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1 Introduction

The use of nonrinvasive neuroimaging has increased explosively in re-
cent yeas. Detail s of the functioning of the human brain are reveded hy
measuring eledromagnetic fields outside the head o metabdic and
hemodynamic changes using eledroencephalography (EEG), magnetoen-
cephalography (MEG), positron emisson tomography (PET), nea-
infrared spedroscopy (NIRS) or functional magnetic resonance imaging
(fMRI). This thesis deds with transcranial magnetic brain stimulation
(TMS), which is a dired way of manipulating and interfering with the
function of the cortex, thus complementing conventional nenaging.

Brain stimulation with TMS is achieved from the outside of the head
using pulses of eledromagnetic field that induce an eledric field in the
brain. TM S has numerous applicaions in the study, diagnosis and therapy
of the brain. TMS can either excite the @rtex or disturb its function. The
observed excitatory effeds are normally muscle twitches or phosphenes,
whereas in the “lesion” mode TMS can transiently suppressperception a
interfere with task perfonance.

The am of this thesis was to develop ptysicd understanding of mag-
netic stimulation and to buld models that could provide new insights for
utili sing the technique. For this purpose, two principal issues had to be
addressed: 1) maaoscopic dedromagnetic fields in the tissue, for which
models are developed in Publications I-ll, and 2 understanding of the
neuronal resporses, considered in Publications IV and V. Then, the mod-
els developed were used as a basis for engineaing modificaions that
would increase the utility of TMS, the enphasis being on the optimisation
of the stimulating coil s (Publicaion V1) and onthe use of multiple wilsin
awhde-scdp array (Publication VII). Publicaion VIII presents the con-
current use of TMS and high-resolution EEG, showing that the combina-
tion is effective for mapping the functionalreeections in the brain.

The models and procedures were developed in parale with the design
and construction d TMS instrumentation for computer-asssted stimula-
tion.



2 Basic principles and history

2.1 Basic principles

Neurones can be excited by externaly applied time-varying eledromag-
netic fields. In TMS, excitation is achieved by driving intense pulses of
current I(t) through a il ocaed above the head. The source of adivation

is the electric field induced in the tissue, obtained from Faraday’s law:

0B

where B is the magnetic field produced by the il, given by the Biot—
Savart law:
B, =4e10) o S @

The integration is performed with the vedor dl along the @il windings C
andp = 4mx10° 7 H/m is the permeability of free space.

The pulses of current are generated with a drcuit containing a dis-
charge cgadtor conneded with the il in series by a thyristor. With the
cgpadtor first charged to 2-3 kV, the gating of the thyristor into the n-
ducting state will cause the discharging of the cgadtor through the il.
The resulting current waveform is typicdly a damped sinusoidal pulse
that lasts abou 300 us and hes a pe& value of 5-10 kA. The dedricd
principles have been outlineglg., by Jalinous [72,73].

Figure 1 summarises the chain of events in TMS. The indwced E is
strongest nea the il and typicdly stimulates a crticd areaof a few
centimetres in dameter. TMS pulses cause @herent firing of neurones in
the stimulated area & well as changed firing due to synaptic input. At mi-
croscopic level, E affeds the neurones transmembrane voltage and
thereby the voltage-sensitive ion channels. Brain imaging tods can be
used to deted the assciated eledricd currents and changes in blood flow
of metabolism. In motor-cortex stimulation, peripheral effeds can be ob-
served as muscle adivity with surface éedromyography (EMG). Moreo-
ver, there may be behavioural changes, for instance, impaired task per-
formance.
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FIGURE 1. Principles of TMS. Current I(t) in the il generates a magnetic field B that
induces an eledric field E. The lines of B go throughthe wil; the lines of E form closed
circles. The upper-right drawing ill ustrates shematicdly a lateral view of the precentral
gyrus in the right hemisphere. Two pyramidal axons are shown, together with a typicd
orientation of the intracanial E. The dedric field affeds the transmembrane potential,
which may lead to locd membrane depolarisation and firing of the neurone. Pyramidal
axons are likely stimulated nea bends, as ill ustrated here, but also cther mechanisms
exist (see sedion 3.2) and ather neurones may be stimulated. Maaoscopic responses can
be deteded with functional imaging tods (EEG, PET, fMRI, NIRS and SPECT = single
photon emission computed tomography), with surface EMG, or asibata changes.



2.2 History of non-invasive brain stimulation

Stimulation d the expased human cerebral cortex with eledricad cur-
rents was first described by Bartholow in 1874[11]; the arrents €licited
movements of the oppasite side of the body. Eledricd brain stimulationis
today posdble nonrinvasively using scdp eledrodes [96]. However, tran-
scranial eledricd stimulation (TCES) is very painful and hence of limited
value.

The first experiments with magnetic stimulation were @ndwcted by
d’'Arsonva in 1896[36]. He reported "phaosphenes and vertigo, and in
some persons, syncope,” when the subjed’s head was placal inside an in-
duction coil. Later, many scientists reported the phenomenon d magneto-
phosphenes, that is, visual sensations caused by the stimulation d the
retina due to changing magnetic fields [10,15,41,92,155,159].

Magnetic nerve stimulation was acomplished orly several decales
later, first in the frog by Kolin et al. [79] in 1959and then in the human
peripheral nerve by Bickford and Fremming [17] in 1965. The latter
authors used an oscill atory magnetic field that lasted 40ms. The resulting
long-lasting adivation interva made it impossble to record nerve or
muscle adion pdentias, and the work was not pursued further. In the
following yeas, the tedinique was investigated orly occasionaly
[68,87,118].

