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Symbols

Throughout this work the following notation applies: Vectors are denoted with an

arrow, such as ~A. Uppercase letters, e.g. M, refer to matrices. Coordinate systems
are expressed in bold uppercase letters, such as C. Transformation matrices from a
coordinate system C to another coordinate system D are described by CTD. Scalars
and constant values are denoted with italic lowercase letters, e.g. m.

Coordinate Systems

FT Force-torque sensor coordinate frame
IMU Coordinate system of the Inertia Measurement Unit (IMU)
E Coordinate frame of the robot’s end effector
R The robot’s base
C Coordinate system of the TMS coil
T The tracking system’s coordinate system
L Coordinate frame of the laser scanning system
H The patient’s head
M The marker’s coordinate system
S3 Coordinate system in the robot’s fourth joint (link three)
S2 Coordinate system in the robot’s third joint (link two)
Mref Reference Image of the marker used for direct head tracking
Href Reference Image of the head used for direct head tracking
Cref Reference Image of the coil used for direct head tracking

Matrices

ATB Transformation matrix from A to B
FTTV Calibration matrix of the force–torque sensor to convert voltage readings

from FT sensor into forces and torques
Rx Rotation matrix around the x-axis

xi



Ry Rotation matrix around the y-axis
Rz Rotation matrix around the z-axis

Vectors

~F0 Zero force
~F Any recorded force

~F
0 Expected force for a given spatial orientation

~Fuser Gravity compensated force
~~F Damped force vector for direct robot movement

~M Any recorded torque

~M
0 Expected torque for a given spatial orientation

~Muser Gravity compensated torque
~~M Damped torque vector for direct robot movement

~A Recorded acceleration
~AIMU

Acceleration in the IMU coordinate frame
~AFT

Acceleration transformed into the FT coordinate frame
~V Voltage reading from the FT sensor
~s Tool’s centroid
~E (Induced) electric field
~B Magnetic field

Scalars

m Tool’s mass
fg Tool’s gravity force (corresponding to its mass m)
f Force magnitude

Constants

g Gravity acceleration, with 1 g = 9.81 m/s2

xii Symbols



Chapter 1
Introduction

1.1 Transcranial Magnetic Stimulation

The idea of Transcranial Magnetic Stimulation (TMS) for non-invasive brain
stimulation is simple but brilliant: A strong, rapidly increasing current is driven
through a magnetic coil placed on the head of a subject. The generated magnetic
field passes through the human skull and—due to Electromagnetic Induction—
induces an electric current inside the cortex which can lead to local stimulation
[17]. However, it took almost a century, using huge magnets around the head in the
very beginning, until Anthony Barker successfully introduced TMS in 1985 [5]. At
this early stage, only muscle contractions could be clearly observed when stimu-
lating the motor cortex.

Nowadays, TMS has not only become an important tool in clinical routine, but
particularly repetitive Transcranial Magnetic Stimulation (rTMS) is a promising
tool for treatment of a variety of medication resistant neurological and psycho-
logical conditions.

Moreover, for (cognitive) neuroscience and brain research, TMS is a key
technique to study the brain’s functionality and connectivity. In general, TMS is
applied for non-invasive and painless cortical brain stimulation.

1.1.1 Principle of TMS

During TMS, cortical neurons are activated by a current distribution that is
induced by a transient magnetic field. This time-varying magnetic field is gener-
ated by a short high-current pulse (4–20 kA) sent through a stimulation coil
located on the scalp of the individual. The magnetic stimulator itself generates
high voltages of 400–3,000 V. The resulting magnetic field lasts for a few milli-
seconds and can reach peak strengths of 1–10 T [24, 29]. This magnetic field
passes easily through the human skull and induces a current density distribution
that is characterized by a direction and magnitude that both vary within the cortex
[71]. These quantities are determined by the coil position and geometry, and by the
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geometry and electrical conductivity of the tissue. Note that the induced current
stimulates the tissues similar to electrical stimulation (Transcranial Electrical
Stimulation (TES)) [66]. For TMS, the magnetic field just functions as a carrier to
induce an electric current inside the cortex. Thus, TMS does not produce high
currents in the skin and therefore does not result in pain. Figure 1.1 illustrates the
basic principle of TMS for non-invasive brain stimulation.

