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Abstract
Trans c ran ial mag ne t ic s t imu l at io n (TM S) is a no n- i nvas ive me t ho d t o s t imu l at e t he hu man b rai n.
In TMS, a brief, strong magnetic ﬁ eld pulse induces an electric ﬁ eld that can cause individual
neurons to ﬁ re. A typical TMS pulse lasts less than one millisecond; with a suitable coil design,
focal stimulation of the superﬁ cial parts of the brain can be obtained. TMS has better than
centimetre-scale spatial resolution and millisecond-scale temporal resolution. Thus, it has found
use in basic brain research and clinical applications—TMS has been used, for example, to study
inhibitory and facilitatory circuits in the human motor cortex, and to treat depression. The
spatiotemporal resolution of TMS is, however, limited: to change the locus of stimulation, the TMS
coil must be moved. This limits the stimulation to predetermined targets.
This thesis consists of six publications that advance TMS technology, methodology, and
instrumentation. Publication 2 mostly considers instrumentation: it describes a probe for
automatic characte risation and calibration of the stimulation outp ut of a TMS de vice —a TM S-coil
characteriser. Publications 4 and 5 consider methodology: they, respectively, describe a method to
increase the temporal resolution of TMS to study the dynamics of the brain in the microsecond
scale, and a pipeline to compute the TMS-induced electric ﬁ eld in small mammals. Publications
1, 3, and 6 consider technology. Publications 1 and 3 present a systematic approach to design the
most energy-efﬁ cient TMS coil with the desired focality. Then, based on this coil-design method,
Publication 6 introduces an algorithm to design a set of coils, with which the spatial properties of
the TMS-induced electric ﬁ eld can be electronically controlled.
In this thesis, the TMS-coil characteriser was used to measure the output from several different
commercial TMS devices; differences were found even within devices from one manufacturer. The
ﬁ eld-computation pipeline was used to study the effects of the skull geometry to stimulation; in
the small mammals, the geometry inﬂuences the stimulation location and causes large, unexpected
changes in the stimulation intensity and direction. The higher temporal resolution due to new
TMS-pulse waveforms was used to study the non-linear properties of excitable membrane in the
microsecond-scale. Finally, the TMS coils developed in this thesis demonstrate a considerable
improvement over the state of the art: The optimised coil presented in Publication 3 had two times
the efﬁciency of a common, commercial ﬁgure-of-eight coil. The two-coil transducer in Publication
6, in combination with a two-channel TMS device, allowed to build the ﬁ rst TMS device with
e le ctronic stimulation targe ting—an ability to adjust the locus of stimulation w ithout any physical
coil movement, which, in addition to allowing much higher spatiotemporal resolution, may reduce
the manual labour required in clinical TMS.
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Tiivistelmä
Transkraniaalinen magneettistimulaatio (TMS) on kajoamaton aivotutkimus-, diagnostiikka- ja
terapiamenetelmä, jossa annetaan lyhytkestoisia, voimakkaita magneettisia pulsseja. Nämä pulssit
a j a va t ku d o ks e s s a s ä h kö vi rt a a, j o ka a kt i vo i h e rm o s o l u j a . K o s ka t y y p i l l i ne n TM S - p u l s s i ke s t ä ä a l l e
millisekunnin ja sen vaikutus saadaan paikalliseksi käyttämällä sopivaa stimulaatiokelaa, TMS:n
avaruudellinen erotuskyky voi olla alle senttimetrin ja ajallinen erotuskyky alle millisekunnin
suuruinen. Menetelmää on käytetty aivojen perustutkimuksesta kliinisiin sovelluksiin –
liikeaivokuore n hermoverkkoje n tutkimuksesta mase nnukse n hoitamisee n. Yksi TMS:n heikkous
on kuitenkin se, että stimulaatiopaikan siirtäminen vaatii kelan liikuttamista, mikä rajaa
vaikutuspaikan siirtämisnopeuden huomattavan hitaaksi.
Tämä väitöskirja koostuu kuudesta osajulkaisusta, joissa kehitettiin magneettistimulaatioteknologiaa, -menetelmiä ja magneettistimulaation mittaustekniikkaa. Väitöskirjan osajulkaisussa
2 kuvaillaan mittalaite TMS-laitteen aikaansaaman sähkökentän jakauman tutkimiseen.
Osajulkaisu 4 esittelee menetelmän, jolla magneettistimulaatiota voidaan käyttää mittaamaan
aivojen dynamiikkaa mikrosekuntitasolla. Osajulkaisu 5 kuvaa laskentamenetelmän, jolla voi
mallintaa stimulaation synnyttämiä kenttiä pienten nisäkkäiden aivoissa. Väitöskirjan
o s aju l kais u je n 1, 3 j a 6 p ääp ai no o n t e kno l o g ias s a. E ns i mmäine n j a ko l mas o s aj u l kais u e s it t e l e vät
tavan suunnitella mahdollisimman korkean hyötysuhteen stimulaatiokeloja, joilla on haluttu
paikkatarkkuus. Kuudes osajulkaisu yleistää kelasuunnittelun useamman kelan järjestelmiin.
Kehitetyllä mittalaitteella tutkittiin usean eri valmistajan TMS-laitteiden tuottamia sähkökenttiä.
Tä s s ä t u t kimu ks e s s a h avait t ii n mu u n mu a ss a, ku inka j o p a s aman val mis t aj an e ri l ait t e id e n väl il l ä
on huomattavia eroja. Pienten nisäkkäiden kentänlaskentamenetelmällä tutkittiin kallon vaikutusta
todelliseen stimulaatiopaikkaan, missä yhteydessä havaittiin lisäksi kallon muodon suuri, yllättävä
vaikutus myös stimulaation voimakkuuteen ja suuntaan. Uusien TMS-aaltomuotojen
mahdollistamalla mikrosekuntiluokan aikaresoluutiolla puolestaan mitattiin hermosolujen
solukalvon epälineaarisia ominaisuuksia. Näiden lisäksi tässä työssä kehitetyt uudentyyppiset
stimulaatiokelat ovat huomattava parannus nykyisin käytössä oleviin keloihin nähden:
Osajulkaisussa 3 kuvatun kelan hyötysuhde on yli kaksinkertainen tyypilliseen kahdeksikkokelaan
nähden. Osajulkaisussa 6 kuvattu kahden kelan TMS-laite mahdollistaa vaikutuspaikan siirtämisen
ohjelmallisesti ilman kelojen liikuttamista, mikä nopeuttaa huomattavasti vaikutuspaikan
siirtämistä ja saattaa lisäksi vähentää kliinisessä magneettistimulaatiossa tarvittavan käsityön
määrää.
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Preface

This thesis is the culmination of the last eight years I have spent in Otaniemi.
When I first arrived here, I did not really know what the degree programme for
Engineering Physics would teach me. Eight years ago, many things were different: Olkiluoto 3 was supposed to be ready before my graduation and I and my
fellow classmates were supposed to be able to leave Otaniemi with the newly
extended metro in late 2014 after obtaining the degree of Master of Science.
None of which happened. The not-leaving-Otaniemi part was largely due to the
TMS–EEG group at the Department of Neuroscience and Biomedical Engineering (NBE) at Aalto University. In addition, I have had the opportunity to perform experimental work in the BioMag Laboratory located in the basement of
the Helsinki University Central Hospital.
Scientific research is a collaborative effort, and this thesis is no exception. I
express my gratitude to my supervisor Prof. Risto Ilmoniemi and my two other
instructors Dr. Jaakko Nieminen and Docent Matti Stenroos. They have introduced me into science, and given me support and guidance, both of which have
been invaluable in my journey towards this thesis. During my doctoral project,
I have also collaborated with several other scientists, of which I will name a few.
Fellow doctoral candidates Tuomas Mutanen, Niko Mäkelä, Minna Pitkänen,
Sergei Tugin, and Victor Souza, who came here for a 10-month exchange from
Brazil and designed our second multi-coil transducer, have performed experiments with me with our new TMS instruments built as a part of this thesis.
Thanks. In addition to them, I thank Dr. Juha Montonen and Docent Jyrki
Mäkelä from the BioMag Laboratory for enabling the experiments. Direct help
with the experiments was an important asset, however, I appreciate also the indirect support from the research community. This list of important persons,
however, would either not be exhaustive enough, or it would exhaust the reader.
I appreciate the preliminary examiners Prof. Jens Haueisen and Prof. Pasi
Karjalainen for the few, but useful, suggestions, which helped me to make the
last few minor adjustments to the thesis. In addition, I understand the value of
the peer support in finalising the thesis and thank Ville Mäntynen for that.
Another important aspect is the funding. It is an important part of scientific
research. This thesis was made financially possible by a personal three-year
grant from the Finnish Cultural Foundation and the funding obtained by Risto
and Jaakko from Academy of Finland—for example, to build the device; in addition, the International Doctoral Programme in Biomedical Engineering and
Medical Physics (iBioMEP) provided me with a few travel grants.
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Going back to the first paragraph, “not-leaving-Otaniemi part was largely due
to the TMS–EEG group”: a contributing factor was the somewhat unique student community that had invited me into it from the very beginning, and which
I did not want to leave behind after just four years. From this community, I
would like to express my deepest gratitude to all the wonderful physicists I met
via my guild, Fyysikkokilta, the fellow doctoral candidates I learned to know
during my two years in the board of the Aalto University Doctoral Student Association, Aallonhuiput, and people I met whilst involved in the latest three
Fyysikkospeksi (Limbo, Mielenpuhaltajat, and Vive!) and 2017 Teekkarispeksi
(Viimeinen sinfonia). It has been a pleasure to watch the community to develop.
The last, but not the least: I also want to thank my family and all my friends
from outside Otaniemi.