In 1982 ,Polson, Barker and Freeston [128 described a prototype mag-
netic stimulator for peripheral nerve stimulation. They used 2-ms-duration
pulses and recorded, for the first time, motor-evoked pdentials (MEPS)
obtained by median nerve magnetic stimulation. In present-day devices,
the pulse duration is typically shorter.

In 1985,the Sheffield group achieved successul transcranial magnetic
stimulation [9] and made the first clinicd examinations [6]. TMS proved
valuable for probing the motor pathways. in hedthy subjeds, stimulation
over the motor cortex causes twitches in hand muscles in abou 25 ms,
while many neurologicd condtions manifest slower condwction. Ancther
important charaderistic of TMS is that it is painless the subed usually
feding only a not uncomfortable sensation d scdp being pinched. The
encouraging results led into commerciadisation d TMS by Novametrix
Ltd. (predecessor of Magstim Company).



Since 1985, magnetic stimulator tecindogy has remained mostly un-
changed. Whereas ealy reseach used circular coils, today devices are
usually equipped aso with an 8shaped, a figure-of-eight coil propcsed
by Ueno [157]. The 8-shaped coail induces a more concentrated eledric
field than the arcular coil, resulting in better control of the spatial extent
of the excitation. Ancther important development is repetitive TMS
(rTMS) cgpable of delivering trains of stimuli at 1-50 Hz. rTMS was first
produced by Cadwell Laboratories in 1988and is today one of the most
quickly growing areas of TMS research.

The reader may get a detailed overview of the history and principles of
magnetic stimulation, for instance, from Refs. [5,49].

3 Modelling of magnetic stimulation

Models of magnetic stimulation are of grea importance in the investi-
gation d the locus, extent and medhanisms of stimulation, in the inter-
pretation d experiments and in the design of effedive instrumentation.
Modelling can be divided into two important separate parts: 1) the mm-
putation d the maaoscopic dedromagnetic fields due to current in the
coil, and 2 the response of neurones as a result of eledricd charges that
the macroscopic field builds up on theirmi@anes.

This ®dion aso oulines experimenta results abou the locus of adi-
vation and about the dominant cellular mechanisms.

3.1 The induced electric field

Generally, the shape of the dedric field induced in the tisue depends
on 1) the shape of the induction cail, 2) the locaion and aientation d the
coil with resped to the tisaue, and 3 the dedricd condictivity structure
of the tssue.

The total eledric field in the tissue is the sum of primary and secon-
dary éedric fields, the primary field E; being induced by the dhanging
magnetic field B(t) from the wil, as gated by Eqgs. 1 and 2.In condLctors,
E; causes aflow of current J = oE;, o being the condctivity. Any con-
ductivity changes aong the path of the airrent cause nonunformity of
eledric charges, giving rise to an eledrostatic patential V, the negative
gradient of which is the secondary field E, = —{1V. Expressng B in terms
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of the vector potentia, i.e.,, B = XA, the totalE is [70]:

E:E1+E2:—%—?—DV. (3)

The patential V obeys Laplaces equation, 0%V =0. Equation 3 tes been
solved for the unbounad space [54] and for simple @nductor shapes
such as the semi-infinite space[42], spheres [43], and infinite-length cyl-
inders [44,45. Other shapes and inhamogeneities have been modelled
numerically [23,37,106,139,149,157].

3.1.1 The relationship between TMS and MEG

TMS is the mnverse of MEG, which uses a number of sensor coil s to
measure the magnetic field generated by eledricd currents associated
with neural adivation. Because of the mnwverse relationship, severa re-
sults obtained in conredion with MEG have relevanceto TMS, and Jce
versa. The E induced in the brain by TMS can be obtained using the same
formulas that in MEG give the sensor coil signal due to known intraca
nia currents [Publicaions I1-111]. The theoreticd link is constituted by the
reciprocity theorem [29,61,80]:

[ﬁ 3°(r) - E(r) dv :—$# Byr") -da(r’), @
\ C

where B; isthe external magnetic field at r' produced by a primary current
distribution J” inside the volume mnductor V approximating the head.
Vedor dais avedor normal to an arbitrary surfacespanned by the wind-
ings of the induction coil C and the aurrent in the il is I(t). Both cdcu-
lations are to be cmndcted for the same geometry. The redprocity holds
for linea and inhamogeneous gace ad for anisotropic spacewith sym-
metric permittivity and permeability tensors [80]. Moreover, it is required
that I(t) be of low frequency, i.e., quasi-static. These @ndtions can be
considered to exist in magnetic stimulation.

On the other hand, the flux @ through an MEG sensor coil due to an
intracanial current J° can be written in terms of a sensitivity function L,
calledlead field for the coil [60]:

CD:[;] BJ-dazﬂy] L - Pdv . 5)
1C V



From Egs. 4 and 5,the solution for E in TMS is obtained by assuming
that the MEG coil is used for stimulation instead of flux measurement.
Driving the colil with current(t), the nduced field is:

ery=-20 (). ©)

The lea field at r can be computed by cdculating the flux couped
into the @il by the magnetic field due to an arbitrary current dipole (a
short element of current) immersed in thetissue & r [60]. This is the for-
ward problem, which has been solved explicitly for simple conductor
shapes such as spheres [65,148] andrefls [35].

Primary currents perpendicular to the lead field do na couge flux into
the sensor coil, which prevents locdisation d such sources in the brain
with MEG. The onwverseistruein TMS: nofield isinduced in dredions
perpeandicular to the lead field.

