortex
was always stimulated, regardless of handedness as determined using the
Edinburgh Handedness scale. (Oldfield, 1971) (See Appendix D for criteria)
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3.4 Outcome measurement
rTMS treatment was preceded and immediately followed by single pulse TMS
and functional measures. Functional measures were also repeated 30 minutes
post rTMS treatment cessation. Baseline functional tests were performed prior
to single pulse TMS to measure baseline MEP parameters before any TMS
treatment was initiated. After rTMS, single pulse neurophysiological measures
were immediately recorded promptly followed by functional testing. Functional
testing was always performed en bloc as strength followed by SRT.

3.4.1 Neurophysiology testing
TMS measures were carried out according to recommendations of IFCN
Committee (Rossini et al. 1994) as are utilised in many other studies of TMS.
Each test pulse was separated by at least five seconds.
Optimal site for stimulation of the left FDI muscle was found using a
suprathreshold intensity stimulus around the presumed site. The site producing
the largest MEP of shortest latency was determined to be the FDI stimulation
site. Stimulator intensity was then modulated to determine the RMT and active
motor threshold (AMT).
Resting motor threshold
RMT was defined at the optimal site as the lowest stimulus intensity to produce a
MEP of at least 50µV in 50% of trials or more.
Active motor threshold
AMT was defined as lowest stimulus intensity required to produce MEP of at
least 500µV in 50% of trials while contracting at 15% of MVC. Contraction was
achieved by using the pinch grip dynamometer held in pinch grip position,
maintaining 15% of maximum force produced in the left hand at baseline testing
of the same session. Participants were asked to maintain this contraction for the
duration of AMT determination.
Resting motor evoked potential
Seven consecutive stimuli were performed at 110% of RMT and recorded for
offline analysis. During stimulation the participant was asked to silently calculate
serial sevens (100 minus 7, minus 7, etc.) and keep eyes open.
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Active motor evoked potential
Seven consecutive stimuli performed at 110% RMT with the participant
performing a pinch grip in the left hand at 15% of their maximum force. These
were recorded for offline analysis. Participants were encouraged to maintain a
stable level of contraction by observing the dynamometer scale throughout these
stimuli.
Cortical silent period
CSP was defined as time from TMS stimulus until the first upward deflection
after the period of EMG silence that preceded a period of EMG activity of similar
magnitude to pre MEP. CSP recording was at 15% of MVC.

3.4.2 Functional testing
Strength
Dynamometry was performed with the subject seated, shoulder relaxed in
adducted position, elbow flexed to ninety degrees and forearm in 50%
pronation.
Two pinch grip tests were used to isolate FDI action as much as possible. The
first pinch test used the force transducer of the Jamar Pinch Grip dynamometer
placed between the metacarpophalangeal joint and proximal interphalangeal
joint of the index finger. Index finger was flexed to ninety degrees at the
metacarpophalangeal joint. Thumb was flexed and slightly adducted to press the
transducer medially on to the index finger (Figure 3.1). This method of pinch
grip is referred to as “pinch grip”. A second pinch test called “pincer grip” used
the same dynamometer but the force transducer was placed between distal pad
of index finger and thumb, which were placed in opposition. The index finger
was always placed superiorly on the dynamometer. The three other digits not
involved in the grip were flexed so that tips contacted palm and did not interfere
with the measurement (Figure 3.2).
Power grip used the same seated and arm position as pinch grips though utilised
the Jamar Hand Hydraulic Dynamometer. Here all digits were involved to form a
fist around the handles of the dynamometer (Figure 3.3).
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Figure 3.1 Right handed pinch grip technique

Figure 3.2 Right handed pincer grip technique

Figure 3.3 Right handed power grip technique
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The order of grip testing was randomised and counterbalanced across
participants, for both order of hands and grip type.
Maximum voluntary contraction was determined in both hands by recording the
largest force produced from three consecutive maximum effort contractions.
Each contraction was at least one second but not more than two seconds and
separated by at least two seconds approximately equal time. The strongest of the
three contractions was recorded for each hand.
Reaction time
SRT were tested immediately after strength testing. Participants were
comfortably seated on a height adjustable chair in front of the computer with
extended index fingers resting on respective keys. Forearms were laid flat on
desk with elbows hanging approximately 3cm off the edge. Viewing distance was
approximately 60cm. Participants were instructed on which hand(s) to respond
with before commencing a block of 36 consecutive trials. At the onset of each
trial a white fixation cross on a black background appeared. This was displayed
for a varying duration between 500 and 1000 ms before being replaced by a “go”
signal in the form of a green circle. Participants were instructed to respond as
quickly as possible upon the green circle’s appearance. The circle remained on
screen until the participant responded. Each finger configuration was tested in 3
separate 36 trial blocks. This resulted in 108 trials for each response type and a
total of 324 total trials.
Emphasis was placed on speed of response, but, participants were also urged not
to anticipate the green circle’s appearance. If a stimulus was anticipated and
response occurred before its appearance, the green circle would not disappear
and the patient was instructed once more to avoid anticipation.
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3.5 Analysis
A mixed linear statistical model was used to determine differential effects of
treatment frequency, intensity and protocol on both the neurophysiological and
functional measures
Reaction time
Time between stimuli appearance was assigned at random in order to prevent
participants anticipating its appearance. However, participants found it difficult
to maintain response as fast as possible without producing a level of anticipation.
Responses faster than 150 ms were determined as anticipatory and were
therefore discarded. Similarly SRT of more than 3 SD above the mean were
removed before analysis.
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4. RESULTS
4.1 Participants
Of the 20 participants, 11 were female and 19 were right hand dominant as
determined by the Edinburgh Handedness Scale (average score= +82 for right
handers, one left hander score= ‐82). Average age was 62.3 years with a range of
48 to 74 years. 8 participants had all sessions in the morning (starting no earlier
than 9am or later than 12pm). All remaining participants had afternoon sessions
beginning no later than 4.30pm. All participants were free of neurological
symptoms at time of testing. One participant was a well‐controlled type II
diabetic and 8 were taking regular medication. Medication was predominantly
for control of cardiovascular risk factors. A list of all medications used by
participants is shown in Table 4.1.
All treatment remained within recommended safety parameters for rTMS
(Wassermann et al. 1998) and no participants suffered any serious adverse
effects of treatment. Three participants experienced mild headache over the
stimulation site after high intensity stimulation, but this was transient and
required no analgesia. Additionally, some patients experienced accessory facial
twitches during stimulation that were not considered painful but described as
“weird” or “slightly irritating”. All participants completed four treatment
sessions as planned, but five sessions were excluded from the analysis, as below.
Five sessions from three participants were removed from the data set for
technical reasons. Participants 1 and 3 had RMT much higher than expected,
which meant the planned level of 120% RMT for high intensity treatment was
unobtainable as it exceeded the limitations of the Magstim Rapid2 stimulator.
Therefore high intensity testing and measurement of MEP was altered to 110%
RMT.
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Table 4.1 List of medicines regularly taken by study participants
1.

Metoprolol

14.

Bazedoxifene acetate

2.

Felodipine

15.

Caltrate

3.

Amlodipine besylate

16.

Cilazapril

4.

Aspirin

17.

Bendrofluazide

5.

Candesartan cilexetil

18.

Diltiazem

6.

Ranitidine

19.

Calvasc

7.

Omeprazole

20.

Amitriptyline

8.

Simvastatin

21.

Cartia

9.

Thyroxine

22.

Metformin

10.

Pantoprazole

23.

Lisinopril

11.

Accupril

24.

Atorvastatin

12.

Lipex

25.

Neocytamen

13.

Diclofenac

26.

Arimedex

Table 4.2 Baseline neurophysiological measures
MT (% max stimulator output)

MEP amplitude (mV)

Resting

Active

Resting

Active

70.8 ±1.9

61.0 ±1.7

0.48 ±0.077

4.93 ±0.33

CSP (ms)

109.4 ±3.9

Baseline mean values ±standard errors are presented for the three neurophysiological
measures. Resting and active indicate relaxed or contracting first dorsal interosseous
muscle during single pulse TMS.
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4.2 Baseline measures
4.2.1 Neurophysiological parameters
Baseline neurophysiological parameters are shown in Table 4.2. RMT prior to
treatment was slightly, but significantly and positively correlated with age (R2=
0.135 p= 0.001) (Figure 4.1). However no correlation of age with other TMS
measures was found. Men had slightly lower mean RMT at baseline than women,
which was significant when compared using a Student t test for means (Men=
64.7%, Women 70.5%, p= 0.001), however other neurophysiological measures
did not differ significantly with gender.