Otaniemi, 25.9.2017,

Lari Koponen
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1. Introduction

Imagine saying a random word, or say the word you imagined. Both actions invoke a complicated process involving collaboration of several regions of your
brain—the human brain whose functioning has fascinated humans for millennia. Indeed, the oldest preserved written description of the human brain dates
back about 3,600 years, and is considered to be a copy of an at least a thousand
years older manuscript (Breasted, 1930; Allen, 2005), which makes it one of the
earliest written texts. The unknown author of the manuscript had already associated different sites of injury with different neurological symptom (Gross,
1987)—yet understanding even basics of mechanisms for the brain to function
had to wait until after the scientific revolution and the advances in imaging techniques (Kandel and Squire, 2000), including methods for brain stimulation.
Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation
method (Barker et al., 1985). In TMS, a brief, strong magnetic field pulse causes
artificial activation of a region in the brain, which temporarily interrupts the
normal information processing in that region, and thus, allows to study its function. The brain will recover from such a pulse quickly, and TMS is considered
relatively safe (Rossi et al., 2009). The effects of TMS are similar to those of
direct electrical stimulation of the human cortex (DES), which was first demonstrated on humans in the late 19th century (Bartholow, 1874), and has since
found several clinical applications, summarised by, for example, Borchers et al.
(2012). However, unlike DES, TMS is non-invasive and does not, for example,
require opening the skull.
TMS, however, has its limitations. Unlike DES, which requires a current pulse
of a few milliamperes (directly to the cortex), TMS requires several kiloamperes
(in the windings of a large multi-turn coil). This limits the amount of control
over the stimulation location, as a single TMS coil must be relatively large and
heavy; thus, the conventional method to change the stimulated location is to
move the coil. This thesis aims to overcome this limitation by designing and implementing an advanced TMS device that allows changing the stimulated spot
electronically. The thesis is organised as follows. Chapter 2 contains an introduction to the human brain, and Chapter 3 to TMS. Chapter 4 reviews the multichannel TMS literature. Chapter 5 defines the aims of this thesis, and Chapter 6
summarises the results of the six publications that constitute this thesis. The
implications of these results are discussed in Chapter 7, and a one-page conclusion is given in Chapter 8.

9

2. Human brain

The brain is our most complicated organ. It includes (1) the brainstem, which
connects the brain to the spinal cord, (2) the cerebellum, and (3) the cerebrum.
The largest of these is the cerebrum, the outer layer of which, the cerebral cortex,
contains some 20 billion1 neurons connected via almost 200 trillion synapses
(Azevedo et al., 2009; Pelvig et al., 2008). Although the largest modern microprocessors have their number of transistors comparable to the number of cortical neurons, for example, Nvidia GV100 graphics processing unit (GPU) from
2017 has 21.1 billion transistors, the brain still appears to be far more intricate
than any such artificial device. Whereas the GPU consists of many instances of
a few identical subcircuits with relatively simple connections (Durant et al.,
2017), the brain networks seem complex (Bullmore and Sporns, 2009). In addition to the more convoluted structure across different spatial scales, a single
neuron, with 5,000–10,000 synapses whose properties change with time, is far
more complex system than a single transistor. Also, although the cerebrum is
the largest part of the brain by volume, the much smaller cerebellum contains
some 70 billion further neurons packed more densely in another, different
across spatial scales, complex network (D’Angelo et al., 2011).
As TMS is mostly limited to the superficial parts of the brain, from the TMS
point of view, the cerebral cortex is the most interesting part of the brain: even
devices for deep TMS (dTMS) cause their strongest stimulation in the cortex
(Roth et al., 2002) and have limited penetration to deeper regions (Deng et al.,
2014). The cerebrum is divided into two hemispheres, and the cerebral cortex
into two cortices. The smaller folds in each cortex are called sulci, and the larger
folds that separate different brain lobes (Figure 1, left) are called fissures. The
bulges between the folds are called gyri. In this thesis, the experimental studies
focus on the anterior central gyrus that contains the primary motor cortex (Figure 1, right). The motor representation areas in the primary motor cortex are
arranged in an orderly manner: The left side of the body is represented in the
right hemisphere of the brain, and vice versa. The lower body representations
are medial to the upper body representations, and the nearby body members
have adjacent representations, for example, the representations of individual
fingers are in order (Penfield and Boldrey, 1937).

1

The thesis assumes the short scale, where one billion equals to 109 = 1,000,000,000, and a trillion 1012.
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Figure 1. (Left) The large-scale structure of the human brain: The frontal lobe is separated from
the parietal lobe by the central sulcus and from the temporal lobe by the Sylvian fissure, the
parietal lobe is superior to the temporal lobe, and the occipital lobe is in the back of the brain.
The cerebellum and the brainstem are visible near the bottom of the brain. (Right) Different
regions are associated with different brain functions. For example, the red region anterior to
the central sulcus contains motor representations, the blue region posterior to the same sulcus sensory cortex, the green region in the temporal lobe contains auditory areas, and the
yellow region visual functions. Originally Figures 728 and 756 in (Gray, 1918).

A closer look at the cerebral cortex reveals a somewhat layered structure with
six main layers. A distinct visual feature of the cortex is the high density of pyramidal cells, or pyramidal neurons, passing through several layers as their
main orientation is normal to the cortical surface. In addition to pyramidal cells,
the cortex contains interneurons with no preferred orientation, and a variety of
other non-neuronal glial cells. The pyramidal cells are mostly excitatory; they
tend to excite the neurons they output to, whereas, the interneurons are mostly
inhibitory and tend to prevent excitation of the neurons they output to. The two
kinds of neurons form a complex network with different spatial scales of feedback and feed-forward circuits. This network is essential for most high-level
functions of the brain. For a primer to the cortical networks, see Shipp (2007),
and for an introduction to the structure of individual pyramidal neurons of different cortical layers, see Spruston (2008).
Neurons are cells that can process and transmit information with both electrical and chemical signals. The two main components that separate neurons from
other cells are the excitable neuronal membrane and the synaptic connections
to—and from—other neurons. There are many kinds of neurons, from sensory
ones (which transform sensory input to electrical signals) to motor neurons
(which control the muscles based on input from other neurons). A typical neuron in the peripheral nervous system is connected to a few other neurons,
whereas a typical neuron in the central nervous system, especially in the brain,
can be connected to thousands other neurons.
A typical neuron in the brain contains dendrites, which receive input from
other neurons via synapses and propagate it to the cell body of the said neuron.
From the cell body, which is also known as the soma, the output propagates via
an axon to axon terminals, which are connected to neighbouring cells via synapses. The input processing and the signal propagation are handled by the neuronal membrane, which is a lipid bilayer with incorporated ion channels. The
neuronal membrane separates the intracellular fluid from the surrounding extracellular fluid, which contains different concentrations of various ions, most
notably sodium and potassium. The lipid bilayer itself is relatively impermeable
12
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to ions, and most ion channels are selectively permeable to specific ions. This,
combined with active ion pumps, allows the neuron to maintain a negative resting membrane potential of about –70 mV. A suitable change in the permeabilities of one or more ions can result in a change of the membrane potential: an
increase in the potential is called depolarisation and a decrease in the potential
hyperpolarisation. Because of the capacitance of the neuron, the membrane potential will integrate these changes over time on the timescales from about 100
microseconds to a few 10’s of milliseconds (Nowak and Bullier, 1998). For an
overview of the various integration mechanisms in the dendrites, see Stuart and
Spruston (2015).
Finally, as first explained by Hodgkin and Huxley (1952), a sufficient depolarisation will result in a propagating action potential in the neuron due to the nonlinear dynamics of the voltage- and time-dependent ion channels. The Hodgkin–Huxley model explains the action potential of the squid giant axon with two
voltage- and time-dependent ion conductivities, the quickly changing sodium
conductivity and the slowly varying potassium conductivity. Since then, corresponding ion-channels were identified, and their dynamics have been studied
with, for example, the patch-clamp technique (Neher et al., 1978) to directly
measure, for example, the binary nature of individual sodium channels (Sigworth and Neher, 1980) to reinterpret their gating from the empirical Hodgkin–
Huxley model based on macroscopic measurements: the inactivation kinetics of
sodium channels are a direct consequence of their activation kinetics (Aldrich
et al., 1983). In addition, compared to the just two ion channels of the Hodgkin–
Huxley model, the neurons in the human, or other mammalian, brains are now
known to be much more complicated with more than ten such ion channels,
which results in a variety of action potentials. For further reading on the mammalian action potential, see the review by Bean (2007).
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3. Transcranial magnetic stimulation

This chapter introduces TMS: its brief history and some of its applications, the
relevant physics and biophysics, and some physiological responses to TMS. In
addition, the chapter describes the essential components of a TMS device, with
an emphasis on the necessary power electronics.