3.1.2 Field shaping with multiple coils

With multiple ails, i.e.,, channels, the TMS excitation field can be
eledronicdly shaped by changing currents in the wils individualy (see
chapter 5.2). Field shaping aims at finding the optimal currents in n coils
to redise afield that is as close & posgbleto adesired field configuration
P. Publication VII formulates the TMS field-shaping problem as the
minimisation d the norm [ ( E - P)?dv between P and the adual field E.
The resulting optimal coil currents are then oltained from the @lumn
vectord = (dl1/dt, ...,dl,/dt)" [Publication VII]:

J=-LP, 7)
where P = (JP-L1dv, ...,[P-L,dv)" and L is a square matrix with ele-
ments Lij =fL;i-Ljdv (i,j=1,...,n). The pseuddnverse of L isL". The
resultingkE is then

E:_iil(LTP)iLi , 8)

where (L'P); is the ith element of vedor L'P. Eq. 8is analogous with the
MEG minimum-norm estimate (MNE) of the intracanial current density
that best explains the measured data[60]. Eg. 8 hdds also for TCES, pro-
vided that eledricd lea fields are used and the wils’ rates of change of
current in vectod are replaced by electrode currents.
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The field-shaping problem is not generally exadly solvable, there be-
ing infinitely many P that canna be redized. Therefore, different target
field configurations P can leal to the same solution. MNE is one passble
solution, bu nat necessarily the best. These cnclusions do nd change
with the number of coils. When the goal is to minimise the extent of the
stimulating field, seach agorithms give better results [Publicaion VII],
since the mathematicd formulation d the MNE procedure implies a ten-
dency to dffuse solution fields. The grea advantage of MNE-based field
shaping is that once L' is computed for the given coil array, the optimal
coil currents for any are obtained by simple matrix multiteon.

3.1.3 No 3D focusing

Many interesting studies would emerge if it were possble to focus the
induced E in depth, that is, to oltain a field that is grong in deg rain
structures and wedk in the structures above. Unfortunately, focusing in
depth is not posgble with any combination @ TMS and/or TCES. Heller
and van Hulsteyn [61] have proved mathematicdly that at quasi-static
frequencies the field is aways gronger on the boundxry than in the inte-
rior of any volume-condwctor compartment with constant condtctivity.
For sphericdly symmetric condwctors, the maximum field within the @n-
ductor is always on the outer surface Coil designs capable of 3D TMS
focusing are occasionally ggested, but doomed to failure.

In nonsphericd condwctors with varying condictivity, it is possble
that E is maximal in a deg low-condtctivity region. Since such regions
can pin the locus of the field maximum, smooth changing of the site of
neuronal excitationis not possble. This means that focusing in depth can
not be realised.

3.1.4 Spherical head model

In MEG, awidely used approximation d the conductivity geometry of
the heal is the sphericd model. It has been shown that the sphericd
moded is appropriate for superficial parts of the head [59]. Since TMS can
not effedively read dee structures and can na be focused in depth, it
follows from the redprocity that the sphericd model must be gplicable
also to TMS. The sphericd model must be used so that the sphere fits the
locd radius of curvature of the inner surfaceof the skull nea the aeaof
interest. The mathematical formulation is found in Refs. [61,65,148].
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Publicaion Il examined the dfeds of sphericd boundries. Fig. 2 dis-
plays the magnitude of theinduced E in the unbouned and sphere models
for circular and 8shaped TMS coils. The sphericd model is e to de-
crease the strength of E, bu the distribution o the field is smilar in the
two models. When the drcular coll istilted ered above the head (Fig. 2b,
coil axis tangential to the sphere surface, the dedric field induced in the
sphere is much smaller than in the unboune@d model. In the asence of
the boundary the maximum field value is the same for the tangential and
ered coils (Figs. 2a and 2b,top). The boundry effeds disappea for any
coil whose ais passes through the sphere cantre [29,6]. Thisis the main
reason why motor resporses are more eaily elicited with a arcular coil
flat on the vertex than with other ontations.

Unboundc_ag‘o_\‘__
Oid ~a

»
P rmmm®
Yemm

- e d
Pommmn®
Vamme?’
=T N
Yoo,

-
é%%% ]

(Y /

LY ’
*\Max: 116 V/m'/

0 T, -

(a) (b) ()

FIGURE 2. Contour maps of the strength of E on an 8-cm-radius phericd surface
for the unbounded (top) and sphericd medium (bottom). (a) Tangential, laterally
shifted circular coail; (b) ered circular coil; and (c) 8-shaped coail . Projedions of the
coil s are depicted with thick continuous lines. The diameter of the wilswas 40 mm
and dl/dt = 10° A/s. The wils had 10 turns. The pe& value of E is given below
each plot. The depth of the spherical surface below the coil was 15 mm.
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The Ampere-Laplacelaw, which is the @mntinuows courterpart of the
Biot—Savart law in Eq. 2,implies that in al axialy symmetric condwctor
shapes the induced E aong any rotational axis vanishes on that axis
[Publication I]. This means that E is never oriented towards the centre of
the sphere.

3.1.5 Models of the limbs and the spine

Cylinder-shaped vdume mnductors can be used to model limbs. Pub-
lications | and Il derived analyticd solutions to E and its gradient 0E,/0x
in a prolate spheroid as well as in unboundd and semi-infinite cndwc-
tors. An anayticd solution is avail able dso in the infinite-length circular
cylinder [44,49. Finite-length cylinders have been analysed numericdly
[37,115,139].

Unbounded
model

40 mm

Spheroidal
model

Max: 5.3 kV/m?2 Max: 5.6 kV/m?