RMT (% maximum stimulator output)

RMT by age and sex
120
100
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40
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80

Age (years)

Figure 4.1 Resting motor threshold (RMT) level at baseline of each testing
session plotted against participant age. RMT expressed as % of
maximum stimulator output. Data points coded for gender (male=
blue circle, female= red diamond). Trendlines are set for both genders
(male= blue, female= red).
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4.2.2 Functional parameters
Mean RT were faster in the unimanual condition versus bimanual condition on
the left, confirming presence of BC. The difference was not significant on the
right. RT were slower on the right than on the left. BC was not significantly
different on right compared to left. The right hand was stronger than the left for
hand grip, pinch grip and pincer grip (Table 4.3).

4.2.3 Variation by session
Single factor ANOVA performed on all baseline measures grouped by session (1,
2, 3 or 4) revealed no significant differences by session. This suggests that there
was no carry over effect of TMS treatment between sessions or improvement to
strength and/or RT due to learning or practice between sessions.
T tests comparing baseline characteristics over differing session times, afternoon
versus morning, were performed for all factors. This revealed no significant
variation of factors relative to the time of day that sessions were performed.

Table 4.3 Functional performance at baseline
Condition
Reaction Time
(ms)
Bimanual Cost
(ms)
Grip Strength
(kg)

Unimanual
Bimanual

Left Hand

Right Hand

262.2 ±8.2
270.0 ±7.82

266.9 ±7.61
273.0 ±7.93

7.88 ±2.10

6.16 ±1.45

Pinch
8.21 ±0.28
8.58 ±0.264
Power
33.05 ±1.25
34.59 ±1.295
Pincer
5.90 ±0.28
6.39 ±0.296
Mean values ±standard errors are presented in milliseconds for reaction time and
bimanual cost, and strength in kilograms force. The condition column indicates the
grip type and whether hand reacted alone (Unimanual) or in unison with other hand
(Bimanual). 1 p = 0.05 for comparison with left hand. 2 p < 0.001 for comparison with
left unimanual RT. 3 p = <0.001 for comparison with unimanual RT; 3 p = 0.01 for
comparison with left hand. 4 p = 0.004 for comparison with left hand. 5 p < 0.001 for
comparison with left hand. 6 p = 0.001 for comparison with left hand. These p
values have not been corrected for multiple comparisons.
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4.3 rTMS treatment effects
A mixed linear model was used to determine the effects of protocol, stimulation
frequency, stimulation intensity and protocol as factors. Pre‐treatment baseline
values were used as covariates. For all parameters, the pre‐treatment values
were significant (p < 0.001), as was expected.

4.3.1 All protocols combined
This analysis determined the overall effects induced by rTMS regardless of
treatment protocol.
Neurophysiological effects
Table 4.4 shows pre‐ and post‐ rTMS values for the neurophysiological variables,
for all sessions and protocols combined. Before and after values were compared
using paired t tests. RMT was significantly greater after treatment, while other
variables were not significantly changed.
The combined results of all protocols revealed a trend towards an increase in
RMEP peak to peak amplitude (35.4% increase from baseline) though this was
not significant (p= 0.13).
Functional effects
SRT and strength were compared for pre‐rTMS, post‐rTMS and 30 minute post‐
rTMS values, irrespective of protocol, using repeated measures ANOVA (Table
4.5). Right (ipsilateral) unimanual SRT were significantly reduced immediately
after rTMS compared to pre‐rTMS values (p = 0.015). Left pinch grip and left and
right handgrip were significantly decreased after rTMS (p < 0.001), and this
effect persisted at 30 minutes.
Regression of SRT and BC measures separately against the neurophysiological
measures indicated no significant correlations.
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Table 4.4 Comparison of neurophysiological variables measured before
and immediately after rTMS (all protocols combined)
PrerTMS

PostrTMS

t

df

Significanc
e (2 tailed)

Resting MT
69.9±1.9
72.32±2.1
‐2.96
70
p = 0.004
(%)
Active MT
61.03±1.7
62.1±1.9
‐1.14
73
NS
(%)
Resting MEP
0.48±0.08
0.65±0.16
‐1.14
61
NS
(mV)
Active MEP
4.93±0.33
4.52±0.33
1.51
74
NS
(mV)
Silent period
109.4±33.7
106.5±3.5
1.12
74
NS
(ms)
All sessions were combined, irrespective of protocol used. Motor thresholds
(MT) are presented as percentage of maximal stimulator output and Motor
evoked potentials (MEP) are peak‐to‐peak amplitudes in millivolts (mV). Values
are means ± standard error of the mean.

Table 4.5 The effect of rTMS (all protocols combined) on functional
variables
Variable

PrerTMS

PostrTMS

30 minutes post
rTMS

Right Unimanual
266.6 ± 7.8
261.1 ± 6.71
262.0 ± 6.6
SRT (ms)
Right Bimanual
6.21 ± 1.44
8.65 ± 1.93
6.02 ± 1.74
Cost (ms)
Left Unimanual
261.8 ± 8.5
259.7 ± 6.5
259.59 ± 6.5
SRT (ms)
Left Bimanual
8.04 ± 2.14
7.35 ± 1.88
7.32 ±1.63
Cost (ms)
Left Pinch grip
8.19 ±0.31
7.80 ±0.335
8.06 ± 0.344
(Kg)
Right Pinch grip
8.59 ± 0.29
8.40 ± 0.30
8.45 ± 0.30
(Kg)
Left Pincer
5.90 ±2.9
5.80 ± 2.8
6.00 ± 2.8
grip(Kg)
Right Pincer
6.42 ±0.29
6.34 ±0.28
6.37 ±0.29
grip(Kg)
Left Hand grip
33.0 ± 1.40
30.38 ± 1.325
31.37 ±1.342
(Kg)
Right Hand grip
34.74 ± 1.42
31.84 ± 1.385
32.62 ±1.393
(Kg)
Values represent estimated marginal means ± standard error. Superscript
numbers indicate p value of significant changes from baseline ( 1 p= 0.015, 2
p=0.008, 3 p=0.004, 4 p=0.001, 5 p< 0.001).
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4.3.2 Effects of frequency
rTMS frequency was treated as a nominal variable (1, 0.2 and 0.05) for use in the
statistical model.
There was a significant effect of frequency on RMEP amplitude (p = 0.026). 0.05
Hz rTMS produced an increase in RMEP that was significantly greater than 0.2
Hz (p< 0.047) and 1 Hz was significantly more effective than both 0.2 and 0.05
Hz rTMS (p< 0.001) (Figure 4.2). 0.2 Hz may have produced a reduction in MEP
amplitude but this was not statistically significant.
There was also an effect of frequency on post‐treatment CSP (p< 0.001), with a
greater reduction of the CSP by 1 Hz than 0.2 Hz. (Figure 4.3)
AMEP amplitudes, RMT and AMT did not show any significant effect of rTMS
frequency.
Left unimanual SRT showed a significant effect of frequency (p < 0.001). 0.05 Hz
was significantly different to 0.2 Hz (p = 0.02), where 0.05 Hz appeared to reduce
SRTs. Right unimanual SRT was also affected by frequency (p = 0.027). Values for
0.05 and 1 Hz were both lower than 0.2 Hz (p = 0.012 and 0.017 respectively)
and appeared to reduce right unimanual SRT. (Figure 4.4)
There was no significant effect of frequency on left or right bilateral SRT or BC.
However, ANOVA carried out on 1 Hz sessions only suggested right BC was
increased immediately after treatment (Table 4.6). There was no effect of
frequency on grip strength.

39

Resting MEP change by frequency

MEP amplitude change (mV)

1
0.8
0.6
0.4
0.2
0
1

0.2

0.05

‐0.2
‐0.4

Stimulation frequency (Hz)

Figure 4.2 Resting motor evoked potential amplitude change from baseline
determined by stimulation frequency. 1 Hz induced excitation
significantly more than both 0.2 Hz (p<0.001) and 0.05 Hz (p<0.001).

CSP change by rTMS frequency
Cortical silent period (ms)

115
110
105
100
95
90
Baseline

1 Hz

0.2 Hz

0.05 Hz

Treatment frequency

Figure 4.3 Cortical silent period (CSP) estimated marginal means pre treatment
and after rTMS frequency. CSP expressed in ms.
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Unimanual SRT change by rTMS
frequency
Reaction time (ms)

275
270
265
260

Left Hand

255

Right Hand

250
245
Baseline

1 Hz

0.2 Hz

0.05 Hz

Treatment frequency

Figure 4.4 Unimanual SRT estimated marginal means at baseline and after
different frequency rTMS treatments. Right hand columns are red and
left hand columns are blue. Left hand demonstrates significant
difference between 0.05 Hz and 0.2 Hz (p= 0.02). Right hand 0.2 Hz
treatment significantly less effect than both 0.05 and 1 Hz (p = 0.012
and 0.017 respectively).