For TMS, the induced electric field is perpendicular to the magnetic field and in
opposite direction to the electrical current in the coil. In principle, assuming
homogeneous conductivity, the induced electric field is parallel to the plane of the
coil [24]. Hence, the TMS coil is tangentially placed on the head for (optimal)
stimulation. However, the human brain is inhomogeneous and local conductivity
differences occur. Therefore, only complex models and extensive simulations are
capable to predict the real current distribution inside the tissue [55, 87].

Simulations have shown that for identical magnetic fields the magnitude of the
induced current in the brain critically depends on the orientation of the coil relative
to underlying gyri and sulci. In fact, the induced electric field in the tissue is
maximal when perpendicular to the underlying gyrus [82]. Furthermore, it has
been hypothesized that pyramidal neurons are stimulated most effectively when in
alignment with the current direction [21]. Thus, both, orientation and position of
the stimulation, provide information on the location of cells and structures that are
influenced by TMS.

Neuronal activation will ensue if the current density at the position of a
pyramidal neuron exceeds a threshold value to depolarize (or hyperpolarize) the
axon membrane [72]. This will cause an Action Potential. Even though pyramidal
axons are likely to be stimulated near bends [44], also other geometrical factors,
e.g., terminals and branches, may change the neuronal excitability [67]. In prin-
ciple, those axons are most likely to be activated that change their orientation in
relation to the induced electric field direction [24].

Fig. 1.1 For TMS, a rapidly
changing magnetic field ~B is
produced by a coil and passes
through the skull. This way,~B
induces an electric field ~E in
the cortex that depolarizes
neurons. In the target region,
the principle component of ~B
can be assumed to be in z-
direction
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The strength of the electromagnetic field decreases quasi-exponentially with
increasing coil distance [7]. Therefore, the depth penetration of TMS in the tissue
is limited and stimulation of deeper brain areas is not possible in practice [25]. The
cortical target region is thus located approximately 10–60 mm beneath the TMS
coil [79] which is due to the individual scalp-to-cortex range [36]. In contrast to
other cortical regions, effects of TMS on the the Primary Motor Cortex (M1) can
be directly observed or measured. Stimulation of M1 in general leads to muscle
twitches of the associated muscle which can be detected by visual inspection or by
Electromyography (EMG) recordings using surface electrodes. In particular, the
Primary Motor Hand Area (M1-HAND) is easy to stimulate with low intensities as
it is relatively large and located at the surface of the precentral cortex. For the
Primary Motor Leg Area (M1-LEG), on the contrary, higher intensities are
required because it is located at the medial wall of the precentral gyrus. Responses
to stimulation of other brain regions are indirectly detectable as evoked neural
activity with Electroencephalography (EEG) [51] or changes in blood flow with
functional Magnetic Resonance Imaging (fMRI) [70], Single Photon Computed
Tomography (SPECT) [10] or Positron Emission Tomography (PET) [20]. See
[57] or [79] for a general overview.

1.1.2 Applications of TMS: Single-Pulse Versus Repetitive
Stimulation

At the very beginning of TMS, the stimulators were only able to produce single
pulses. Currently, repetitive stimulators with repetition frequencies of up to 50 Hz
are available [85]. The main difference between single pulse and repetitive stim-
ulation is that rTMS can change neuronal behavior whereas single pulse TMS
leads to an immediate reaction, e.g., muscle twitching.

Hence, clinical diagnosis is the main application of single pulse TMS. A single
TMS pulse is applied to the motor cortex and the corresponding muscle response is
recorded. For clinical routine mainly the central motor conduction time, the motor
threshold, the Motor Evoked Potential (MEP) amplitude or the silent period are of
importance [74]. This way, e.g., spinal cord injuries can be diagnosed and/or
investigated [39].