FIGURE 3. The induced JEX/0x in urbounded (top) and prolate spheroidal
(bottom) models due to circular and 8-shaped coils. The field plane was 10 mm
below the @il plane. Contour step is 0.5 kV/m?. The zeo contours are dotted and
the negative mntours dashed. Projedions of the wils are depicted with thick
continuous arcs. Both wings of the 8-shaped coil comprised 5 turns of 50 mmin
radius; the elge-tangential coil had 10turns. The spheroid’s radius was 40 mm
and its length 1 m and di/dt = 10° A/s. The inserts sow the geometry, coil ori-
entations and field plane (dark rectangle). Adapted from Ratibiicll.

In peripheral stimulation, an important adivating fedure of E is
thought to be its gradient along the aon, 0E,/0x (chapter 3.2). Fig. 3 ds-
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plays the dE,/dx induced in the spheroid and unboundd medium for a
circular and an 8-shaped coil. The pattern of dE,/0x is smilar in the mod-
els, bu its grength islessin the spheroid. It was cdculated in Publicaion
Il that with typicdly used coil orientations the field in a ¢ylinder-shaped
conductor is 70-8®% of the field in the unboun@d vdume. This agrees
with simulations made by others [45] as well as with in vivo measure-
ments [93]. The usefulness of the simplified cylinder-shaped models is
limited because the computation is time-demanding and the inacaracy of
the unbounded model is small when estimating the shape of

As to the modedlli ng of the spine, finite dement method (FEM) model -
ling has reveded that bones and inhamogeneiti es in the spinal neurogeo-
metry affed grealy the induced E [106]. The well-condcting cerebrospi-
nal fluid reduces notably the field in the less condwcting spinal cord
[91,15Q. This explains the inadequacy of stimulating the spinal cord
magnetically.

3.1.6 Readistic models

At least in principle, the shape of the conductivity boundries of the
head, spine and limbs can be obtained from MR images. This information
can be used to recnstruct redistic models of the cnductivity geometry,
athough MRI does nat give the value of the conductivity or information
about possible conductancesotropy.

A few studies have investigated using FEM modelling how ani-
sotropies and inhamogeneities affed the TMS-induced eledric field [23,
37,106,162 The main result has been that the induced E is maximal in
the regions of low condictivity. The preferential diredion d E in ani-
sotropies has been foundto be dong the diredion d lower condictivity.
The pe&k value of E in heterogeneous tissue models was 50-100% of the
value in the homogeneous unbouned model. These results indicate that
regions of low conductivity can channel the diredion d E in the brain or
spine and pin the location of its mmum value.

To conclude, simplified models such as the sphere ae satisfadory for
explaining goss fedures of the induced eledric field, espedaly if the
areaof interest is superficia and the model geometry agrees reasonably
well with the bcal curvature of the body.
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3.2 Electrophysiology of excitation

The dedric field E sets free darges into coherent motion bdh in the
intra- and extracdlular spaces. Basicdly, any part of the cdél membrane
interrupting this motion d the darges becomes depdarised o hyperpo-
larised. In pradice however, the basic cdlular medanisms are unclea,
athough the maaoscopic dedromagnetic fields are well understood.
Modelling of TMS at cdlular level is very qualitative because of complex
cell shapes an@,g., the effects of background neuronal activity.

This chapter overviews the present status of modelli ng the cdlular re-
sponse to magnetic stimulation.

3.2.1 Cable model

The subthreshold behaviour of the transmembrane potentia V, meas-
ured from the resting potential, is described by the cale egquation [12,95,
133,153]:

A oV

/\Z%z— r%—t—V:f(x,t) , (9)
where A and 1 are the fibre's length and time @nstants, respedively; the
coordinate x measures the distance dong the aon. The adivating func-
tion, f, describes the sources of excitation; its computation requires infor-
mation abou the @il and its locaion as well as abou the tissue sur-
roundng the fibre. From Eq. 9,the aonis depadarised where f is negative
and hyperpolased where it is positive.

Equation 9 hads as such for bent axons and in its compartmental form
also for myelinated and finite-length axons [111]. The aon dynamics,
described by the Hodgkin—-Huxley model, can be included in the cale
equation [12,138, bu the mathematicd treament becwmes nonlinea
and complicaed. Provided that the dedric field inside the aon can be
asumed to be aial, the resulting adivating function f in magnetic stimu-
lation is [138]:

f=A20E,/0x , (10)

where 0E,/0x is the gradient of the comporent of E along the aon; f is
also known as Rattay’s adivating function [131]. Fig. 4a ill ustrates that
no adivation accurs with auniform field along the acon, whereas Figs. 4b
and 4 depict the gradient adivation mechanism for straight and bent ax-
ons.
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Publications Il and IV provide evidence that Eq. 10 is incomplete,
since dso the field comporent transverse to the aon, Er, affeds V. The
potential difference acossthe aonis of the order of 2REr, where Ris the
axon radius [81,137. Thus, Eq. 10must be thanged acardingly, giving
themodified activating furction:

f = A?0E,/0x — 2RE. (12)
The ratio o the transverse and gradient field mechanisms is independent

of the axon size. A schematic ill ustration d the acon membrane polarisa-
tion in a transverse field is shown in Fig 4d.
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FIGURE 4. A schematic ill ustration of the adivation mechanisms. The aon mem-
brane pdarisation is sketched for different externally applied eledric field pat-
terns (arrows): (a) uniform E along the axon, no change from the resting state; (b)
gradient adivation, with 0E,/0x # 0; (c) bent axon in uriform E, depicting only
the gradient adivation; (d) transverse adivation, with E locdly aadossthe acon;
(e) axon terminating in uriform E. D and H denote depolarisation and hyperpo-
larisation, respedively. Although rot ill ustrated, it is assumed that E is equal out-
side andnside the cells.