Table 4.6 Effects of 1hz stimulation on reaction times and bimanual cost
Variable

PrerTMS

PostrTMS

30 minutes

(ms)

(ms)

postrTMS (ms)

Left

267.54 ± 12.64

265.63 ± 12.22

268.35 ± 12.22

Time

Right

279.12 ± 13.35

268.25 ± 10.89

267.87 ± 11.58

Bimanual

Left

10.38 ± 2.99

10.30 ±3.14

5.79 ± 2.95

Cost

Right

1.40 ± 2.66

9.18 ± 3.621

5.42 ± 3.11

Unimanual

Hand

Reaction

Reaction time parameters were compared using repeated measures ANOVA.
Data represent estimated marginal means with standard error of the mean. (1 p=
0.021)
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4.3.3 Effects of intensity
There was a significant interaction between stimulation intensity and pre‐
treatment RMEP amplitude (p< 0.001), with low intensity causing a greater
increment in amplitude. (Figure 4.5) Intensity overall did not significantly affect
CSP, AMEP, RMT, or any SRT modalities.
Left BC tended to be reduced by low intensity stimulation, but this was not
significant (p = 0.099). Right BC was increased by high and low intensity
stimulation with no significant difference between the two intensities, although
the mean was higher for low intensity stimulation.
With regard to the effects on strength, left pinch grip was the only modality to
show a significant effect of stimulus intensity (p = 0.044). (Figure 4.6)

Effects on RMEP after treatment by
intensity
RMEP amplitude (mV)

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
Baseline

High

Low

Treatment intensity

Figure 4.5 Resting motor evoked potential (RMEP) amplitude estimated
marginal means at baseline and after high or low intensity treatment.
High intensity treatment corresponds to 110% RMT, and low
intensity is 80% RMT. Low frequency induced significantly larger
increase versus high intensity (p< 0.001).
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Grip strength (Kg)

Pinch grip strength change induced by
treatment intensity
7
6.5
6
5.5
5
4.5
4
3.5
3

Left Hand
Right Hand

Baseline

High

Low

Treatment intensity

Figure 4.6 Pinch grip estimated marginal means presented for both hands at
baseline and after high or low intensity treatment. High intensity
treatment corresponds to 110% RMT, and low intensity is 80% RMT.
Pinch grip strength is presented as Kg force. Left hand pinch grip
strength showed significant difference between intensities of
treatment (p = 0.044).

4.3.4 Effects of protocol
Six protocols were used, consisting of a combination of three stimulation
frequencies and two intensities (Table 4.7). High and low intensity was defined
as a percentage (80% or 110%) of the baseline RMT at the first session. There
was a significant interaction of intensity and frequency (p< 0.001) (which
together define protocol) for both RMEP amplitude and CSP. Other
neurophysiological measures showed no significant effect of protocol. There
were also effects on functional measures (see below).
Resting motor evoked potential
Protocol was a significant determinant of RMEP amplitude post rTMS treatment
(p< 0.001). Protocol A (1 Hz and 80% intensity) produced a significantly greater
amplitude RMEP than all other protocols of rTMS, (all p< 0.001) (Figure 4.7).
Protocol E (0.05 Hz at 80% intensity) induced a significantly different change to
protocols A, C, D and F. There was no significant difference between protocols B,
C, D and F or between protocols B and E.
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Table 4.7 Summary of protocols
Protocol

Frequency (Hz)

Amplitude (% RMT)

A

1

80

B

1

110

C

0.2

80

D

0.2

110

E

0.05

80

F

0.05

110

Amplitudes are expressed as a percentage of resting motor threshold (RMT).

RMEP change by protocol

MEP amplitude change (mV)

2

1.5

1

0.5

0

‐0.5
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B

C

D

E

F

Protocol

Figure 4.7 Resting motor evoked potential (RMEP) amplitude change from
baseline presented by protocol demonstrates differential effects of
rTMS protocols. Protocol A is significantly different to all others (p<
0.001). Protocols: A= 1 Hz low intensity, B= 1 Hz high intensity, C= 0.2
Hz low intensity, D= 0.2 Hz high intensity, E= 0.05 Hz low intensity, F=
0.05 Hz high intensity.
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Cortical spinal period
A significant interaction between protocol and baseline CSP was demonstrated
(p< 0.001). Protocol A showed a prolongation of CSP compared to all other
protocols (p< 0.005).
Simple motor reaction times
Left unimanual SRT was significantly shortened in protocol F versus protocol A.
Left bimanual SRT was significantly prolonged and right bimanual SRT
shortened in protocol C versus protocol A. Similarly right unimanual SRT was
shortened in protocols C and D versus protocol A. (Figure 4.8)

Unimanual SRT change by rTMS
protocol
RT change from baseline(ms)

15
10
5
0
‐5

A

B

C

D

E

F

‐10

Left Hand

‐15

Right Hand

‐20
‐25
‐30
‐35

Treatment protocol

Figure 4.8 Unimanual SRT changes from baseline by protocol. Changes shown
indicate difference between baseline and immediately after rTMS
treatment in ms. A positive change indicates a prolongation of
reaction time. Left hand indicated by blue columns and right hand is
shown in red. Protocol A= 1 Hz low intensity, B=1 Hz high intensity,
C= 0.2 Hz low intensity, D= 0.2 Hz high intensity, E= 0.05 Hz low
intensity and F= 0.05 Hz high intensity.
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Bimanual cost
Protocol A (1 Hz at 80%) was correlated with an increased BC in the right,
ipsilateral hand. This was significantly different to protocol F bilaterally (p=
0.001) and protocol B in the right hand (p= 0.021). Right BC was close to
significantly increased in protocol A versus protocol E (p= .053). (Figure 4.9)
Grip strength
Left hand pinch grip tended to be lower with protocol F when compared to
protocol A (p= .062). The interaction stimulus amplitude and frequency was
significant for left pinch grip (p =0.022) with 110% RMT at 0.05 Hz greater
reduction than 80% RMT at 0.2, p = 0.035. There were no significant effects of
protocol on handgrip or pincer grip strength.

Bimanual cost change (% from baseline)