Another interesting and promising application for single pulse TMS is motor
cortex mapping. Muscle responses are recorded for different coil positions. The
representation of this muscle in the cortex can now be calculated based on the set of
recordings [48]. For neurosurgery, brain tumor removal can be planned and sup-
ported by motor cortex mapping [33]. Figure 1.2 displays a motor cortex mapping
for the Abductor digiti minimi (ADM) muscle before and after tumor removal. It
clearly shows that tumor removal (including a safety margin) is possible without
damage of the cortical control of this muscle. In this way, also the cortical plasticity
due to tumor growth can be investigated [18]. In brain research, motor cortex
mapping helps localizing specific brain areas and motor pathways [56].
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Furthermore, single pulse TMS is also applied to produce virtual lesions to study
the brain’s connectivity and functionality [58, 84].

Repetitive TMS, on the contrary, can change neuronal behavior for a certain
amount of time. In this case, neuronal behavior connects to the level of cortico-
spinal excitability, the connectivity between the stimulated cortex and other
connected brain areas, and the neuronal activity in the stimulated cortex. These
effects of neuro-modulation motivate the application of rTMS in cognitive brain
research and treatments of different neurological and psychiatric conditions.
Depending on the stimulation frequency, rTMS is used for inhibitory or excitatory
brain stimulation. Low frequency stimulation (\5 Hz) decreases and high fre-
quency stimulation ( [ 5 Hz) increases neuronal excitibility. However, the prin-
ciple and the duration of the effect are yet not fully understood. Interestingly,
clinical trials have proven positive effects, e.g., for depression [19], chronic tin-
nitus [35] and chronic pain [49]. Typically, rTMS is applied for 15–30 min for
each single treatment session.

Theta Burst Stimulation (TBS), as a novel paradigm of rTMS, is able to pro-
duce long-term effects after a relatively short period of stimulation (just a few
minutes) [28]. It uses very high stimulation frequencies in small intervals with a
short pause and a high number of intervals, e.g. 200 intervals with 3 pulses at
50 Hz with an interval pause of 200 ms. First studies reported positive effects, e.g.,
for treatment of chronic tinnitus [13, 65].

1.1.3 TMS Coils

For TMS mainly two coil types are available and frequently used. They vary in
shape and therefore in their magnetic field properties. Circular coils (or round
coils) induce a ringlike electric field below the coil’s windings. This way, a large

Fig. 1.2 Brain mapping with TMS of the ADM muscle before (a) and after (b) tumor resection.
Due to the tumor removal, the precentral gyrus shifted and therefore a shift in the localization of
the muscle occurs. Figures from [46], with friendly permission of the author
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cortical region is affected by the stimulation. Figure-of-eight (figure-8) or butterfly
coils produce a more focal magnetic field. They consist of two circular coils that
are located in parallel. Below the intersection of the two circles, the induced
electrical field of both circles is added. Therefore, the induced electric field has a
focus beneath the center of the intersection which is typically the center of the coil.
Figure-of-eight coils are thus used for (more) focal brain stimulation. Figure 1.3
shows the spatial electric field distribution of a typical circular and a figure-of-
eight coil.

Main applications of figure-of-eight coils are in rTMS experimental treatment
and brain research. Circular coils are primarily used in clinical diagnosis and
routine as they have a broad focus. Producing stimulation effects with these coils is
thus easier than with figure-of-eight coils.

However, the magnetic field properties of both coil types are specified by the
number and the diameter of the coil windings. In general, a smaller coil diameter
results in a more focal electric field but has the drawback of faster coil heating. In
contrast, larger coil windings lead to a better depth penetration. By increasing the
number of windings also the magnetic field strength increases but at the cost of
faster coil heating.

However, due to the general behavior of magnetic fields, the strength of the
induced electric field decreases quasi-exponentially with depth [8, 22].

Besides these two common coil types, specialized coil designs have been
introduced and investigated. The H-coil, for instance, produces a higher induced
electric field compared to circular coils [68]. Therefore, it is intended for stimu-
lation of deeper brain regions [69]. However, deeper regions cannot be targeted
without stimulating superficial brain structures [16].