3.1

Background

Transcranial magnetic stimulation is a non-invasive method for brain stimulation. TMS of the human brain was first demonstrated and reported by Barker et
al. (1985): a single TMS pulse delivered to a motor representation area in the
primary motor cortex excited the area, and, consequently, a motor evoked potential (MEP) could be observed from the corresponding muscle. With a figureof-eight coil (Ueno et al., 1988), the MEPs are obtained by placing the centre of
the coil over the same location as with direct electrical stimulation (Krings et al.,
1997). This observation has led to a clinical application: the changes in the motor representation areas due to a brain tumour can be measured without craniotomy—non-invasive presurgical mapping of the brain was born. For an overview of the benefits of such mappings, see Lefaucheur and Picht (2016).

3.2

Physics

TMS is based on electromagnetic induction (Faraday, 1832). When a brief current pulse is driven through the coil windings, a rapidly changing magnetic field
(B-field) is generated. This B-field induces an electric field (E-field), which, in
turn, induces electric currents in the nearby tissues. The latter accumulates
charge at cell membranes, which causes the stimulation. The currents combined
with the conservation of electric charge, however, also complicate modelling the
effects of TMS: charge accumulation on conductivity boundaries causes the local E-field and thus the current density to depend on both the conductivity distribution of the whole head and the TMS-pulse waveform.
If we omit the tissue, the TMS-induced E-field can be computed in closed
form; from Faraday’s law:
߲ሺ࢘ǡ ݐሻ
ࡱଵ ሺ࢘ǡ ݐሻ ൌ െ
ǡ
߲ݐ
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where ࡱଵ is the primary induced E-field and  is the magnetic vector potential
at position ࢘ at time ݐ. The vector potential due to a current density in the TMS
coil is
ߤ
ࡶሺ࢘ᇱ ǡ  ݐᇱ ሻ
ම ݀ଷ ࢘ᇱ
ǡ
ሺ࢘ǡ ݐሻ ൌ
ȁ࢘ െ ࢘ᇱ ȁ
Ͷߨ
where  is the magnetic vector potential in the Lorenz gauge at position ࢘ at
time ݐ, ߤ is the permeability of free space, and ࡶ is the current density of the
TMS coil at position ࢘Ԣ at (retarded) time ݐǯ. The frequencies present in a TMS
pulse are typically relatively low compared to the dimensions of the human and
the speed of light (Heller and van Hulsteyn, 1992), thus, a quasi-static approximation can be used and the previous equation is reduced to
ߤ ܫሺݐሻ  ݀࢘ᇱ
ሺ࢘ǡ ݐሻ ൌ
න
ǡ
Ͷߨ  ȁ࢘ െ ࢘ᇱ ȁ
where  ܫis the coil current, and the line integral is along the coil windings, ܥ. The
tissue, however, has an essential effect on the E-field distribution.
The charge accumulation at conductivity boundaries causes a secondary term
due to Gauss’s law. The secondary E-field, ࡱଶ , will in some cases dominate the
primary field. For example, in a spherical conductor the secondary E-field will
cancel any radial component of the primary E-field so that there will be no net
radial electric field, and thus no radial volume currents. In addition, in a spherical conductor, the E-field will have limited depth penetration and no E-field
can be induced in the centre of the sphere. As the human head has a somewhat
spherical form, these effects manifest themselves to some extent in the head:
the induced E-field near the skull is close to tangential with the inner-skull surface, and TMS is mostly limited to the superficial parts of the cortex. The secondary E-field can be computed with the help of Gauss’s law,
ߩሺ࢘ǡ ݐሻ
ࡱ ڄ ଶ ሺ࢘ǡ ݐሻ ൌ
ǡ
ߝ
where ߩ is the charge density and ߝ is the permittivity of free space. In the
quasi-static case, where we further assume a relatively low electrical conductivity for the tissue, the problem is reduced to solving the Laplace’s equation (Heller and van Hulsteyn, 1992). However, unlike the primary E-field, the secondary
E-field requires numerical methods in all but the simplest geometries, such as a
spherical conductor (Ilmoniemi et al., 1999). When both primary and secondary
E-fields are known, the TMS-induced E-field is obtained as their superposition:
ࡱ ൌ ࡱଵ  ࡱଶ Ǥ

3.3

Biophysics

The TMS-induced E-field accumulates ions, and thus charge, at cell membranes
(Barker et al., 1991), causing local de- or hyperpolarisation. If the TMS pulse has
sufficient intensity, the local depolarisation may result in an action potential; if
not, the later parts of the TMS pulse will remove any accumulated charge and
return the membrane to (near) resting state.
The charge accumulation at the membrane depends on both the local geometry of the neuron and the surrounding E-field. For example, a homogeneous E-
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field does not polarise any straight section of an axon, whereas the E-field gradient will polarise even the straight sections of an axon (Roth and Basser, 1990).
However, even the homogeneous E-field will polarise any terminations or sharp
turns of an axon (Amassian et al., 1992; Nagarajan et al., 1993). In addition to
these, any axon passing through a tissue interface, for example, from grey matter to white matter, will be polarised by the discontinuity in the E-field due to
the different electrical conductivities in the two tissues (Roth, 1993). Silva et al.
(2008) suggested that the last two mechanisms are likely dominant; the E-field
gradient has thus little effect in stimulation.
The activation mechanisms can be used to explain some properties of TMSevoked responses: Both two main mechanisms are sensitive to the magnitude of
the E-field component parallel to the axon, which, in combination with the dominant orientation of the pyramidal cells and the lack of preferred orientation
with the interneurons, would explain the orientation sensitivity of single-pulse
TMS to the motor cortex (Pascual-Leone et al., 1994) and the orientation sensitivity of facilitation in paired-pulse TMS but the lack of orientation sensitivity
in inhibition (Ziemann et al., 1996). This, however, is not necessarily the only
mechanism behind the orientation sensitivity of TMS, as the tissue properties
of the head, namely the geometry of the highly conductive cerebrospinal fluid
surrounding the brain, may have a stimulation-orientation-dependent effect on
the E-field magnitude (Thielscher et al., 2011). To further complicate the matter,
the activation site of TMS is known to depend on the stimulation intensity: in
the motor cortex, at lower intensities, TMS does not likely cause direct activation of the corticospinal neurons as the epidural recordings show only so-called
indirect or I-waves, whereas at higher intensities also so-called direct or Dwaves are sometimes observed (Di Lazzarro et al., 1998). In addition to this, the
TMS-evoked D-wave and I-waves may differ from those produced by epidural
electrical stimulation of the motor cortex, suggesting that TMS and DES activate
different parts of the neurons (Di Lazzarro et al., 2004).
TMS-evoked motor responses have been measured with various techniques.
Two simple techniques are visual observations—observing which, if any, muscles move—and electromyography (EMG) of one or more muscles to measure
the electrical signals from them. Because of their simplicity and efficiency, both
techniques are still in use: an example of a single-epoch EMG recording of abductor pollicis brevis (APB) muscle, the abductor muscle of the thumb, is shown
in Figure 2. The properties of MEPs due to single or paired TMS pulses have
been described by, for example, Hallett (2007). For a summary on the definition
and estimation of the dose in TMS, see a review article by Peterchev et al. (2012).
Figure 2. A motor-evoked potential from
the abductor pollicis brevis muscle
with surface electromyography. Time
0 corresponds to the TMS pulse; the
MEP latency was 23 ms. In the recording, the root-mean-square noise
was less than 5 μV, and this MEP had
a peak-to-peak amplitude of 964 μV,
both typical for EMG. Thus, EMG has
a high signal-to-noise ratio. Such a
large MEP was also associated with a
visible movement of the thumb.
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3.4