BC % change by protocol and hand
10
8
6
4
Left Hand

2

Right Hand

0
‐2

A

B

C

D

E

F

‐4
‐6

Treatment protocol

Figure 4.9 Percentage bimanual cost (BC) change from baseline by rTMS
treatment protocol in each hand. Protocol A was significantly
different to protocol F bilaterally (p= 0.001), and B in the right hand
(p=0.021). Protocols: A= 1 Hz low intensity, B=1 Hz high intensity, C=
0.2 Hz low intensity, D= 0.2 Hz high intensity, E= 0.05 Hz low
intensity and F= 0.05 Hz high intensity.
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5. DISCUSSION
Low frequency rTMS treatment for ten minutes induced clear plastic changes in
the cortex as evidenced by neurophysiological measure changes. Notably,
increased RMEP indicated an increased cortical excitability induced by rTMS
treatment. This was most prominent with 1 Hz low intensity treatment, which
induced significantly more plastic change than all other protocols. Plastic
changes also had varying effects on SRT and BC indicating that rTMS was able to
manipulate voluntary functioning. The study results also highlight some
important factors that require consideration in future rTMS investigation, as will
be discussed below.
Participant age
rTMS is proposed as a future treatment for many neurological disorders and
particularly as a modulator of plasticity in stroke recovery. Participant age range
for this study was chosen to match the age of heightened stroke incidence in New
Zealand. (Anderson et al. 2005; Tobias et al. 2007) This was important to ensure
that efficacy of rTMS treatment is determined in a group that is comparable to
those likely to receive treatment. As a result this study group had a mean age of
62.3 years. Previous rTMS trials have involved participants much younger than
this.
Normal ageing is associated with changes to neurological functioning and
response to TMS. MT increases (Rossini et al. 1992; Pitcher et al. 2003) and MEP
amplitudes reduce (Pitcher et al. 2003; Oliviero et al. 2006) as test subject age
increases. This is partly due to atrophic changes but also due to cortical and
spinal loss of neurons and general neuromuscular degeneration that is ongoing
throughout life (Eisen et al. 1996; Pitcher et al. 2003). In this study, participants
had a very high MT on average that also showed a slight correlation with age in
keeping with previous studies. This has implication for treatment and
neurophysiological testing.
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Gender
Females had a higher mean RMT than males in this study. Females have more
variable response to rTMS when compared with males (Pitcher et al. 2003) and
gender differences in sexual hormone levels may be at the root of this effect.
Ovarian hormones, such as estrogen or progesterone, have well documented
neurological effects. (Wong et al. 1996) As a result neurophysiological measures
fluctuate with stages of the menstrual cycle where increased estrogen is
associated with facilitation, and progesterone with inhibition. (Smith et al. 2002)
Participants in this study were of the age of climacteric and menopause and so
prone to hormonal fluctuations. Lowered levels of estrogen or opposite of
progesterone are possible cause of their raised MT relative to the men.
Stimulation site
Stimulation was always delivered to the right M1 and recording from the left FDI
muscle. This was the non‐dominant hand in 19 of 20 participants, which partly
contributed to higher than expected MT. Differences in motor representation
between hemispheres do occur. Hand muscle motor cortical representation is
larger (Volkmann et al. 1998) and MT is lowered (Wassermann et al. 1992;
Triggs et al. 1997) in the dominant hand. We found no difference in
neurophysiological measures relative to handedness score, though time
constraints prevented testing of the opposite cortex.
Multiple sessions
Participants completed only four out of six protocols each because it was felt that
six sessions required excessive time commitment. Six was too much to expect
from volunteers and still recruit adequate numbers. A mixed linear statistical
model was used, with participant as a random factor, so this was taken into
account with the analysis.
Repeated sessions of rTMS on consecutive days indicate an increased plastic
effect on the second treatment day. (Maeda et al. 2000b) However, plasticity
induction by PAS shows group consistency across multiple sessions. (Sale et al.
2007; Fratello et al. 2006) Sessions were spaced at least 4 days apart in this
study in order to prevent carry over effects of treatment, or adjustment to
further sessions. This probably provided adequate washout, as baseline
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neurophysiological measures did not vary significantly between sessions. This is
important because it suggests that naïve test subjects are not required in order
to effectively compare plasticity inducing protocols.
A previous study suggests that response to plasticity inducing protocols differs
between morning and afternoon, perhaps due to cortisol levels. (Sale et al. 2007)
Our study does not support this hypothesis as comparison of responses between
morning and afternoon sessions revealed no significant differences. The negative
finding may be due to study design not aimed at testing differences in treatment
timing, however.
In addition, all treatment protocols were randomised and counterbalanced
between participants, reducing any confounding by repeated sessions.
Baseline function
Baseline BC and SRT levels parallel previous investigations. (Franz and Fahey,
2007; Hughes and Franz, 2007; Shen and Franz, 2005; Taniguchi et al. 1999a,
1999b; Ohtsuki, 1993) This study utilised much older study participants
however, and confirms that the same effect is present in more elderly subjects. A
point of difference at baseline in this study, however, was that the non dominant
hand was faster on average across all participants, though there was no
statistically significant difference between hands. The correlation in this aspect
of testing is important because it shows that the SRT relationships and BC are
maintained with ageing, in face of other documented decline to aspects of motor
control. (Smith et al. 1999)
Strength at baseline was also consistent with expectations as the right hand
(dominant hand in all but one of the participants) was stronger compared with
the left in all grip strength tests.
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5.1 rTMS treatment effects
rTMS protocols induced significantly varying results indicating that, even
without sham stimulation control, rTMS factors were responsible for both
neurophysiological and functional changes.

5.1.1 Low frequency induces excitation
Low frequency rTMS has been readily characterised as a cortical inhibitor,
however, this series of experiments adds to the growing body of evidence that
low frequency rTMS effects are not as clear cut as earlier investigations suggest.
(Maeda et al. 2000a, 2000b; Siebner et al. 1999; Sommer et al. 2002) Additionally
it brings the efficacy of low frequency rTMS as a reliable cortical inhibitor into
question. In this trial, 1 Hz rTMS produced a significant cortical excitation and
other frequencies showed similar trends.
RMEP was increased suggesting that upregulation of excitatory networks
occurred concurrently. This suggests an increase in excitatory mechanisms,
and/or a reduction in inhibitory mechanisms. Effects on CSP were variable,
depending on protocol, and this is a reflection of inhibitory networks. A LTP
mechanism is proposed for rTMS effect in previous studies (Chen et al. 1997a;
Pascual‐Leone; 1994) and our study suggests that synapse upregulation results
in heightened network functioning. Regardless, low frequency inducing a net
cortical excitation is surprising considering the body of evidence supporting
inhibition. (Chen et al. 1997a; Fitzgerald et al. 2002, 2004, 2005; Stinear &
Byblow, 2004; Romero et al. 2002; Maeda et al. 2000a, 2000b) However multiple
factors present in this study may prove cause for this paradoxical finding. Some
of these are discussed below.

Participant age
As already mentioned, this study had a mean participant age much higher than
majority of other rTMS investigations. It is possible that older patients respond
differently to low frequency rTMS. Older age groups have a reduced response to
PAS. (Muller‐Dahlhaus et al. 2008) Cortical inhibitory mechanisms are also
reduced at baseline in elderly subjects, (Oliviero et al. 2006; Peinemann et al.
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2001; Hortobagyi et al. 2006) which may prove to be why our stimulation has
induced a paradoxical effect on both RMEP and CSP.
Normal ageing effects motor cortex organisation and networking (Ward et al.
2003; Mattay et al. 2002) including changes evident on TMS electrophysiology.
(Rossini et al. 1992; Pitcher et al. 2003; Oliviero et al. 2006; Peinemann et al.
2001) Inhibitory networks are decreased overall, with decreased levels of
intracortical inhibition, (Peinemann et al. 2001) cortical reciprocal inhibition,
(Hortobagyi et al. 2006) and shortened CSP, (Oliviero et al. 2006) Our study
suggests that at least at 1 Hz low intensity, inhibitory networks are not only
decreased but more susceptible to further reduction. This is not necessarily the
case for all protocols and protocol E (0.05 Hz low intensity) appeared to increase
CSP, although this was not statistically significant.
Reduced inhibitory functioning at baseline may mean there is less potential for
its upregulation and overall influence on wider functioning. Inhibitory neurons
mediating CSP have a low threshold for stimulation, (Inghilleri et al. 1993)
indicating that they are likely smaller diameter neurons. Elderly brains show a
physiological atrophy, where smaller neurons may be damaged first.
The finding of excitation or lack of inhibition in older age groups with low
frequency stimulation is not unique to our study. It is also consistent with,
Inghilleri et al. (2006) who induced cortical excitation with 5 Hz rTMS in elderly
patients (mean age= 69 years) but produced no effects with 100 stimuli at 1 Hz.
Their protocol was very short duration, which, as discussed below, was perhaps
not long enough to induce the excitation we have seen in this study.

Intensity
Single pulse testing and high intensity rTMS treatments were delivered at 110%
RMT intensity. This intensity was chosen because many of our participants had a
high RMT. This made it impossible to use higher stimulus intensity, as the
maximum output of the Magstim Rapid2 stimulator would have been exceeded.
As a result 110% RMT intensity may have influenced neurophysiology testing.
MEP amplitudes are higher and more consistent at higher test intensities.
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(Ellaway et al. 1998; van der Kamp et al. 1996) Therefore by stimulating at lower
intensity than initially intended, extra variability was introduced, which may
have swayed results towards excitatory changes.
Cincotta et al. (2003) used a range of test stimulation intensities before and after
rTMS treatment, revealing different MEP changes. Largest change after rTMS was
seen with intensities at 130% RMT and above. The greater intensity stimulates a
wider range of cortical networks revealing activity information from a wider
range of influences. In this study, introduction of these inputs may have revealed
extra inhibitory influence upon MEP and therefore indicated a different
excitability change. As it was, this 110% RMT intensity was adequate to
stimulate networks facilitated by low frequency rTMS stimulation.