Fig. 1.3 Electric fields of two typical TMS coils measured by a field sensor. The measures are
displayed in mV as induced in the sensor. a The field of the circular coil is rotational symmetric.
b The field of the figure-of-eight coil produces a focal area underneath the center. Figures from
[48], with friendly permission of the author and the copyright holder, �2008 John Wiley and
Sons
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1.1.4 Motor Evoked Potentials and Motor Threshold

An easy way to detect macroscopic responses is observation of muscle contraction
or twitching after motor cortex stimulation. A Motor Evoked Potential (MEP) can
be measured using Electromyography (EMG) with surface electrodes over an
associated muscle. The MEP represents the electrical potential at this muscle,
which is a correlate of muscle contraction. In general, the stronger the muscle
contraction the higher the MEP amplitude.

For the use of TMS, determination of the Motor Threshold (MT) for the target
muscle is often the first step. In general, the MT is a measure of (corticomotor)
excitability. It is defined as the stimulation strength at which a muscle contraction
occurs with a probability of 50 %. In this case, a muscle contraction is recorded if
the base-to-peak MEP amplitude exceeds 50 lV (for the resting muscle). The MT,
beside its routine application in diagnosis, plays a key role in rTMS treatments:
The stimulation strength for treatment is calculated based on the individual MT
[57, 79, 85]. However, the MT highly depends on the used equipment and setup,
i.e., stimulator, coil and pulse waveform. The MT is therefore traditionally
expressed in percentage of Maximum Stimulator Output (MSO) which makes it
almost impossible to directly compare the MT between different studies. However,
as the MEP amplitude has a very high variance [88], often the MT is used in brain
research as a more stable quantitative measure for cortical excitability. However,
also the MT can change due to vigilance, stress or muscle pretension—even within
subjects [34].

As enhancement to the MT, recently the computed electric field on the cortex at
MT strength was introduced as a more stable and comparable measure of cortical
excitability. By using navigated TMS (see below) and the field properties of the
TMS coil used, an estimate of the electric field strength on the cortex can be
computed at MT strength which should theoretically accurately reflect the anatomy
and the used system [14]. Even though first studies have shown promising results,
due to the complexity of its computation, the computed electric field is far away
from becoming a standard technique [31].

From a mathematical point of view, the MT is explicitly defined. However, an
accurate determination is rather complex, which is mainly due to natural excit-
ability changes [1]. Recently, different methods have been proposed to determine
the MT. The three most common methods are presented in some more detail:

1.1.4.1 Rossini Criterion

The first method to estimate the MT was presented in the general guidelines on TMS,
published by the International Federation of Clinical Neurophysiology (IFCN) in
1994 [66]. A standardized algorithm can be derived from this method where the MT
is defined as the stimulation intensity at which 5 MEPs are evoked in 10 trials [24].
After placement of the coil at the optimal stimulation site (the hot-spot), the
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stimulation intensity is increased in steps of 5 % of MSO until MEPs larger than
50 lV are consistently produced. Subsequently, the intensity is decreased in steps of
1 % of MSO until less than 5 MEPs larger than 50 lV are produced in 10 trials. This
intensity plus 1 is then used as the MT.

Even though this method is easy applicable and estimates the MT quite accu-
rately, it requires a relatively high number of stimulation pulses (about 75) and is
therefore relatively time-consuming [83].

1.1.4.2 Two-Threshold Method

Another approach estimates an upper and a lower threshold [50]. The MT is then
defined as the arithmetic mean between these two thresholds. The lower threshold
is therefore defined as the highest stimulation intensity at which no positive MEP
is measured in 10 consecutive stimuli. Accordingly, the upper threshold is defined
as the lowest intensity at which no MEP smaller than 50 lV is recorded in 10
consecutive stimuli.

In contrast to the Rossini methods, the two-threshold method requires about 45
stimuli to estimate the two thresholds. However, the MT is only approximated with
this method.