Coils

The TMS coil used by Barker et al. in 1985 was a circular multi-turn coil with an
outer diameter of about 10 cm. Held flat against the scalp, such a circular coil
produces non-focal stimulation of a ring-like region (Figure 3). The circular coil
is the mechanically simplest possible coil design for TMS: due to its symmetry,
the forces due to the combination of high current and magnetic field point outwards from the centre of the coil in the radial direction, and, thus, produce tension in the wire. Thus, such a coil does not necessarily require any external support from, for example, a coil former. In general, the mechanical forces during
a typical TMS pulse can be relatively high; Ilmoniemi et al. (1999) estimated
that this force in a typical circular coil is of the order of 10,000 N; these forces
cause a loud “coil click” sound exceeding 120 dB (Counter et al., 1990; Counter
and Borg, 1992).
A combination of two adjacent circular coils with different current directions
produces focal stimulation near their centre (Ueno et al., 1988). Such a coil is
also known as a “butterfly coil”, “double coil”, “figure-eight coil”, or “figure-ofeight coil”, where the names are shown in the increasing order of their prevalence in a search <TMS “coil name”> with the Google Scholar in May 2017. In
this thesis, we use the last, and the most common, name. The figure-of-eight coil
is the most common TMS-coil design, with little differences between the different TMS-device manufacturers; one example of such a coil is shown in Figure 4.
In addition to the circular and figure-of-eight coils, many other designs have
been both proposed and used for TMS, from those intended for more focal stimulation (for example: Ren et al., 1995; Hsu and Durand, 2001) to those for
deeper brain stimulation (for example: Roth et al., 2002). These designs, however, fall into two main categories: non-focal coils such as circular coils of different sizes, and focal coils such as figure-of-eight coils of different sizes (Deng
et al., 2013). Within both categories, there is a simple relationship between the
extent of stimulated area and the maximum depth of stimulation: more focal
stimulation is also more superficial (Deng et al., 2013).

Magnetic coil

Scalp

Current flow

Figure 3. A schematic illustration of the induced current flow (or E-field) due to a circular coil
whose current is increased by Hallett (2000), reproduced with permission.
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Figure 4. A TMS–electroencephalography (TMS–EEG) experiment with a hand-held, neuronavigated figure-of-eight coil (Nexstim Focal Monopulse, Nexstim eXimia NBS system, Nexstim
Plc.) and Nexstim eXimia EEG system. The image, taken at the BioMag Laboratory (Helsinki
University Hospital, Helsinki, Finland), has been previously used by Miller (2007), and was
reproduced with permission.

3.5

Power electronics

There are two conventional types of TMS devices: first, there are monophasic
devices where the coil current is always greater than zero, and then, there are
biphasic devices whose coil current completes a full damped sinusoidal cycle.
The two devices have almost identical circuit diagrams, the only difference between these two being the location of the flyback diode (Figure 5). The reason
for such simple, but limited, circuits lies in the required power levels for TMS.
3

3
4

4
2

1

5

2

1

Figure 5. Two conventional TMS circuits: (left) a circuit for monophasic TMS pulses, and (right)
for biphasic TMS pulses. In addition to the TMS coil (1), both circuits contain a capacitor (2),
thyristor (3), and diode (4). In the monophasic device, a series resistor (5) is used to dissipate
the energy in a resistor–inductor circuit after the first quarter cycle of the resonant circuit.
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To develop power electronics for TMS, it is essential to understand the power
requirements for TMS. The easiest way to obtain these is to study the circuit of
Figure 5 in more detail with the help of an example. Magstim 2002 from The
Magstim Company Ltd. is a typical monophasic TMS device. The device has a
185-μF oil-filled pulse capacitor (Peterchev et al., 2008), with a maximum rated
voltage of 2,800 V (Magstim, 2012). Thus, the capacitor can store up to 725 J of
energy. The typical coil for this device, the Magstim 70mm Double Coil, has a
nominal rated inductance of 16.35 μH (Magstim, 2005), and the initial part of
the pulse waveform is a damped sinusoid with a frequency
ͳ
ܴ ଶ
ͳ
ͳ
ඨ െ൬ ൰ ൎ
ǡ
ʹߨ ܥܮ
ʹܮ
ʹߨξܥܮ
where  ܮis the coil inductance,  ܥthe capacitor capacitance, and ܴ the total resistance of the coil, capacitor, and thyristor. Thus, with this coil, the current will
reach its maximum in about 90 μs. The resistance of the capacitor–thyristor–
coil-combination can be estimated from, for example, the measured pulse waveforms shown in Publication 2. By fitting the waveform due to an RLC circuit,
ߙ
ܧሺݐሻ ൌ ܧ ቂ  ߱ ݐ  ߱ݐቃ ݁ ିఈ௧ ǡ
߱
where ܧ is the initial E-field, ߙ ൌ ܴȀሺʹܮሻ is the attenuation, ߱ ൌ ʹߨ݂ is the angular frequency, and  ݐis time, to the initial positive part of the pulse, we can
estimate the attenuation of the resonant circuit, and, thus, calculate the resistance to be of the order of 40 mΩ. From these numbers, we can compute the
maximum current (about 8,500 A) and the peak electrical power (about 11 MW)
of the device.
Neither the mono- nor the biphasic TMS-pulse waveform is optimal for efficient brain stimulation, but rather they are a necessity with reasonable efficiency. A resonant circuit is the only reasonable method to obtain the required
power levels; for example, to reach sufficient stimulation intensity by moving a
large, strong permanent magnet, the velocity of the magnet would have to be of
the order of speed of sound (Tiittainen, 2015). Peterchev et al. (2008) have proposed the use of more rectangular TMS-pulse waveforms, which were implemented by increasing the capacitance of the energy storage and by replacing the
thyristor from the conventional monophasic circuit (Figure 5) with an insulated-gate bipolar transistor (IGBT) that can be turned off to interrupt the rise
of current at a desired time. As shown in Figure 6, the more rectangular pulse
waveform results in a more efficient membrane depolarisation than the conventional monophasic waveform: the same membrane depolarisation is obtained
with much lower peak current. As the power electronics of Peterchev et al.
(2008) also allowed to change the pulse duration electronically, instead of, for
example, by changing the energy storage several times during an experiment,
see Barker et al. (1991), they named their device controllable-pulse-parameter
TMS (cTMS) device.
Since the original cTMS design, a few notable other designs have been proposed and implemented by Peterchev et al. (2011, 2014) and Gattinger et al.
(2012). The two latter circuits by Peterchev et al. offer more control over the
pulse waveform by including two separate energy storages. In the 2011 circuitry,
݂ൌ

20

Transcranial magnetic stimulation

two IGBTs are used in a push–pull-like configuration with the two energy storages. This structure requires both transistors to handle the combined voltage of
the two energy storages, which requires the use of significantly more expensive
transistors with higher voltage ratings. Because of this, their 2014 instrument
replaced the push–pull circuit with an H bridge circuit with four IGBTs. In addition to reducing the required voltage ratings, this circuit has the additional
benefit of allowing a third voltage level, the difference between the two energy
storage voltages. The latest published cTMS circuit is also the basis for the first
commercial cTMS device by Rogue Resolutions. The circuit by Gattinger et al.
(2012) is also an H bridge, but unlike the latest cTMS model, only one capacitor
with much lower capacitance similar to that of conventional TMS devices is
used, which allows for several new pulse waveforms more similar with the conventional TMS devices (Delvendahl et al., 2014).
Most TMS devices, however, are still either conventional monophasic or biphasic. One main reason to this is the cost. The power IGBT modules are one of
the most expensive components in a TMS device; all cTMS circuit topologies
apart from the single-IGBT design (Peterchev et al., 2008) are thus considerably
more expensive than conventional TMS circuits. This is most likely true even for
some proposed, even more controllable, advanced TMS power electronics, such
as the one suggested by Goetz et al. (2012). Because of this, they do not necessarily yet provide a direct replacement for the simple, but reasonably efficient
conventional devices. These devices can, however, be useful for some special
scenarios, such as studying the properties of the excitable membrane (Peterchev
et al., 2013; D’Ostilio et al., 2016) and its ion-channels (Publication 4), the specificity and selectivity of TMS (Peterchev et al., 2017; Hannah and Rothwell,
2017), or to reduce the loudness of the coil click (Peterchev et al., 2015) in combination with special coil designs such as the one by Goetz et al. (2014). The
basic principle in their suggested approach to reduce loudness is to shorten the
duration of the TMS pulse to an extent where the audible coil click due to the
high mechanical forces is outside the audible spectrum. Such design would also
benefit from the more rectangular, and thus more efficient pulse waveform
Goetz et al. (2013).
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Figure 6. Two TMS pulses: a conventional monophasic pulse (dashed line) and a rectangular
pulse from a cTMS device (solid line) at the same voltage, and thus same peak induced Efield (panel b). The rectangular pulse requires considerably lower peak current, shown in
panel a, for the same peak membrane depolarisation, shown in panel c. Figure 3 of Peterchev
et al. (2008), © 2008 IEEE, reproduced with permission.
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4. Multi-channel TMS

This chapter introduces multi-channel TMS with a combination of a literature
review and an example to highlight the technical limitations of one of the approaches shown in the literature.