Stimulus waveform
Biphasic TMS stimulation was used for both treatment and neurophysiological
measures. Contrastingly, most other rTMS effect studies used monophasic
stimulation for both neurophysiology and treatment, (Cincotta et al. 2003;
Muellbacher et al. 2000; Fitzgerald et al. 2004, 2005) or just neurophysiology
measurement after biphasic rTMS. (Plewnia et al. 2003; Heide et al. 2006;
Gerschlager et al. 2001; Stinear & Byblow, 2004)
Controlled comparisons between monophasic and biphasic stimulation reveal
large differences. Plastic response to monophasic stimulation is stronger (Taylor
et al. 2007; Sommer et al. 2002; Lang et al. 2006) and MEP elicitation more
difficult compared with biphasic (Kammer et al. 2001; Kaneko et al. 1996). In
addition to this, rTMS studies using only biphasic stimulation have produced all
range of results from cortical inhibition (Romero et al. 2002; Maeda et al. 2000a)
to no change (Pascual‐Leone et al. 1994) and even excitation. (Siebner et al.
1999) Notably however, Maeda et al. (2000a) induced inhibition on group
average but they also report induction of both inhibitory and facilitatory effects
on an individual basis.
A monophasic waveform induces current in only one direction through the
cortex and therefore stimulates a very select group of neurons. This focality
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improves likelihood of isolating distinct cortical networks and detecting changes.
Biphasic stimulation is less focused and stimulates a much larger population of
neurons. Though biphasic stimulation may be more apt to producing widespread
depolarisation and MEP, it is less able to detect subtle changes in cortical
networking. (Kammer et al. 2001; Kaneko et al. 1996)
It is not possible to know if our results would have been similar with
monophasic test and or rTMS treatment, but the waveform most certainly plays a
role in variability and effect of outcomes. Biphasic testing and treatment
produces high range of variable responses, (Romero et al. 2002; Maeda et al.
2000a; Pascual‐Leone et al. 1994) but the use of monophasic stimulation for
electrophysiology before and after a treatment with biphasic rTMS has shown
relatively consistent results. (Plewnia et al. 2003; Heide et al. 2006, Gerschlager
et al. 2001; Stinear & Byblow, 2004) This perhaps indicates that the issue lies
more with the relative inconsistency of biphasic electrophysiological measures,
rather than variable treatment effects.

Duration
rTMS treatments here were for 10 minutes duration. This relatively short
treatment duration was chosen in order to prevent ceiling effects of treatment
developing. It is possible that plastic changes in the M1 have a limit above which
no further change is possible. If rTMS effect was large enough, all protocols could
reach that limit and any comparison would portray all protocols equally. Ten
minutes treatment was also decided upon because 1 Hz rTMS has been effective
in that time or shorter in previous experiments. (Romero et al. 2002; Maeda et al.
2000b) Notably though, other low frequency treatments have not been
specifically tested in this time frame.
A smaller effect was seen after ten minutes of all 0.2 or 0.05 Hz treatments.
These frequencies may still prove effective with longer duration treatment.
Previous studies using frequencies below 1 Hz have successfully used treatment
durations of 30 minutes to induce significant plastic changes (Cincotta et al.
2003; Murase et al. 2005) and indications are that longer duration treatment
induces greater, more consistent and longer lasting plastic changes. (Touge et al.
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2001; Maeda et al. 2000a) However, it is also possible that longer durations may
produce a different effect – the inhibition we were anticipating, rather than
excitation. Intuitively it seems more likely that longer durations simply produce
more of the same effect and with longer duration after the end of treatment. In
general, a given period of rTMS produces a similar period of persisting plastic
effect. Thus 10 minutes of rTMS would be expected to produce alterations
lasting a further 10 minutes. We completed our post‐rTMS assessment of MEP
and strength within 10 minutes, although the SRT testing took a further 15
minutes. We were nevertheless able to demonstrate effects on SRT, and this rule
is just an approximation.

5.1.2 Frequency modulates rTMS effect
Considering frequency of rTMS treatment alone, regardless of intensity, the
results confirm that 1 Hz is a superior plasticity inducer compared to very low
frequency rTMS, specifically 0.2 and 0.05 Hz. 1 Hz raised RMEP amplitude and
reduced CSP duration significantly more than lower frequencies. This suggests
that 1 Hz rTMS, while more effective at manipulating RMEP, or overall cortical
excitability, it is also able to upregulate neurons that determine the CSP, namely
inhibitory interneurons.
Surprisingly, 0.05 Hz was more effective in increasing RMEP than 0.2 Hz. Thus it
is unlikely that the smaller effects of lower frequencies merely reflected the fact
that less stimuli were delivered. One possible explanation is that the stimuli are
predictable at 0.2 Hz whereas at 0.05 Hz it is harder for the participant to know
when they are going to occur. Anticipation of the TMS pulse modifies single
pulse TMS response and also may modify rTMS effects. (Seyal et al. 1999) It
would be worth studying the effects of 0.2 Hz stimulation with some jitter in the
inter‐stimulus interval to test this hypothesis. 0.2 Hz stimulation should also be
studied with longer treatment duration to determine if the effect is related to the
number of stimuli than to duration per se.

5.1.3 Intensity modulates rTMS effect
We used two different stimulus intensities, one above RMT and the other below.
The higher intensity was 110% RMT, which is lower than some other published
studies (Cincotta et al. 2003; Chen et al. 1997a; Heide et al. 2006; Plewnia et al.
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2003, Gilio et al. 2003; Inghileri et al. 2006; Stinear & Byblow, 2004; Muellbacher
2000). As stated above, the reason this was chosen was that many of our subjects
had a high RMT, which made it impossible to use higher stimulus intensity.
Treatment stimulation intensity was determined relative to RMT in the first
session. RMT, however, was not always constant across sessions. Therefore
treatment intensities given were not at 80% or 110% of the RMT that session.
This meant that a range of intensities was used if determining intensity relative
to RMT on the day. A separate analysis that recalculated treatment intensity
relative to RMT did not yield altered overall result, and therefore not presented.
In order to maintain consistency in future treatments however, it is
recommended that all treatments be given relative to RMT at the time of
treatment. However there is some disagreement as to which method of
determining stimulus intensity is better.
In general, lower stimulus intensity of 80% resulted in a greater RMEP. However,
it is unclear from our data whether stimulation intensity higher than 110%
would have resulted in the inhibitory effect we expected from the literature.
Three previous studies have used 110% to produce no effect (Pascual‐Leone et
al. 1994) and inhibition of MEP. (Fitzgerald et al. 2004,2005) However the
inhibitory results were achieved with monophasic stimulation. One study of
biphasic rTMS treatment at 105% RMT has been reported to increase MEP
amplitude within train (Siebner et al. 1999).
110% RMT may be at the threshold for both excitatory and inhibitory network
stimulation. In this case, where stimulation of both classes occurs equally, effects
would cancel out to produce a minimal net modulation overall. This is in contrast
to low intensity rTMS that focuses on a more specific population of neurons and
creates larger net effect. (Di Lazzaro et al. 1998)
For example, CSP is mediated by small diameter interneurons that have a low
threshold for stimulation. (Inghilleri et al. 1993) Therefore low intensity
stimulation focused more on these neurons, inducing a level of LTP in them, to
produce a significant CSP prolongation. In contrast, high intensity stimulation
would have caused more widespread activity and less change specific to CSP.
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If a higher proportion of direct pyramidal tract stimulation could be achieved a
more substantial effect of intensity may be seen. Repeated TES, which stimulates
subcortical axons preferentially, produces no plastic change, whereas TMS does.
A similar phenomenon may be demonstrable if high intensity TMS, that
stimulates neurons both directly at the subcortical axon and via widespread
intracortical connections, was utilised. There may be a differential effect
between high and low intensities as a more varying proportion of D and I waves
are produced.
In addition to network thresholds, higher intensity stimulation produces a more
widespread activation of neurons. In this case, more widespread activation with
high intensity introduced extra inhibitory influences from neighbouring cortical
areas that counteracted the local RMEP change. One possible site is the premotor
cortex, where 1 Hz rTMS stimulation has been shown to inhibit MEP amplitude.
(Gerschlager et al. 2001)