1.1.4.3 Threshold Hunting

This adaptive method is based on the assumption that the relation between the
likelihood of an evoked MEP and the stimulus intensity can be modeled as a
sigmoidal function. The threshold hunting method therefore calculates the prob-
ability to evoke an MEP for a given stimulus based on the already performed trials.
Using a maximum likelihood estimation, based on best PEST (parameter esti-
mation by sequential testing) [59], the most likely MT intensity is calculated [2].
For the next stimulation pulse this strength is used for measuring the MEP. It was
reported that on average 17 stimulation pulses are required to calculate a reliable
MT with this method [3]. As a computer is essential to use this method, Awiszus
and Borckardt developed the TMS Motor Threshold Assessment Tool, a
freeware program to perform this threshold hunting [4].

1.1.4.4 Brief Comparison

The method by Rossini is very easy to utilize as it is straight-forward. It is
therefore commonly used in clinical practice. With some experience a physician is
able to reduce the number of required pulses to estimate a reliable MT. In research,
the two-threshold method is at present replaced by the threshold hunting method.
The advantage of this method is that it is an adaptive method that takes the
previous recordings into account. Therefore, it requires a smaller number of pulses
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to calculate the MT. With the available computer program, the usage is very
convenient and it has become the standard method in TMS research [79]. How-
ever, as this method, and all other methods mentioned, do not take the strength of
the MEP into account, it might lead to a wrong MT estimate.

1.2 State-of-the-Art: Neuro-Navigated TMS

Different approaches exist to locate the stimulation target and to position the coil.
In its simplest way, localization is based on external anatomical landmarks, e.g.,
midline or ear-to-ear-line. The TMS coil is now placed in relation to these ana-
tomical landmarks.

Commonly, a hot-spot at the M1 as the optimal stimulation site is estimated
prior to actual stimulation. Therefore, different stimulation points are investigated
until the best stimulation outcome, e.g. maximal muscle twitching of a specific
muscle, is obtained. The hot-spot is usually estimated in the M1-HAND area.
Using a function-guided coil positioning procedure, the stimulation site is esti-
mated in relation to this hot-spot. Standard distances are for instance 5 cm anterior
for stimulation of the Dorsolateral prefrontal cortex (DLPFC) [26], 2–3 cm
anterior for stimulation of the Premotor Cortex (PMC) [23] or 3 cm posterior for
the Primary Somatosensory Cortex [37].

Another way is to take advantage of the 10–20 system of electrode placement
for EEG recordings [30]. The TMS coil can be placed relatively to these electrode
positions [27]. With use of electrode caps, the 10–20 System is very practical.
However, due to individual anatomical and functional variability, the coil posi-
tioning may lead to errors of a few centimeters—depending on the stimulation site
[54].

For the proper analysis of TMS effects, exact coil positioning is essential [80].
A current technique for coil positioning and target localization is therefore the
application of real-time frameless stereotaxic systems [43]. These neuro-naviga-
tion systems combine high resolution three-dimensional (3D) scans of the patient’s
head with a real-time tracking system [73]. Commonly, Magnetic Resonance
Imaging (MRI) scans of the patient are used as navigation source. From these
scans, the the three-dimensional (3D) head and the brain’s anatomy are recon-
structed. After registration and with tracking of TMS coil and head, the TMS coil
can be positioned based on the 3D head scan. Neuro-navigated TMS has become
the state-of-the-art tool for precise target localization in TMS research as it takes
the individual anatomy of the patient into account [78]. Beside precise target
localization, it also improves the repeatability of coil positioning within and
between TMS sessions [43]. Furthermore, it was shown that neuro-navigated TMS
also has its value for rTMS treatments of chronic tinnitus [40] and depression [75].

Currently, various commercial neuro-navigation TMS systems are available,
e.g. Visor2TM (Advanced Neuro Technology B.V., Enschede, The Netherlands),
BrainsightTM 2 (Rogue Research Inc., Montreal Quebec, Canada) or NBS System
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