3.2.2 Geometrical factors affecting the excitability

Neuronal excitability changes becaise of various geometricd fadors,
e.g., axon terminals, bending, branching, nonunformity and tapering and
volume-conductor nonunformities [137]. Espedally, bends and termina
tions are thought to play a key role in TMS [90]. High effedive 0E,/0x
values are adieved at bends even in hanogeneous E [1,63 (see Fig. 4c).
In thin curved axons, the relative contribution from the transverse field Er
(Eq. 11) is small as compareddig,/ox.

Computer simulations [111] and in vitro experiments [11( suggest
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that if the il isplacal closeto the end d axon, a the akonis dort (<6-
8 cm), the axon membrane is preferentially depolarised at the end by the
field comporent parall el to the akon. Thisisill ustrated in Fig. 4e for an
axon terminating in a uniform field.

The cdle ejuation (Eq. 9 applies for isolated axons, bu in fibre bun-
dles the neaby axons may change the extracdlular patentia significantly.
Both the excitability and the locus of adivation vary with the position d
the fibre in the bundle [108,109].

3.2.3 Strength—duration relationship

The cdl membrane behaves as a le&y integrator with a time cnstant
of abou 150 ps, and hence the shorter the pulse, the less energy is re-
quired for excitation [8,111,119. On the other hand, the minimum pulse
intensity is achieved when the dfedive pulse duration is greaer than the
chronaxie time of the neurone. Fig. 5 depicts the energy—duration and
strength—duration curves for TMS while halding the il inductance and
circuit resistance @nstant and changing the cgadtance The dficiency is
at maximum with brief intense pulses, but this lution requires alow ca-
padtance and a high cgpadtor voltage. The maximal useful voltage is
limited by the availability and price of power electronics components.
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FIGURE. 5. Calculated normali sed threshold capadtor energy and pek value of E
as function of zero-to-pedk rise time. Values are normalised to rise time of 100
ps. Circuit inductance L = 20 uH and resistance R=50mQ. The cgadtance C
ranged from 20 to 600pF. Current shape was biphasic and membrane time on-
stant T = 150ps. Although rot shown, the energy—duration curve levels off at a
constant value for very short pulses.
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3.3 Locus of excitation

The locus and mecdhanisms of adivation are of grea consequence when
looking for the optimal shape of E to adivate spedfic corticd patches or
when interpreting measurements. This sdion presents some relevant ex-
perimental results separately for distal, spinal root and brain stiomul

3.3.1 Distal nerve stimulation

Recdli ng the theory presented in chapter 3.2.1,there ae two expeded
mechanisms of adivation in dstal nerve stimulation: the gradient and
transverse field medanisms. Experimentaly, the site of adivation hes
been argued to be & the negative pe&k of 0E./dx [13,110,111,115,132,
133,138, bu some reports display strong adivation with coil orientations
that induce no 0E,/ox aong the nerve [34,57,78,89,11]7 Publicaion IV
was aimed at addressng this discrepancy. For this purpose, the locus of
adivation, determined from the latency of surface EMG resporses, was
mapped with dfferent coil placanents. The modified adivating function
(Eq. 173), which includes the oontribution from both gradient and trans-
verse fields, was foundto predict well the locus of adivation. Thus, these
results suggest that there is no dscrepancy, bu that two separate mecha-
nisms are responsible for the membrane depeatams

Bones change notably the induced field dstribution as well as the dic-
ited neuronal adivation. For instance Maccdee et al. [9]] stimulated
shee phrenic nerve in a saline container. Insertion d solid plastic ¢ylin-
ders nea the nerve caused preferential adivation from points of the nerve
nea the plastic. Something similar has been olserved in fadal nerve
stimulation, where the gredest excitability was at the it from the tempo-
ral bone [135].

3.3.2 Stimulation of the spine and spinal roots

The present magnetic stimulators are not powerful enough to stimulate
diredly the descending spina trads [26,27, since the spina bonres at-
tenuate gredly the induced E (chapter 3.1.3. On the other hand, spinal
roots can be stimulated magneticdly, bu the resporse latency does not
change smoathly with coil position [26]. Thisis thought to be becaise the
roots are bent nea the neural foramen, which serves as a high-excitability
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point. Another source of changed excitability is the complicaed bore ge-
ometry.

3.3.3 Brain stimulation

Charaderistic dimensions of the shapes of corticd neurones are small
compared with the distances over which the induced eledric field varies.
Hence corticd neurones are likely to be adivated at terminations (Fig.
4e) or at axonal bends (Fig. 4c), where the dfedive gradient of E along
the axon can be grea. Consequently, TMS adivation most probably takes
place &the maximum of the externaly applied E. The @ntribution d the
transverse adivation medhanism is snall sincethe aons are thin. On the
other hand, E can be maximal in low-conductivity regions, which could
help to determine the site of stimulation, bu aso compli caes the study of
the activating mechanisms.

Comparative results from locdi sation d the somatosensory cortex with
TMS and aher methods suppat that the adivation cccurs at the maxi-
mum of E. Recantly, Krings et al. [82,83 compared TMS maps with d-
red corticd stimulation results, finding agreement to within lessthan 5-
10 mm. The site of maximal E in TMS has been foundto agreewith the
locdisation results from MEG [103,104,14@ublicaionV] and PET
[167] to within 10-20 mm. Similarly, fMRI, PET and TMS have locdi sed
the frontal eye field to the precentral gyrus [22,127. Despite the ayree-
ment between results from TMS and functional imaging, different neu-
ronal structures may bewvolved.