5.1.4 Functional changes
Different rTMS treatments produced significantly varying functional changes,
indicating that rTMS factored in their response. However, a lack of test control
using blinding or sham stimulation poses limitation on determining true effect of
treatment.
Strength
All protocols appeared to reduce strength. The combination of brain stimulation
and functional testing was very fatiguing for test participants. This is a possible
explanation for bilaterally weakened power grip and left pinch grip strength that
occurred regardless of rTMS treatment. In addition, rTMS was focused on
stimulation of the FDI muscle. This is a small intrinsic muscle of the hand, most
active in delicate hand movements, that has very little bearing on the magnitude
of power grip strength.
The left hand pinch grip would have been particularly fatigued as participants
were required to perform this grip for extended periods throughout recording of
AMEP and AMT. This also provides caveat for interpreting the relationship of
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rTMS intensity and left sided pinch grip strength, where high intensity rTMS,
regardless of frequency, was associated with reduced left sided pinch grip.
An earlier study failed to demonstrate strength changes (Muellbacher et al.
2000) after rTMS treatment supporting the possibility that rTMS was not cause
for strength change in this case. rTMS changes may be too subtle to manipulate
overt functions like maximum strength that involve high levels of widespread
cortical activation.
Reaction times
Much study has occurred in attempts to decipher the cortical mechanisms
mediating RT. TMS studies reveal multiple cortical areas associated with RT,
including M1 and premotor cortex for unimanual, (Pascual‐Leone et al. 1992;
Day et al. 1989b; Foltys et al. 2001) and additional involvement of transcallosal
connections and SMA for bimanual responses (Foltys et al. 2001). The subtle
manipulation of BC by M1 excitability change further supports its involvement in
RT via transcallosal connections, but lack of direct RT change in the hand
contralateral to stimulation indicates that M1 is perhaps not a major
determinant of response speed.
Choice reaction time modulation has been demonstrated after rTMS treatment to
premotor cortex and M1,(Schlaghecken et al. 2003) however this is a somewhat
more complicated task in comparison to SRT. Choice reaction time induces a
more complex cortical response because a decision of how to react must be
made.
Rizzo et al. (2009) have demonstrated SRT modulation after plasticity induction
using paired cortical stimulation. Their demonstration of a unimanual SRT
speeding in one hand and slowing in the inhibited cortex is consistent with our
results.

5.1.5 Bimanual Cost
BC levels at baseline are similar to previous investigations. (Franz and Fahey,
2007; Hughes and Franz, 2007; Shen and Franz, 2005) This study utilised much
older study participants however, and confirms that BC is present in more
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elderly subjects. A point of difference at baseline in this study, however, was that
the non dominant hand was faster on average across all participants, though
there was no statistically significant difference between hands. The correlation
in this aspect of testing is important because it shows that the RT relationship
with BC is maintained with ageing, in face of other documented decline to other
aspects of motor control (Smith 1999 53;1458).
BC showed significant change after rTMS treatment. In particular, excitatory
rTMS to the right cortex resulted in increased BC in the right hand. This would
suggest an interhemispheric effect on the opposite cortex induced by rTMS and
provides evidence in support of an “interhemispheric competition” model as a
mediator for BC.
Interhemispheric communication between reciprocal areas of M1 is in subtle
balance. Here, excitation of one M1 upset this balance, tipping it in favour of one
cortex. The upregulation of one cortex, right side in this case, exerts an increased
IHI influence upon the opposite (left) cortex. The extra inhibitory influence slows
neuronal recruitment and delayed response initiation results.
This model requires interhemispheric changes to occur after single sided rTMS.
Though not measured in this study due to time constraints, previous studies
show that complementary cortical excitability changes occur contralateral to
rTMS treatment (Gilio et al. 2003; Plewnia et al. 2003; Pal et al. 2005), as well as
with other plasticity inducing protocols. (Rizzo et al. 2009; Schambra et al. 2003)
IHI is also altered with similar unilateral plasticity induction.
Hemispheric stroke
rTMS treatment has improved functional aspects of hand movements (Dafotakis
et al. 2008; Avazino et al. 2008; Kobayashi et al. 2004) though this is the first
study to demonstrate impaired functioning. The nature of the impairment of
function supports theory of interhemispheric functioning post stroke and
supports the idea that hyperactivity that occurs contralateral to a motor cortical
stoke lesion impairs functioning. Further support for this hypothesis is provided
by functional improvements seen with inhibitory rTMS treatment delivered to
the unaffected cortex post hemispheric stroke. (Boggio et al 2006; Mansur et al.
2005; Takeuchi et al. 2005)

58
Further study is required to further elucidate the origins of BC. Reproduction of
the results demonstrated here as well as further neurophysiological measures
corresponding with BC manipulation. Examples of possible candidates include,
RMEP change contralateral to treatment and IHI levels across both hemispheres.
Demonstration of an inverse relationship would also be helpful. That is to induce
cortical inhibition and decrease BC in the ipsilateral hand.
In order to confirm this aspect of BC functioning neurophysiological testing of
the hemisphere opposite to rTMS treatment should take place after rTMS
treatment to one cortex and SRT testing.
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5.2 Limitations of this study
5.2.1 Multiple modality testing
rTMS treatment effects are transient and begin to diminish upon treatment
cessation, it is important therefore that outcome measures be completed quickly.
This experiment was testing multiple modalities, both functional and
neurophysiological over a treatment session. This meant that time delay
between treatment and testing occurred. This was most pertinent for functional
testing and particularly BC, where a delay of approximately 5 minutes between
rTMS cessation and functional testing. Though constant across all participants,
this time delay may have been enough to diminish effects.
In spite of this, neurophysiology is not likely to have been affected because our
study continues the trend of plastic changes occurring to RMEP and CSP in
absence of change to MT or AMEP. (Fitzgerald et al. 2004, 2005; Touge et al.
2001) Active contraction overrides any excitability change due to a ceiling effect
or normalisation of neuronal excitability that is cause for lack of AMEP effect.
(Touge et al. 2001) MT is thought unlikely to be affected by repetitive
stimulation alone because it is primarily a reflection of neuronal membrane
excitability (Ziemann et al. 1996). Nevertheless we demonstrated increases in
RMT in this study, and the reason for this is unclear.

5.2.2 Coil positioning
Random coil movements are not wholly responsible for MEP variability (Ellaway
et al. 1998) however, it is uncertain if it affects responses to rTMS treatment.
Coil movement throughout this testing was not ideally controlled. Though the
coil position relative to participants’ heads was constantly monitored, it was not
100% effective throughout all treatment.
Laboratory space constraints meant participants were seated upright, and
therefore they had to actively support and maintain their heads in position
relative to the coil. This was fatiguing for many participants and some were
unable to maintain the position throughout testing and treatment. This
movement was more pronounced in some participants versus others. As such
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the replacement of coil position may not have always been exact. This was
primarily because the repositioning was carried out relative to sites of MEP
elicitation. This could be improved by marking participants heads with the
position of the coil after the desired stimulation site is acquired. Alternatively
wearing of a tightly fitted Lycra “swim cap” may be preferred by participants for
the duration of testing
It is also recommended that a more comfortable reclining position as well as a
head support be employed for participants undergoing rTMS treatment over a
prolonged period. This would reduce head movements and improve accuracy of
treatment.

5.2.3 Background activity
rTMS effects and TMS neurophysiological testing can be manipulated by
background cortical activity. (Fujiwara et al. 2004) MEP may be facilitated with
contraction of distal sites to those tested, thinking about muscle movement,
visual cues and cognitive tasks. This was controlled during neurophysiological
testing by cognitive tasks (serial 7s) and contraction, though during rTMS
treatment there were no controls in place. Recent research has shown that
contraction through rTMS treatment influences outcomes. (Fujiwara et al. 2004)
Therefore this factor may have influenced these results. Future studies need to
control for this factor, perhaps by instruction to relax or providing participants
something to hold throughout treatment.

5.2.4 Neurophysiology recording
Lack of sham rTMS
The lack of a sham rTMS treatment to act as a control limits the interpretation of
rTMS effects. The main goal of this experiment however, was to compare effects
of different protocols and all other protocols tend to act as control for the next.
However the interpretation of results to ascertain the degree of effect is severely
limited. Future study design would benefit greatly with the inclusion of a placebo
control in order to better determine degree of effect induced by treatments.
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Contraction self monitored
AMEP was recorded with 15% MVC basal contraction that participants
monitored themselves by observing the dynamometer dial. Some found
maintenance of this contraction difficult. As level of contraction is a major
determinant of MEP size, (Taylor et al. 1997) contraction level changes were a
possible source of error for AMEP values. Introduction of this error may have
prevented any significant changes being recorded. CSP duration however, is not
largely affected by contraction strength (Wu et al. 2002; Taylor et al. 1997) and
thus little extra error was introduced.