4.1

Background

TMS with a single figure-of-eight coil produces a relatively focal stimulated spot
under the coil centre. To change the location of this spot, or to alter the stimulation direction, the TMS coil must be either translated or rotated, which is relatively slow compared to the information processing in the cortex. For example,
the TMS-evoked activation spreads to adjacent cortical areas in 5–10 milliseconds and propagates to the other hemisphere in less than 20 milliseconds
(Ilmoniemi et al., 1997), whereas it takes at least of the order of one second to
move the coil from one site to another. The inability to control the spatial properties of TMS in the timescale of the cortical processes is a technical limitation,
which has been mitigated, for example, by having two (Kujirai et al., 1993) or
more distinct coils (Arai et al., 2011), one for each predetermined stimulation
target. This approach, however, is limited to a few, predetermined, targets due
to the size of individual TMS coils and the difficulty to control the positions of
many individual coils at the same time. To overcome such limitations, and to
allow almost arbitrary control over the stimulated spot, Ilmoniemi and Grandori (1993) invented a method to control the stimulated spot electronically with
a multi-channel device: by adjusting the intensities of individual channels to focus the stimulation.

4.2

Multi-coil arrays

The concept of an array of small circular coils to realise the multi-channel TMS
was first studied by Ruohonen and Ilmoniemi (1996). They proposed a rectangular array of small circular coils. First, as such an array would require coils with
multiple turns in several layers, Ruohonen et al. (1997) optimised the number
of turns in each layer, and thus the efficiency, of such individual coils. Then,
Ruohonen and Ilmoniemi (1998) studied the relationship between the dimensions of the individual coils and the total power consumption of a planar rectangular array and a curved hexagonal array: the smaller coils allow better focality,
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but require considerably more power for a given focality. Finally, Ilmoniemi and
Ruohonen started building a prototype multi-channel device for brain stimulation. This device, however, was deemed too impractical and was never completed (personal communication with Prof. Ilmoniemi).
After this early attempt, several studies have refined the concept. For example:
(1) Han et al. (2004) studied a two-layer rectangular array, in which the second
layer has a half-coil-diameter offset to the first layer to minimise the mutual
coupling between the neighbouring coils, and to allow more coils in the same
area. (2) Wang et al. (2005) built a multi-channel device with 119 independent
20-mm circular coils; based on their measurements, the maximum output from
this device appears, however, too small for TMS and I am not aware of any further studies describing the equipment. (3) Im and Lee (2006) and Lee et al.
(2007) studied arrays, in which each individual element consists of three orthogonal circular coils to further improve the control of the stimulated spot. (4)
Lu et al. (2009) modelled an array fitted to follow the head geometry. And, (5)
Ge et al. (2012), Jiang et al. (2013), and Ge et al. (2014) studied a non-array
design with line current elements. To cover the whole head, such a system would
require a considerably lower number of channels than an array of small coils; it
is, however, not clear whether such a system would be capable of smooth control
of the stimulated spot, or even focal stimulation. The five listed attempts were
mostly simulations, with limited small-scale experiments at relatively low power
levels. As such, none of these attempts considered the power requirements, or
the required coil currents. In four out of five attempts, the geometry of the coils
corresponds to single-turn coils, and as such, the required currents are about an
order of magnitude larger than those present in conventional TMS coils.
Electronic control of multi-coil arrays

The electronic control of the location of the stimulated spot in a multi-coil array
is performed by adjusting the current in each coil individually. The first part of
such a control is to determine the desired coil currents. Ruohonen and
Ilmoniemi (1996) suggested a least-squares solution to obtain the most focal
possible stimulation from an array, which results in a focal, but rather inefficient
solution where the adjacent coils are used to suppress the fringe fields around
the stimulated spot. The same approach was used later by Ruohonen and
Ilmoniemi (1998) to study the dependency between the number and size of coils
to the focality. Cline et al. (2015) showed with computer simulations that this
approach is sensitive to the head geometry of each individual subject.
In addition to the least-squares solution of the coil currents, genetic algorithm
(Cao et al., 2010) and particle swarm optimisation (Laudani et al., 2015) have
been proposed as the methods to optimise the coil currents for most focal stimulation. In principle, the generalised coil optimisation method from Publication 3 is also a method is to solve the desired coil currents of a multi-coil array.
Instead of the previous approaches for finding the currents that provide the
most focal stimulation, this approach finds the most energy-efficient currents
that provide at least the desired focality.

24

Multi-channel TMS

Limitations of multi-coil arrays

Like conventional TMS coils, the small coils in multi-coil arrays require high
power, and thus both high currents and voltages. These constrain the design of
conventional TMS coils, and, as the following example will illustrate, these constraints affect the smaller coils more.
Let us assume a rectangular array of 16 coils, where each coil has an outer
diameter of 30 mm, and estimate the minimum number of turns required for
such coils. The coil-current limitation results from resistive losses and heating
of the windings due to the high current. To reduce these TMS coils use multiple
turns of thick wire, for example, the Magstim 70mm Double Coil has 18 turns of
7 mm2 copper windings in two nine-turn circular loops with 88-mm outer diameters (Thielscher and Kammer, 2002). With the computational tools from
Publications 1 and 3, namely numerical inductance calculation formulas by
Grover (1946) and the triangle construction (Ilmoniemi, 2009), we can compute
that a 66-MA/s-rate-of-change in the coil current corresponds to a peak induced
E-field of 100 V/m in a spherical head model that has an 85-mm outer radius
and a 70-mm cortical radius (the same head model was used by Deng et al.
(2013) and in Publications 1–3 and 6).
If we assume that an array of 16 single-turn coils, each with 30 mm outer diameter, is wound from ξ  ൈ  ξ mm2 wire, require the array to produce the
same peak E-field than the conventional TMS coil, and optimise the coil currents to minimise the total power consumption of the array using the optimisation method from Publication 3, the four central coils require about 11 times
higher maximum currents than the conventional figure-of-eight coil. Unfortunately, this does not mean that 11 turns would suffice as the additional turns will
have less efficient locations: each additional turn will either need to be smaller
or farther from the head, or both. With the given winding dimensions, we can
fit about four turns of wire into one layer. By stacking such layers, we observe
that seven such layers with a total of 28 turns are needed to stimulate in the
centre of the array with equal coil current to that of the conventional coil even if
no focality constraints are imposed on the array. Such an array is visualised in
Figure 7. To increase the focality, or to move the stimulated spot from the centre,
requires larger currents in some individual coils, and thus even more turns.

Figure 7. (Left) A conventional figure-of-eight coil (Magstim 70mm Double Coil), and (right) a hypothetical rectangular array of sixteen 30-mm diameter coils. Each coil in the array has 28
turns of wire with the same cross-sectional area as the wire in the conventional TMS coil.

25

4.3

Ongoing research

As of May 2017, I am aware of only one other working multi-channel TMS device
in addition to the device described in this thesis. The device, by Roth et al.
(2014), consists of five conventional biphasic TMS stimulators: two with typical
180 μF capacitors, two with 50 μF capacitors for briefer pulses, and one with
25 μF capacitor for even briefer pulses. As all five channels have the same maximum voltage, the three channels with briefer pulses have considerably lower
maximum output than the two channels with typical pulse durations, and appear to be intended to modulate the two main channels. The ability to modulate
the stimulation, for example, by giving two temporally overlapping biphasic
pulses with different durations to the same cortical target results in a more energy-efficient stimulation, as shown in the same publication (Roth et al., 2014).
The device, however, does not have the ability to control the location or orientation of the stimulated spot.
In addition to our research group’s ongoing endeavour, there are several other
research projects that have a publicly stated aim to build a multi-channel TMS
device with electronic targeting. Tristan Technologies Inc. is building a combined TMS–magnetoencephalography (TMS–MEG) device with a cryogenically
cooled TMS coil array of 16 coils (Paulson, 2015). The liquid nitrogen cooling of
that project can solve the problem with high current densities (discussed in the
“Limitations of multi-coil arrays”), as it will, in addition to providing active cooling, increase the conductivity of copper by about a factor of four, which allows
considerably higher current densities with equal resistive losses. This project
started in 2015 and is scheduled to last until 2019. As of May 2017, the project
has not reported any TMS-related results.
The Brain Initiative contains two multi-channel TMS projects: Aapo Nummenmaa’s group from Massachusetts General Hospital (Nummenmaa, 2016) is
building a combined multi-channel TMS–functional MRI device containing 16
three-coil modules with orthogonal coils for a total of 48 independent channels,
a design similar to the modelling studies of Im and Lee (2006) and Lee et al.
(2007). Giorgio Bonmassar’s group from Massachusetts General Hospital is developing miniaturised TMS coils, which could be integrated into a multi-coil array (Bonmassar, 2016). The two projects have end dates in 2020, and neither
project has reported any results as of May 2017.
In this thesis, we approached problems with electronic targeting from a new
point of view. We attempted to design and implement the simplest possible device capable of adjusting the stimulated spot: a two-coil system based on the coil
design approach by Koponen (2013).
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5. Aims of the thesis

The general goal of this thesis was to design and implement the first multi-locus
TMS (mTMS) device. That is, to design and implement a device with which the
location of the stimulated spot can be changed without physical coil movement.
From this point of view, the aims of the individual Publications 1–6 were:

1. To develop a systematic method for designing energy-efficient TMS coils.
2. To design and implement a device to measure the TMS-induced E-field.
3. To develop a method to build practical, energy-efficient TMS coils.
4. To measure the effects of TMS-pulse waveform on motor responses.
5. To develop tools to compute the TMS-induced E-fields.
6. To demonstrate mTMS.