Not only the strength, bu also the diredion d the induced E in the
brain affeds the locus and strength of adivation. The motor adivationis
strongest when the rticd E in the mntralateral precentral gyrusisin the
posterior-to-anterior diredion. This possbly means that TMS of the pri-
mary motor cortex preferentially adivates elements in the posterior bank
of the precentral sulcus that are parallel to the induced field [121], or at
bends [90]. This is different from MEG, which refleds postsynaptic ac-
tivity [60]. Hence athough there is aredprocity between the maaoscopic
field theory for MEG and TMS, different cdlular-level phenomena ae
involved.

TMS isthouwght to affed neurones in the @rtex, rather than deg parts
of the articospina trad [101]. Corticospina neurones are presumably
adivated transg/napticdly at low TMS intensities, since the resporse la-
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tency to TMS is often 2ms longer than to TCES [38,144, which stimu-
lates the corticospinal neurones diredly. On the other hand, intense TMS
pulses often yield latencies smilar to TCES, suggesting dired adivation
of the corticospinal axons.

At cdlular level, TMS is thowght to excite axons rather than the cédl
body or other parts of the neurones [88] since the measured chronaxie [8]
and intervals for faalitation [145 in periphera motor axonal and lrain
excitation are similar.

The medanisms of repetitive TMS (rTMS) have not been examined so
far. The dedromagnetic theory and the cale theory for single-puse TMS
remain urchanged for rTMS. However, it is possble that at high repeti-
tion rates the cdlular-level effeds of rTMS differ from those of single-
pulse TMS.

4 [nstrumentation

4.1 Available types of stimulators and coils

There ae two stimulator types: single-pulse devices and repetitive
TMS (rTMYS) devices that generate trains of stimuli at 1-60 Hz. Commer-
cial equipment are provided by three main manufadurers. Cadwell Labo-
ratories, Inc. (Kennewick, USA), Magstim Company, Ltd. (Whitland,
UK) and Medtronic DantebleuroMuscular $kovlunde, Denmark).

Dantec and Magstim have ald-on modues to their single-pulse devices
that can be used to drive one @il with two to four pulses sparated by 1
ms to 1 s. These devices are cdled paired-pulse or quadruple-pulse
stimulators. Two stimulator units can be used together to drive separate
coils to stimulate different regions at the same time or in quck succes-
sion. This TMS mode is called double-pulse TMS.

The rTMS devices operate & 10-60 Hz at 40—-100% of the maximum
intensity of single pulses. The duration o sustained operation is limited
by coil heaing to 100—1,000 pliges at maximum power. With proper coil
coaling, the duration d the stimulus train can be made unlimited. Cadwell
makes coil s with continuows water codling, whereas Magstim makes air-
cooled coils.

The airrent pulse properties vary among manufadurers. Three pulse
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waveforms are available: i) monoptasic, i.e., rapid rise from zero to pe&k
and slower deaease to zero; ii) biphasic, i.e., one damped sine pulse; and
i) multiple-cycle damped sine pulse. The Dantec MagPro model is
equipped with a switch that allows sledion ketween monoptesic and
biphasic pulse shapes. Most of the Magstim devices use a monoplasic
puse. Cadwell devices generate a biphasic pulse, athough ealier
MES-10 unts had a multi ple-cycle sine pulse. Rapid charging of the &
padtors requires that the rTMS devices use biphasic aurrents. The initial
diredion d the arrent in the il can be switched in some Dantec stimu-
lators.

The arrent pulse duration is typicdly 200-300 pus for biphasic and
abou 600 ps for monoptesic pulses. The peak current generated by the
commercial devicesis 2—-8 kA. Operating voltage of TMS devicesis typi-
cdly 2-3 kV and the power consumption 2—3 KV at maximum stimulus
intensity.

The standard stimulating coils are dther circular or 8-shaped. Some
Cadwell coils are drop-shaped with ore redangular edge (Focapoint™);
the benefit from the shape is questionable. Magstim sell s 8-shaped cone
coil s with angled wings that fit the head and Dantec has a similar circular
cone mil. The mne wils are somewhat more dfedive than planar ones,
but at the aost of focdity. The diameter of the il s ranges from 50to 150
mm. The mils are usually wound d 10—30concentric turns of redangular
copper wire (gauge, e.g., 1x5 mn7), resulting in an inductance of 15-30
MH.

Prototype four-led coil s have been presented with four coplanar wings
[14Q suitable for peripheral stimulation. Another new idea is the so-
cdled haf-toroid (“slinky”) coail, which is woundwith the turns in dffer-
ent angles while maintaining the tangency along one edge [134,171].

The TMS equipment developed and wsed at the BioMag Laboratory
has two independent stimulator channels that are cntrolled by a wm-
puter. The maximum stimulus repetition rate is 1 Hz at full intensity and
the system operates at 3 kV. The il s are 8-shaped and water-cooled and
their outer diameter ranges from 30 to 50mm. The airrent pulse shape is
biphasic with rise time ranging between 70and 100us depending on the
coil.

21



TABLE 1.
Definition and importance of main figures of merit for the optimisation and the
evalwtion of magnetic stimulators.