MEP recording
MEP are intrinsically variable and as already discussed largely affected by
stimulation intensity and background cortical activity. (Ellaway et al. 1998; van
der Kamp et al. 1996)
We averaged values from only seven resting or active recordings. The variability
of MEP measures indicates that this is not enough and more recordings would
decrease error and raise confidence that true cortical excitability is reflected.
MEP recruitment curves could be a more suitable method for testing excitability
changes (Devanne et al. 1997)
Computerised recording and analysis
A computerised recording system would allow for more accurate identification
of correct stimulation conditions, with less reliance on the tester. This is
important as stimulation conditions have a large impact upon values.
Additionally computerised analysis of EMG recording to elucidate would allow
for blinding of analysis and remove any bias introduced by investigators. One
such programme developed by Daskalakis et al. (2003) can be used to determine
CSP duration accurately and automatically.
Desynchronisation
The intrinsic variability of MEP stems largely from desynchronisation of neuron
firing in the cortex. (Magistris et al. 1998, 1999) Desynchronisation of action
potentials traveling from the cortex and converging along the corticospinal tract
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overlap and the resulting phase cancellation of action potentials reduces
stimulation of the spinal motor neuron pool. (Magistris et al. 1998, 1999)
Analysis of MEP area is therefore a more accurate and consistent method of
analysing MEP than amplitude alone (Rösler et al. 2002; Z’Graggen et al. 2005)
and may be recommended for future studies, though this method introduces
difficulty in determining exact onset an offset of evoked potentials. Alternatively
a “triple stimulation” technique that employs a combination of cortical and
peripheral stimuli is shown to be effective at removing error due to
desynchronised neuron firing. (Magistris et al. 1998, 1999; Humm et al. 2004;
Chen et al. 2008)
Reaction time recording
SRT testing utilised similar methods to Hughes and Franz, (2007) and Shen and
Franz, (2005) and were aimed at investigating BC. There is a requirement for
many repeated trials and participant concentration can wane due to simplicity
and repetitive nature of the task. A consequence of this is that mistakes can occur
at increased frequency.
Simple reaction times require no adjustment specific to the response, because
the response is uniform between tests and can be prepared for before the
stimulus. Thus SRT are typically an exercise in time estimation, where
participants aim to synchronise optimal readiness with a response signal.
Problems for experimenters arise if a subject is able to synchronise the response,
instead of their level of maximum preparedness, with the signal. SRT then
becomes a gambling exercise to predict stimulus arrival. As this is the case the
researcher has no idea what the subject actually does and can only urge the
participants to comply. This series of RT testing involved additional measures to
discourage and remove effects of stimulus anticipation. In the first instance,
stimuli were presented at random intervals. This was to discourage any rhythm
development by the participant. Additionally, the tester gave reminders and
encouragement when participants made mistakes and finally the statistical
analysis removed responses that were deemed to be mistakes.
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Future testing would benefit from an increased delay between successive trials
to prevent anticipation of the stimulus. Time allocation for breaks between trial
blocks would also prevent participant fatigue and eliminate errors.
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5.3 Alternative techniques for cortical inhibition
These results and previous studies suggest that low frequency rTMS is not a
reliable method of inducing cortical inhibition. Alternative methods have shown
potential and may prove to be better for cortical plasticity induction and
particularly inhibition induction. Pairing TMS with electrical peripheral
stimulation has successfully induced lasting cortical inhibition. Termed paired
associative stimulation (PAS), it employs a Hebbian plasticity mechanism to
induce cortical excitability changes. Direction of change is determined by the
relative timing of stimulus arrival at M1, such that excitation occurs if arrival is
synchronous and vice versa for inhibition. (Stefan et al. 2000, 2002; Wolters et al.
2003; Fratello et al. 2006)
Different rTMS frequency and irregular patterns of stimulation may also prove
effective means of plasticity induction. Repetitive paired pulse paradigms, where
two TMS stimuli are delivered in pairs ms apart and repeated at a set frequency,
have shown effective plastic change (Khedr et al. 2004; Thickbroom et al. 2006)
as well as Theta burst frequency rTMS. (Huang et al. 2005) Theta burst rTMS
requires only very short duration treatment to incite changes of similar
amplitude to other rTMS treatments. Theta burst rTMS involves very short
bursts of extremely high frequency stimuli. The rapid induction of effect of this
paradigm would prove beneficial for many different treatments and research
alike.
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6. CONCLUSION
Since its discovery in the mid 1990s, extensive research has been conducted in
an attempt to discern the mechanisms of rTMS induced cortical plasticity. The
current understanding of these mechanisms is, however, far from complete.
Inhibitory treatment protocols have changed little since rTMS was first
described and most researchers have persisted in using 1Hz rTMS since Chen
described its inhibitory effect in 1997. There is considerable need for inhibitory
TMS protocols in neurological treatment and there is now a need for
optimisation of treatment protocols to ensure that the best use of rTMS can be
made and tested in therapeutic trials.
This study addressed this issue by comparing six different low frequency rTMS
protocols in a counterbalanced crossover design. Frequency and intensity of
treatment were identified as key factors in treatment and used as variables in
treatment. Their effects were measured using a mix of neurophysiological and
functional outcomes and changes compared using a mixed linear statistical
model. Although variable results were achieved, the findings indicate some
important factors for future rTMS treatments nonetheless.
Contrary to expectations, low frequency rTMS induced a cortical excitation
overall. Variability of effect is a known fact with rTMS treatment and
investigation to reduce this variability therefore, is required. Aware of this fact,
this study was able to identify some factors differing from previous rTMS study.
Notably, these included participant age, stimulation waveform and duration of
treatment. Further study is needed to determine the true effects of these factors
and comparative trials are recommended. In particular, the study of older
volunteers is vital if these treatments are to be used in patients with diseases like
stroke.
Comparison of effect between protocols revealed a dependence on both
frequency and intensity of treatment. 1 Hz most effectively altered overall
cortical excitability, although very low frequency showed some similar effects.
Stimulation intensity made less difference to outcome than frequency but there
was a clear difference between high and low levels as low intensity proved the
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more effective in producing cortical excitation. Possibly even higher intensities
are better for inhibition although we were unable to demonstrate this. As the
limitations of our equipment prevented us from using higher intensities, our
study has relevance for the manufacturers of TM stimulators.
In addition to their manipulation of outcomes, frequency and intensity interacted
with each other to an effect represented by the effects of the six protocols. 1 Hz
low intensity rTMS induced the largest cortical change compared with the
others. The interaction was not linear, however, and intensity seemed to
modulate effect differently at lower frequencies and vice versa. This led to the
conclusion that intensity and frequency are determinants of rTMS effect that
interact with each other. The nature of this interaction is complex and requires
further investigation.
rTMS effectively manipulated BC in the opposite cortex. This allowed two
conclusions to be made; firstly that BC is modifiable using rTMS and secondly
rTMS alters functional effects contralateral to stimulation when delivered to the
M1. Although not the first demonstration of rTMS treatment with IHI effects, this
study was novel as it demonstrated an impairment of function after induction of
cortical excitation; the reciprocal effect to that produced in treating stroke with
inhibitory rTMS to the unaffected hemisphere. This change demonstrates that
cortical excitation induction can modulate functioning in both directions
contralateral to stimulation. This effect provides, in a sense, a model of what
happens in stroke, supporting the notion that hyperactivity contralateral to a
hemispherical stroke lesion is detrimental to functional recovery.
The high variability of responses in this study supports recent evidence that
rTMS is not an ideal technique for consistently induce cortical inhibition. Novel
plasticity inducing techniques in development such as PAS or theta burst
stimulation may prove more effective.

67

7. RECOMMENDATIONS
This study reached some valuable conclusions for rTMS treatments and cortical
functioning, however, additional questions were raised that must be addressed if
rTMS is to reach its full potential as a therapy for neurological disease.
This study concluded that 1 Hz rTMS is effective at raising cortical excitability in
older individuals. A good place to continue this would be to determine if there is
a different effect in younger subjects. This could be easily achieved by repeating
this investigation in a younger group of participants, yielding an overall wider
age range of effects.
This investigation also identified frequency and intensity as strong modulatory
factors in rTMS effect but their effects were variable and require better
characterisation in order to determine how they interact. It is recommended that
a wider range of both frequency and intensity be compared in order to better
determine this relationship.
BC was modified by rTMS in a manner supporting interhemispheric interaction.
This indicates that modulation of BC may occur with rTMS, however, the true
amplitude and mechanism of effects are not certain. In order to better
characterise the mechanism of BC and its suitability as a model for hemispheric
stoke, it is suggested that a sham controlled trial of 1 Hz rTMS be performed that
will measure BC, IHI and bilateral excitability changes concurrently. The
interaction of these measures will clearly reveal the effects of rTMS induced
excitability change on BC and confirm its suitability as a model for hemispheric
stroke functioning. Demonstration of BC manipulation by cortical inhibition is
also important to confirm the mechanisms mediating BC.
Continued comparative studies are important in the deciphering of optimal rTMS
protocols and its use in future therapies. This study has highlighted some key
factors in the planning and delivery of effective treatment and these must be
addressed if rTMS is to reach its full potential as a treatment of neurological
disorders.
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APPENDIX A