27

6. Summary of publications

6.1

Publication 1: “Minimum-energy coils for transcranial magnetic stimulation: application to focal stimulation”

The aim of Publication 1 was to find the upper limits of the efficiency of TMS
coils, and to estimate the margin for improvement from the current state of the
art. We presented a mathematical formulation to describe the spatial characteristics of focal stimulation with two numbers that describe the dimensions of the
region with high E-field magnitude. The first number defines the full width at
half maximum (FWHM) for the E-field energy density in the direction that is
parallel with the stimulation direction, and the second number defines the
FWHM in the perpendicular direction. The purpose of this formulation was
both to provide sufficient measure of the focality of the induced E-field distribution and to allow formulating a well-defined optimisation problem for finding
the most efficient TMS coil with given focality.
We solved the optimisation problem in the spherical geometry, where series
solutions for both the B-field energy and the E-field could be derived for a TMS
coil whose windings lie on a spherical shell surrounding the head. We showed
that the optimisation problem is convex; the global optimum within the basis
functions could thus be found. In addition to that, we showed that the selected
basis functions contain the true optimum for the problem. In Appendix B of the
publication, we proved that a single thin current-density layer contains the most
efficient possible solution: only the tangential component of any divergencefree current distribution contributes to brain stimulation, and from these distributions, the one closest to the head is the best; distributing any current to a
more remote shell reduces the efficiency. Thus, the optimisation problem of the
publication allows obtaining the strict upper limit on TMS-coil efficiency—in the
spherical head geometry. We computed the lower bound on the B-field energy
required for a TMS pulse with desired focality, reproduced in Figure 8.
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Figure 8. The minimum energy for a 100-V/m TMS pulse with a 100-μs rise time as a function of
the parallel and perpendicular focality in units of full width at half maximum for the E-field
energy density. In the white region, a more focal coil is more efficient and the optimisation
constraints do not affect the focality in that direction. The red dot refers to the focality of
Magstim 70mm Double Coil, and the dashed thick contour line to its simulated energy requirement. (Figure 4 in Publication 1, reproduced with permission.)

In the publication, we designed and built a minimum-energy coil with focality
identical to the Magstim 70mm Double Coil. The purpose of the designed coil
was to estimate the upper-bound for the efficiency of a TMS coil, and, at the
same time, validate the computational methods against a real-world measurement. For the validation, we built a measurement probe capable of measuring
the spatiotemporal distribution of the E-field (Figure 9). The resulting, impractical coil design, was more than three times as efficient as a conventional coil.

Figure 9. The minimum-energy coil from Publication 1. The coil was wound on a 3d-printed coil
former and was used to validate the computational methods against a real-world measurement. The inset in the bottom-right corner shows the TMS-coil characteriser, discussed in
more detail in Publication 2. (Figure 3 in Publication 1, reproduced with permission.)
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6.2

Publication 2: “Experimental characterization of the electric
field distribution induced by TMS devices”

In Publication 2, we performed a systematic evaluation of six TMS devices with
eleven coils from two manufacturers to characterise their spatiotemporal E-field
distributions. The purpose of this study was to accurately compare the stimulation parameters between different devices and coils. In the TMS literature, the
stimulation intensity is often reported as the percentage of the maximum stimulator output (MSO) or as only the maximum value for the estimated induced
E-field magnitude in the cortex, neither of which wholly characterises the stimulation intensity.
We used our computerised characterisation device, which was initially build
for the validation of computational methods in Publication 1. The device consists of a measurement probe with two orthogonal triangular loops. The orientation of the probe is controlled by two servo motors allowing automatic computer-controlled calibration. The triangular loops in the probe were designed to
measure both E-field components that would be induced in a spherically symmetric volume conductor without the need for a tank with saline solution. The
probe is based on the triangle construction that has been previously used to calibrate MEG devices (Ilmoniemi, 2009); because of reciprocity between the Bfield in MEG and the induced E-field in TMS (Heller and van Hulsteyn, 1992),
the same construction can be used to measure the E-field as shown in Figure 10.

Figure 10. (A) The triangle construction for magnetoencephalography. The operator ሾήሿ denotes
the magnetic field distribution outside the conductor due to the shown current distribution: (1)
radial currents produce no external magnetic field, (2) the volume currents cancel out, and
(3) with no volume currents, the conductor has no effect. (B) The triangle construction for
TMS.  ሾήሿ denotes the electromotive force (EMF) induced into the shown path: (4) as both
systems produce identical magnetic field outside the conductor, both loops must have identical EMF due to reciprocity, and (5) as the external stimulation cannot induce radial current,
the EMF must manifest itself in the tangential part of the loop. (Figure 3 in Publication 2,
reproduced with permission.)
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In addition to the TMS-coil characterisation device (Figure 11), the most important result of Publication 2 is that the maximum output of different TMS device models, even from the same manufacturer, differ drastically. For example,
the maximum E-field from Magstim Super Rapid2 Plus1 is just 60 % of that of
Magstim 2002 with the same coil. As the former device delivers biphasic pulses
and the latter monophasic ones, the difference in their effective output is slightly
smaller—100 % MSO from the former corresponds to about 71 % MSO from the
latter with the Et150 measurement, suggested by Barker et al. (1991), which
measures the relative depolarisation of a passive membrane with a time constant of 150 μs.
In addition to this, we measured the sensitivity of the E-field to the distance
between the scalp and the coil; with the Nexstim Focal Monopulse coil every
millimetre reduces the output by 5 %.

Figure 11. The TMS-coil characterisation probe. The inset shows the two triangular loops, both
of which have a 5-mm-long base. (Figure 1 in Publication 2, reproduced with permission.)

6.3

Publication 3: “Coil optimisation for transcranial magnetic
stimulation in realistic head geometry”

In Publication 3, we generalised the coil optimisation method from the spherical
geometry shown in Publication 1 to arbitrary coil and head geometries. With the
generalised method, we designed and built an optimised TMS coil for our inhouse cTMS device—described in Appendix C of Publication 3. In the publication, the aim was to produce a practical, optimised coil. From the thesis point of
view, the aim was to, at the same time, test TMS-coil manufacturing methods
required for our multi-coil TMS transducer.
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Figure 12. A computer model of the coil former for the optimised TMS coil, and the coil with a
neuronavigation tracking unit. (Figure 6 in Publication 3, reproduced with permission.)

In the publication, the computational tools required for the optimisation were
generalised to support a coil model where the windings lie within a surface described by a triangular mesh. The geometry of this surface defined the overall
coil shape, which, with this approach, was an a priori constraint for the optimisation and had to be optimised separately. We compared five different overall
coil shapes by considering their two most relevant real-world constraints: efficiency and fit to different individual head shapes. Based on these data, we observed that simple curved surfaces do not necessarily fit all subjects even when
the radius of curvature of the coil is much larger than the mean head curvature
of the subject. The lack of fit could be avoided with a more complex curvature
for the surface, or with a planar surface.
We observed that most of the potential gains in the energy-efficiency of a TMS
coil could already be realised with an optimised planar coil. Because of this, we
settled on such design. This choice simplified the coil construction; we machined a coil former from a sheet of polyvinyl chloride (Figure 12). The resulting
coil was then tested, along with our cTMS device, first with the characteriser
from Publication 2, and then in vivo. The optimised coil showed real-world benefits in these experiments; for example, even with passive cooling, we could give
more than 600 consecutive pulses at 150 % resting motor threshold (RMT)
without overheating the coil (to temperatures above the maximum allowed surface temperature of 42 °C); a commercial coil was limited to under 200 pulses
in the same test (Figure 13).