Figure of merit Quantity to beminimised |Importance

Stimulator’s efficacy| Input power Stimulus repetition rate

Coil's efficacy Peak magnetic energy Price, weight and size of
components

Coil heating Temperature rise / pulse |Duration of pulse trains and

of sustained operation

Focality Area bound by the hal Spatial resolution
maximum ofe

4.2 About optimisation of the stimulator

Publication VI addresses the optimisation d the TMS coil and the se-
ledion d the power eledronics comporents. The optimal design depends
on the gplicaion and hav different qualiti es are weighted. Optimisation
shoud hence begin by seleding the quality criteria and the weighting
rules for computing the asts. The key task is to identify the members of
three variable categories:

* constraintse.g., safety regulations

* guantiy/quantities to be minimised,g., fabrication costs

» adjustable parametemsg., coil dimensions.

The most important physicd quantities that determine the quality of
magnetic stimulators are listed in Table 1; Publicaion VI gives the for-
mulas to cdculate their values. Unfortunately, the quantities are compet-
ing, e.g., focal coils have a lower efficacy than otherwise similar coils.

As arule, the il isthe main item to be optimised. Publicaion VI fo-
cused onminimising the stimulator’s power consumption by changing the
coil’s winding structure and wire gauge. The procedure could improve
espedaly the dficagy of small coils by winding them into solenoids in-
stead of flat spirals. This procedure has been applied to design small wa-
ter-coded coils for the TMS equipment at the BioMag Laboratory. In the
literature, the results of coil optimisation have remained o littl e use since
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the definition d the “optimum” has been omitted [86,105,11% In ore
study, a mathematicd method was used to maximise the focdity by
changing the il shape [141]. The resulting most focd coil shape was
found to be roughly 8-shaped.

4.3 Coil construction and fabrication

Coail design must always be taken into acourt when constructing TMS
equipment. Effedive design is hindered by the high amourt of energy that
must be driven through the il in a very brief time. In brain stimulation
this energy is abou 500J, which would sufficeto lift aweight of 1 kgto a
height of 50 m.

The intense submilli second current pulses cause strong expanding and
compressng forces in the wil. The forces are even tens of kilonewtons
and thus the dosssediona wire size must be large and the patting mate-
rial resistant. The forces are propationa to the pe&k energy in the il.
Optimally, the mils are wound so that the forces are cmpressng in the
direction where the coil touches the head.

In rTMS, an additional troube is that tens of W/Hz of power is diss-
pated in the wil. The il being usualy placed against the head, acording
to the safety standards its surfacetemperature must nat exceal 41C. One
shoud aso avoid high wire temperatures (100-120C), since these dete-
riorate insulation, ceaeasing safety and the wil’s life time. Built-in tem-
perature sensors and effedive @maling can be used to guard against exces-
sive temperatures.

Problems with powver consumption and coil heaing can be dleviated
by reducing the mil’s resistance, determined by the wire gauge and coil
geometry [Publication VI]. When the adosssediona dimensions of the
wire exceal 1to 2 mm, the skin and proximity effeds change the aurrent
distribution in the wire [154], and may increase the dired current resis-
tance significantly. Striped, foil or litz wire can be used to reduce the skin
and proximity effeds. The skin effed causes the aurrent to flow mainly on
the surfaceof thick wire; hence, tubuar wire can be used withou affed-
ing the resistance Liquid codlant can then flow inside the wire, as it is
done in the BioMag Labatory’s TMS coils.

The voltage over the wil’s conredors may be 3 kv and depending on
how the il iswoundthe voltage acossadjacent turns can be from 200
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to 1,000V. The wire insulation (varnish, film, mylar paper) must have the
necessary dieledric strength and resist chemica solvents of the patting
material (epoxy resin, pdyurethane foam). The dedricd and liquid codl-
ant contacts must be tightly fastened and well insulated.

The intense aurrent gives rise to a dicking soundfrom the il, cables
and capadtor, excealing 100 B nea the wil. To reduce the noise from
the ail, reseachers at the BioMag Laboratory are investigating the poss-
bility to encgpsulate the @il in vaauum or place avacuum shield between
the coil and the subject [67].

4.4 Focality of stimulation

The caability to concentrate, or focus, the induced E to small cortica
patches deserves eda attention since it limits the spatial resolution o
TMS. Focusing is possble in two dmensions only [61] (see dapter
3.1.3).

A convenient measure of focdity in TMS is the aeaof the sphericd
surfacebound ly the half-maximum of E, listed in Table 2 for some pres-
ently available coommercial coils. Table 2 lists also the pe&k E values ob-
tained while driving the wils with di/dt = 16° A/s; in pradice the di/dt
values vary among manufadurers. For comparison, the same values are
given for a hexagonal array of 19 circular coils, partially redised at the
BioMag Laboratory (chapter 5.2). The focdity of the multichannel array is
superior due to the use of many coils that are smaler than namal
[Publication VII].

The 8-shaped coil i s much more focd than the arcular coil. In pradice,
however, the drcular coil is sometimes preferred over the 8-shaped coil
becaise motor resporses can be promptly evoked withou need for predse
coil pasitioning. The 8-shaped coil is chosen for better control of excita-
tion. The focdity and the strength of stimulation dgpend onthe il size
and onthe distance from the wil, bah degrading quickly with increasing
depth. For very small radius the focality levels off at a constant value.
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TABLE 2.
Characteristics of some coils. Circular coils were placed edge-tangentially a
shaped coils tangential to the scalp. The array coils pointed to the centre of the
The computation was done on a 80-mm-radius spherical surfanen2gelow the
coils. The spherical model was used dhfidt = 10° A/s.