INFORMATION SHEET FOR PARTICIPANTS
A study to improve magnetic brain stimulation as a
treatment for stroke.
We invite you to take part in this study to compare different ways of
performing repetitive transcranial magnetic stimulation – a new method of
treating stroke. Please read this information sheet carefully before deciding
whether or not to participate. If you decide to participate we thank you. If you
decide not to take part there will be no disadvantage to you of any kind and we
thank you for considering our request. You may have a friend, family or whanau
support for any explanation you may require. The study has been approved by
the Lower South Regional Ethics Committee.
What are the aims of the study?
The aim of the study is to compare different methods for stimulating the
brain to improve recovery after stroke. “Repetitive transcranial stimulation” or
“rTMS” is a technique where the brain is stimulated with a magnetic pulse. This
is a painless and safe procedure which is used in diagnosis of neurological
diseases like multiple sclerosis. It is now being used to treat neurological
disease using different protocols. However it is still not clear what frequencies
and amplitudes of stimulation work best. We want to lower frequencies of
stimulation than have been used in the past.
What types of participants are being sought?
Participants should be between 45 and 75 years of age and can be either right or
left handed. They should not have a history of neurological disease and should
not have epilepsy.
What will happen during the study?
Should you agree to take part in this project, you will be asked to attend 4
study sessions at Dunedin Hospital, each of which will last approximately 2
hours. This will consist of some questions to determine whether you are left or
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right handed, a test of grip strength, some reaction time tasks on a computer and
transcranial magnetic stimulation. This involves stimulating the brain with
painless magnetic pulses and recording the muscle response with electrodes
taped onto your hand. You will receive a treatment of transcranial magnetic
stimulation which will last about 10 minutes. The frequency (rate of stimulation)
and size of the pulse will differ for each of the 4 sessions. We will measure the
size of the muscle response to transcranial magnetic stimulation, grip strength
and reaction times, immediately before and after the treatment and again after
30 minutes and an hour.
Questionnaires
There will be 3 forms: a consent form, a participant form that gathers a
few items of general information about you (such as your age and sex and any
medications that you take), and a handedness inventory that will confirm your
dominant hand.
Part 2: The tests
Dynamometer test of power: This involves squeezing a dynamometer to measure
the force exerted by your muscles
Reaction times: You will be asked to tap a key on a computer keyboard when you
see a green circle on the computer screen, using your left or right forefinger or
both.
TMS: This involves stimulating the brain with a brief magnetic pulse. The
muscle in the hand will respond with a brief movement and this will be recorded
by electrodes taped to the skin over the muscle.
Repetitive TMS: This uses the same technique, but involves a series of magnetic
stimuli at rates between 1 every 20 seconds and 1 per second and continuing for
about 10 minutes. It is painless and not unpleasant, but may make your thumb
or hand twitch slightly.
Are there any risks involved?
The motor evoked potentials and repetitive TMS have no risks except that
they are thought to be able to trigger seizures in people with epilepsy (the risk is about
1.4% in epileptics). We will not do them in anyone who has had a seizure in the past.
The treatment may alter reaction times temporarily (either worse or better depending
on which hand is being tested), and they are expected to return to normal after about
30 minutes. There are no health benefits to be gained from taking part in this
research. However, in the long term, this research will contribute to better treatment
of stroke.
Even though this study has minimal risk, what if an injury does occur?
These procedures are very low-risk. However they will be carried out under
the supervision of a neurologist, and in the hospital environment where emergency
help is always available. In the unlikely event of a physical injury as a result of your
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participation in this study, you will be covered by the accident compensation
legislation with its limitations. If you have any questions about ACC please feel free
to ask the researcher for more information before you agree to take part in this trial.

Can participants change their mind and withdraw from the study?
Your participation is entirely voluntary (your choice). You do not have to
take part in this study, and if you choose not to take part there will be no
disadvantages to you of any kind. This will not affect your present and future
health care. If you do agree to take part you are free to withdraw from the study
at any time, without having to give a reason and this will in no way affect your
continuing health care. Participation in this study will be stopped should any
harmful effects appear.
What data or information will be collected and what use will be made of it?
The results of the tests (strength, motor evoked potentials and reaction
times) will be stored securely and kept confidential. The results of all the
subjects will be pooled and analyzed in an anonymous fashion.
Results of this project may be published in a scientific journal but no data
included will be linked to any specific participant. No material which could
personally identify you will be used in any reports. You are most welcome to
request a copy of the results. There will, however, be a delay between data
collection and publication.
The data collected will be securely stored in such a way that only those
mentioned below will be able to gain access to it. At the end of the project, any
personal information will be destroyed except that, as required by the
University's research policy, any raw data on which the results of the project
depend will be retained in secure storage for 10 years, after which they will be
destroyed.
Will participants receive any payment?
Each visit, participants will receive $20 in cash or petrol vouchers to
cover travel costs.
What if participants have any questions?
If you have any queries or concerns about your rights as a participant in
this research study you may wish to contact a Health and Disability Services
Consumer Advocate:
telephone (03) 479 0265 or
freephone 0800 37 77 66 or
freefax 0800 2787 7678 (0800 2 SUPPORT) or
email advocacy@hdc.org.nz.
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If there is a specific Maori issue/concern please contact Linda Grennell at
0800 377 766.
The investigators are:
Graeme Hammond‐Tooke, Dept of Medical and Surgical Sciences
Elizabeth Franz, Dept of Psychology.
James Heaton, Medical student
If you have any questions or would like further information about the
study either now or in the future, please feel free to contact either:
Graeme Hammond‐Tooke 474‐0999 tracer 6162 or 027 22XXXX
James Heaton
474‐0999 extension 8367 or 027551XXXX
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APPENDIX B

CONSENT FORM
A study to improve magnetic brain stimulation as a
treatment for stroke.
I have read and I understand the information sheet dated _________________ for
volunteers taking part in the study designed to investigate Transcranial Magnetic
Stimulation for neurological disorders. I have had the opportunity to discuss this
study. I am satisfied with the answers I have been given.
I have had the opportunity to use whanau support or a friend to help me ask
questions and understand the study.
I understand that taking part in this study is voluntary (my choice) and that I
may withdraw from the study at any time and this will in no way affect my future
or continuing health care.
I understand that my participation in this study is confidential and that no
material which could identify me will be used in any reports on this study.
I understand that the investigation will be stopped if it should appear harmful to
me.
I understand the compensation provisions for this study.
I have had time to consider whether to take part.
I know who to contact if I have any side effects to the study.
I know who to contact if I have any questions about the study.
I wish to receive a copy of the results

No

I would like my GP or other current health care provider
to be informed of my participation in this study

No

□ Yes □
□ Yes □
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I _________________________ (full name) hereby consent to take part in this study.
Signature___________________________________Date_____________________
Full names and contact phone number of researchers:
Dr Graeme Hammond‐Tooke (474 0999x 6162 or 027 224 XXXX)
Associate Professor Liz Franz (479 XXXX)
James Heaton (474 0999 x 8367 or 027 551XXXX)
Project explained by:
Name:
Signature:
Date:
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APPENDIX C
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APPENDIX D

Handedness
Edinburgh Handedness Inventory
Please indicate your preferences in the use of hands in the following activities by
putting a check in the appropriate column. Where the preference is so strong that
you would never try to use the other hand, unless absolutely forced to, put 2
checks. If in any case you are really indifferent, put a check in both columns.
Some of the activities listed below require the use of both hands. In these cases, the
part of the task, or object, for which hand preference is wanted is indicated in
parentheses.
Please try and answer all of the questions, and only leave a blank if you have no
experience at all with the object or task.
Left

Right

1. Writing
2. Drawing
3. Throwing
4. Scissors
5. Toothbrush
6. Knife (without fork)
7. Spoon
8. Broom (upper hand)
9. Striking Match (match)
10. Opening box (lid)
•

Scoring

columns

•

Add up the number of checks in both the 'Left' and 'Right'
and enter the 'Total' score for each column. Add the left total
and right total and enter in the 'Cumulative Total'. Subtract the
left total from the right total and enter in the “Difference”.
Divide the 'Difference' cell by the 'Cumulative TOTAL' cell
(round to 2 digits) and multiply by 100, then enter the result in
the “Result” cell.

Interpretation below -40 = left-handed
between -40 and +40 = ambidextrous
above +40 = right-handed

TOTAL(count checks in both columns)
Difference

Cumulative TOTAL

Result