Figure 13. The maximum temperature (ܶ) of the bottom surface of Nexstim Focal Monopulse coil
and the optimised coil as a function of number of stimuli at 150 % RMT of the same test
subject, and the thermal images of the two coils at the end of the experiment; after delivering
181 or 600 pulses, respectively. Neither coil had any active cooling during the experiment.
(Figure 8 in Publication 3, reproduced with permission.)
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6.4

Publication 4: “Non-invasive recording of microsecond scale
dynamics in human motor cortex”

Publication 4 reports studies on the properties of excitable membrane of cortical neurons on the microsecond timescale. This study was conceived after we
had tried to replicate the measurement of the strength–duration time constant
of the motor cortex cell assembly (Barker et al., 1991) with our first generation
cTMS device. From this small experiment with just one subject, we obtained a
piece of data that was in contradiction with the previous measurements by
Barker et al. (1991) and Peterchev et al. (2013): the time constant appeared
much longer than the estimates of 150 μs or 200 μs from the two previous studies, respectively. D’Ostilio et al. (2016) estimated the time constant to be around
250 μs; still shorter than our unpublished coarse estimate. The three previous
studies, however, had one key difference: in each subsequent study, the second
phase of the TMS pulse had been shorter than in the previous studies. In addition to that, our pulse had an even shorter second phase similar to the minimum-resistive-heating-optimised pulse waveforms of Goetz et al. (2013). From
this, we hypothesised that these differences might be related to the limitations
of the leaky integrate-and-fire model (Lapique, 1907), assumed in each study,
to explain the activation of the excitable membrane due to TMS.
We measured how microsecond-scale changes in the waveform of TMS applied to the primary motor cortex affects motor responses and showed that TMS
can measure the non-linear behaviour of the excitable membranes. The main
finding is that a rectangular, monophasic pulse requires about 13 % larger stimulation intensity than similar pulse with a long “hold period” with near-constant
current between the rising and falling coil current; the difference between the
two pulse types reduces nearly exponentially as a function of the hold period
with a time constant of around 17 μs (Figure 14).

Figure 14. Data from one subject, Publication 4. (Left) Individual MEPs, to which sigmoidal input–
output curves have been fitted. Although the four different pulse waveforms have identical
initial positive phase, and thus, produce identical peak depolarisation of a passive membrane, their input–output curves differ systematically. The coloured markers indicate the duration of the hold period in each pulse; from 2.5 μs to 60 μs. (Right) An exponential fit to the
midpoints of the input–output curves from three subjects measured in Publication 4 overlaid
with the estimated midpoints for the one subject whose data is shown in the left panel. The
difference between the MEP input–output curves decreased as a function of the hold period
with a time constant of about 17 μs. (A part of Figure 1 in Publication 4, reproduced with
permission.)
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6.5

Publication 5: “Effect of skull geometry on TMS-induced electric field in rat brain”

In Publication 5, we model the TMS-induced electric field using the boundary
element method (BEM). The aim of this publication is to find out the effects of
the much smaller and far less spherical head in rats than in humans (Figure 15).
The human head is relatively large compared to the dimensions of a typical TMS
coil. The same relation does not hold in small animals, as the miniaturised coils
are unable to provide sufficient stimulation intensity (Tang et al., 2016), and
even with relatively larger coils, active cooling is required to obtain a desired
number of stimuli (Parthoens et al., 2016). The difference in the ratio between
head and coil sizes manifests already with the spherical model: the small head
is more sensitive to, for example, the distance between the coil and the scalp as
calculated by Koponen et al. (2016).
In the publication, we describe a simple pipeline to generate a head model for
small animals such as rats with relatively large holes in their skulls near the
stimulated region. With the described pipeline, we built a model of a large adult
rat, and computed a set of possible E-field distributions due to a small figureof-eight coil at various locations and orientations.

Figure 15. The rat head compared to the smallest figure-of-eight coil from MagVenture (MagVenture MC-B35 Butterfly Coil, MagVenture A/S). Even though the head size of a rat is a fraction
of that of the human head, the coil is more than half the size of a typical figure-of-eight coil
used in human studies. The coil size is limited by the resistive heating: a smaller coil can
deliver fewer pulses before overheating. With the MagVenture coils, the difference between
their smallest figure-of-eight coil (shown) and their normal figure-of-eight coil is a factor of 5
reduction in the maximum number of pulses before overheating. (Figure 1 in Publication 5,
reproduced with permission.)
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We compared the properties of these simulated distributions to those obtained
with simpler models, such as the spherical head model, to assess if the more
detailed and accurate model is needed. We observed a systematic difference between the models: the realistically shaped skull causes a systematic offset in
both the location and orientation of the E-field maximum. The offset in the Efield orientation is due to large, systematic differences between the peak E-field
magnitude that is induced with different coil orientations, which are likely due
to the elongated shape of the rat head, and were not expected from either the
simpler models of the rat head or the detailed models of the human head. In
addition to this offset, the skull appears to focus the stimulation near the holes
so that the E-field maximum is sometimes far from the expected location underneath the coil centre.

6.6

Publication 6: “Multi-locus transcranial magnetic stimulation
device with electronic stimulation targeting”

Finally, in Publication 6, we reach the aim of this thesis and present a working
mTMS device. In the publication, we describe a new approach to electronic
stimulation targeting with TMS, which is both simple and practical. The trick is
to use large coils with more complicated winding patterns than in the previously
studied approach with an array of small coils. With our approach, we show that
already with two coils (Figure 16) the stimulated spot can be translated in vivo
(Figure 17). The coil-design algorithm in Publication 6 combines the generalised
coil-optimisation method from Publication 3 with known matrix factorisation
methods to obtain a close-to-minimum number of coils required for a given set
of degrees of freedom for the stimulated spot.

Figure 16. The coil windings of our two-coil mTMS transducer. The transducer dimensions are
300 by 200 mm2. (Figure 1 in Publication 6, reproduced with permission.)
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Figure 17. An in vivo demonstration of electronic stimulation targeting, where we show that both
the electronic targeting and physical transducer movement result in a similar change in the
MEPs from the APB muscle. The coloured lines show maps obtained after compensating
physical transducer shifts with electronic targeting. The vertical lines visualise the distance
from the APB hotspot to the cortical location below the transducer centre. (Figure 3 in Publication 6, reproduced with permission.)

In the publication, we demonstrate the electronic control of the stimulated spot
with our mTMS device by comparing it with the conventional physical coil
movement in an in vivo experiment. In the experiment, the two methods provide similar changes in the motor-evoked potentials, which confirms that the
device works as expected from the computer simulations and measurements
with our TMS-coil characteriser from Publication 2.
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7. Discussion

This thesis introduced systematic methods to design TMS coils with minimal a
priori assumptions of the coil windings. The coils designed with these methods
provided clear, measurable benefits over the existing TMS coils, as shown in
Publications 3 and 6.
Some parts of the generalised TMS-coil optimisation method shown in Publication 3 may find applications in other fields; for example, the 3-d constrains
could be applied when designing gradient and radio-frequency coils for magnetic resonance imaging (MRI) where high efficiency is required in some applications for, for example, reducing the imaging time or enhancing the signal-tonoise ratio and image quality. Similarly, TMS-coil designs might be improved
by adopting methods used to design coils for MRI, as the MRI literature has a
long tradition of optimisation of the gradient-coil efficiency (for example, Pissanetzky, 1992), and, more recently, their multi-objective optimisation
(Sánchez et al., 2012) or optimisation accounting for the discretisation of the
current density into windings (While et al., 2013). The multi-objective optimisation could allow for, for example, minimising the coil heating of TMS coils
(Sánchez et al., 2016).
In addition to the single-coil optimisation methods, the use of matrix factorisation to design the coil windings for the multi-locus transducer of Publication 6
may find applications in the design of pick-up coil arrays used in, for example,
MEG and MRI. Besides the algorithms shown in Publications 1, 3, and 6, the
series solution for the quasi-static electromagnetic fields in the spherical geometry with a spherically symmetric volume conductor shown in Publication 1 may
be useful in MEG: For TMS, we proved that any coil windings with radial segments can be replaced with more efficient, purely tangential windings. A direct
implication of this, in combination with reciprocity (Heller and van Hulsteyn,
1992) and information theoretical considerations (Kemppainen and Ilmoniemi,
1989), is that any magnetometer measuring either tangential component of the
magnetic field in MEG can be replaced by a functionally equivalent but more
efficient radial pick-up coil with higher signal-to-noise ratio.
This thesis considered TMS instrumentation. Currently, TMS dose is often expressed as a percentage of the maximum stimulator output. This measure is
sensitive to many variables, including the used stimulator and the selection of
the stimulating coil, as different coils even from the same manufacturer induce
largely different E-field distributions. The TMS-coil characteriser described in
Publication 2 allows a straightforward way for the user to compare the outputs
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of different stimulator–coil combinations by measuring their induced E-field
distributions inside a spherical conductor. In addition to such comparisons,
measurements of this kind could serve as a basis for quality assurance of correct
TMS dose.
This thesis contained two field-modelling studies. In Publication 1, the modelling was performed as a prerequisite to coil optimisation, and, in Publication
5 to estimate the unknown effects of the skull geometry in small mammals. In
Publication 1, we derived a series solution for the TMS-induced E-field in the
spherical model. In addition to its use in coil optimisation, such a solution allows theoretical insight on the properties of the E-field distribution, such as its
penetration depth as a function of its extent. In Publication 5, we proposed a
pipeline to generate relatively simple, but considerably more accurate, computational models for the TMS-induced E-field in small mammals such as rats.
With the rat head, the model gave an unexpected finding: the stimulation intensity, and even the stimulation location, had a strong dependency on the coil orientation. In extreme cases, the stimulation may mostly activate suitable regions
far from the coil centre, as the relatively larger holes in the irregularly shaped
skull cause strong, focal lensing of the E-field.
The aim of this thesis was met in Publication 6 where the developed power
electronics and a two-coil mTMS transducer were combined to obtain the first
TMS device with electronic stimulation targeting. The sample experiment in the
publication used single TMS pulses to demonstrate the new targeting method,
and between each pulse we had an interstimulus interval of 4–6 seconds so that
the previous pulses would have minimal impact on the subsequent responses.
At this point you, the reader, might ask what is the rate at which the presented
mTMS device can change its target, as the experiment did not clearly demonstrate the capabilities of rapidly changing the target. The short answer is that it
depends: a change between two targets is instantaneous if there is no need to
adjust the voltages of the two capacitors, for example, if the other target is at the
centre and we can simply not use the oval coil when stimulating it, or if the two
targets are equidistant from the centre and we can simply change the current
direction in the oval coil. In the former case, we also need one new degree of
freedom: the stimulation intensity can be adjusted by varying the pulse duration
(Peterchev et al., 2008). This method can also be used to compensate for the
losses due to the first pulse, for example, if we prefer not to recharge the capacitors between the two pulses to avoid a charging related artefact in a pairedpulse-TMS study with either EMG or EEG. For large adjustments, this method
might, however, cause unequal changes in different neurons: as D’Ostilio et al.
(2016) have shown, different populations of neurons have slightly different responses to variations in the pulse duration, and as Hannah and Rothwell (2017)
have shown, largely different pulse durations recruit different populations of
neurons.
The conventional way to adjust TMS intensity is to adjust the voltage in the
energy storage capacitor (for the circuit, see for example Figure 5 on page 19).
Conventional TMS devices are based on such resonant circuits, as they are the
easiest way to achieve the required rate of change in the coil current. With such
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a resonant circuit, the TMS-pulse waveform depends on the inductance of the
TMS coil and the capacitance of the TMS power electronics. Because of this, different TMS devices, and even different TMS coils, have often different pulse
waveforms. The three different cTMS devices by Peterchev et al. (2008, 2011,
2014) and a commercial Brainsight cTMS device by Rogue Research Inc. follow
the same basic principle; their design, however, allows one to interrupt the oscillation to obtain different pulse durations. Given a sufficiently large capacitance, such a design becomes essentially invariant to the coil inductance. The
power requirements for TMS prohibit most other solutions; for example, even
the current state of the art high-power gradient amplifiers for 7-T MRI (Siemens
Aera amplifier, 2250 V and 900 A ≈ 2 MW, see, for example, Setsompop et al.,
2013) have barely enough power to reach the resting motor threshold with typical TMS-pulse durations and an optimised coil design similar to the one shown
in Publication 3 (500 V ൈ 3000 A ≈ 1,5 MW)2. Arbitrary waveform generators
for TMS have been envisioned (Goetz et al., 2012), but are yet to be materialised.
As mentioned in the previous paragraph, the TMS intensity can be adjusted by
varying the pulse duration. To be accurate, this method requires a model for the
relationship between the pulse duration and stimulation intensity. One such
model is the leaky integrate-and-fire model (Barker et al., 1991, Peterchev et al.,
2013, D’Ostilio et al., 2016). This model, however, has an implicit assumption
that the non-linear components of the excitable membrane—the ion channels—
are much faster than the timescales of a TMS pulse. In Publication 4, we observed that this model is insufficient for describing short, rectangular TMS
pulses. The observation allows a new imaging method: by varying the hold period in Publication 4, we can measure the activation rate of the membrane. In
addition to this, a sufficiently long hold period, of the order of, for example,
30 μs used in Publication 6, should re-enable the use of leaky integrate-and-fire
model to estimate the relationship between the initial segment duration in a
TMS pulse and the stimulation intensity—a feature required for the instantaneous control of the stimulated spot with paired pulses using existing resonantcircuit based cTMS power electronics.
In Publications 3, 4, and 6, we utilised our second-generation cTMS power
electronics. In Publications 3 and 4, only the first channel of this two-channel
device was used, and in Publication 6, both channels. The relevant parts of this
device were briefly described in these publications; however, this description
was relatively superficial due to the non-technical nature of these publications.
As this thesis is not about power electronics, but rather they were required for
the research described in this thesis, a separate chapter about the implemented
power electronics would not be appropriate. Because of this, I think, here is the
appropriate place to discuss this device and its predecessor in slightly more detail. First, the device was indeed our second-generation device. The biggest difference between the first generation and the second generation was to have
larger three-module IGBTs instead of the two-module IGBTs. Our initial twomodule IGBTs (ABB 5SNA 0800N330100, ABB) with our custom-made gate
2

The MRI gradient amplifiers are intended for longer pulse durations, and would at least require a coil
with much higher number of turns to increase the coil inductance by about one order of magnitude.
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drivers displayed consistent desaturation between 3,000 and 4,000 A, depending on the pulse duration and waveform, which was insufficient for certain studies, for example, for implementing the hold periods in Publication 4 with the 9μH minimum-energy coil. Although it might have been possible to increase the
saturation current by increasing the gate voltage, the 4,000-A maximum current obtained with a 30-μs pulse was already a factor of five above the rated
maximum current of the selected IGBT. Because of this, we decided to upgrade
to a more modern, and larger, three-module IGBT (ABB 5SNA 1500E330305).
As these modules were 50 % larger, they required a three-dimensional layout to
fit within the device cabinet; we optimised the layout to minimise the stray inductance between the main energy storage capacitor and the IGBTs as shown in
Figure 18. These second-generation power electronics allow two times the current of the first generation. With this circuit, we could deliver monophasic
pulses, and at the same time, it was possible to recover most of the energy required for the pulse back into the same, initial capacitor. Combined with the
large capacitance, the energy storage voltage is typically reduced by less than
5 % after delivering a pulse.

Figure 18. Our power electronics for one cTMS channel. From left to right: the dark green cylinder
is a 1-kΩ resistor, the metal cylinder is a 1020-μF pulse capacitor, the black rectangular devices are the IGBTs with their snubber circuits (three white capacitors and a small, black 0.5Ω resistor), and the blue circuit boards are the IGBT gate drivers. The other two IGBTs are
located on the other side, below the two visible IGBTs. All conductors for the high current
were built from 20 × 2 mm aluminium busbars to minimise the stray inductance and resistive
losses between the capacitor and the IGBTs. After the initial tests, the shown gate drivers
were to be replaced with an in-house, custom design.
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8. Conclusion

This thesis has presented new approaches for increasing the capabilities of TMS
devices. Both presented technical approaches, the method to increase the efficiency and the method for electronic stimulation targeting, have the potential to
reduce the cost of TMS, albeit in two different ways: a more efficient TMS coil
requires less power, and thus, simpler and cheaper power electronics; an mTMS
device, although more complicated than a regular TMS device, can reduce the
amount of manual labour required in, for example, a treatment session.
In addition, the thesis contains a piece of new information on the properties
of the excitable membrane, or to be more specific, the activation rate of the ion
channels in the excitable membrane in the primary motor cortex. In Publication 4, we developed a method to measure non-invasively the neuronal kinetics
in the microsecond scale in vivo, with tailored cTMS waveforms.
Our next endeavour is to study the brain with the developed device. The first
step is to use the capabilities of the existing device, such as the ability to deliver
paired pulses to different targets, to study the primary motor cortex. The next
steps will likely include implementing more features to the device, for example,
other multi-coil transducers more suitable for other regions than the motor
strip. The mTMS technology demonstrated in this thesis is at its infancy, requiring more research before it can become a clinically viable tool. The final hurdle
will be to demonstrate applications where a further-developed mTMS device
has sufficient advantage over other, possibly simpler, diagnostic or treatment
methods.
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