Manufacturer ID/OD N Focality Peak E
[mm] [turns] [cm?] [V/m]

Circular coils

Cadwell® 72185 14 96 170
Dantec’ 74194 11 103 130
Magstim (type 97623 40/ 94 15 96 130

8-shaped coils

Cadwell® 42 /54 14 (x2) 18 210
Dantec (type 8553 34 /54 11 (x2) 18 150
Magstim (type 97903 56 /87 9 (x2) 33 180

BioMag 19-coil arrays
BioMag 19 array OD 30 30 7 554
BioMag 19 array OD 40 30 12 105¢

ID = inner diameter; OD = outer diameter.
aApproximate geometry from [143?;from [115]; and” from [73].
Value when the sum of the absoldtédt values in all coils is F0A/s.

5 New advanced techniqgques

5.1 Computer-assisted TMS

In currently available commercial TMS systems the @il is paositioned
manually abowve the head, the locaion d the il being determined onthe
basis of skull landmarks. Although TMS is used enthusiasticdly, users
strongly criticise the difficulties of focusing the adivation in desired tar-
gets. Because of the large ils and manua placanent, the reproducibility
and repeatability are often poor.
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Computer-asssted stereotadic TMS is under development at the
HUCH BioMag Laboratory. The essence of computer-asssted TMS is an
intelli gent user-interface by aid of which the operator may plan, perform,
monitor and daument the experiments in a @ntrolled and reproducible
manner. An important part of the software isthe cdculation o the dedric
field induced in the brain. Stereotadic stimulus targeting is made possble
by 3D locdisation d the mil/coils with resped to the head and by dis-
playing the MR images on the cmmputer screen. The BioMag system is
redised using a motorised coil holder and frameless $ereotaxy based ona
3D eledromagnetic pointer. The @ncept of computer-asssted TMS is
illustrated in Fig. 6.

Power and Control
Electronics

Coil(s) and gantry

Information from other
techniques —

(MRI, MEG, EEG)

FIGURE 6. Computer-asssted TMS. System comprises gantry, patient chair, com-
puter, control and power eledronics circuits and pover source. One or a few
coils may be used, or an array of many coils.

Computer-asssted TMS enables new useful concepts for brain re-
seach. Stereotadic targeting allows gimulation d a given locdion in the
cortex or a given anatomicd structure. For instance, the functional organi-
sation d the brain can be studied with a gredly improved spatio-temporal
resolution. The stimulus may be modified bah spatially and temporally
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during tasks in arder to identify the crticd areas that are necessary for the
task and the order in which they process the data.

In computer-asssted TMS, information from brain imaging techniques
can be used in planning the stimulation parameters as well as in the dis-
play and interpretation d the results. In particular, digitisation d the il
position onthe MRI provides anatomicd information d the stimulated
locaion [83,103, which enables dereotadic TMS, that is, predse stimu-
lation d seleded anatomicd locaions. Stereotaxy alows sledion d the
stimulation intensity level on the basis of cdculating the adually induced
eledric field in the target areainstead of defining it as a percentage of the
maximum stimulator output or motor threshold. Frameless s$ereotaxy
system and stimulus targeting software have been redised in the BioMag
Laboratory.

The merging of TMS with functional neuroimaging tod's provides ad-
ditional benefits. The mncurrent use of TMS with PET, fMRI and EEG
has already been demonstrated for the study of conredivity maps and the
readivity of the stimulated cortex [18,127PublicaionVIII]. Likewise,
MEG can give the location of specific cortical functional unitsdveace.

5.2 Multichannel TMS

Multichannel TMS [64], theoreticdly examined in Publicaion VII, re-
fers to the use of multiple independently controlled stimulating coils. It
has a number of advantages over stimulation with ore wil, offering an
aternative solution for stereotadic TMS. One can stimulate multiple loci
in ore shat, or with short delay between the pulses. The operator can also
aleviate the nuisance caused by the adivation d undesired structures by
suppressng the field at seleded locaions. Moreover, it is possble to
quickly scan brain regions snce the wils need na to be moved duing
scanning. The use of multiple wilsimproves the mapping resolution since
the stimulating field can be made more @mncentrated. The shaping of the
field can be dfedively solved using the MNE procedure described in
Publication VII and chapter 3.1.2.

Publication VII analysed the properties of multichannel TMS; Fig. 7
shows ome of the results. Coil size is an important fador that determines
the focdity and the power required to oltain a given stimulation intensity;
the number of coilsislessimportant, yet significant. The focdity depends
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onthe locaion d the target point with resped to the wils, being the best
below points where the mils touch ead ather. Multichannel TMS can
clealy improve the focdity; with the present commercial single-coil de-
vices the focdity is 10-15 cm?, while levels of a few cm? are atainable
with multiple small coils. The focdity isimproved at the st of increased
power consuiption.
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FIGURE 7. Left: Focdity of cap-shaped array as function of number of cails n.
Coil diameter is between 15 and 40 mm. Right: Normalised power required to
induce a given peak value Bf Adapted from Publication VII.

Multichannel TMS can aso be used to produce sham stimulation by
seleding the il currents  that the dedric field induced in the brain is
small, bu the subjedive sensations due to scdp stimulation and cail click
can be predicted to be similar to real TMS [147].

The main drawbadk of multichannel TMS is that it is much more e-
pensive than computer-asgsted stereotadic TMS with ore @il. This is
becaise the power eledronics design as well as the power source and me-
chanical construction are more complicated.

53 TMS-compatible EEG

The brain’s eledricd adivity related with the TMS pulse can be de-
teded with EEG [2,32,84,97,15]l The EEG amplifiers are, however,
prone to external disturbance and in the studies cited the recording of the
EEG to TMS has been passble only using 2 to 3eledrodes |ocaed so that
the disturbance from the TMS pulse is little.

Publicaion VIII presents a TM S-compatible EEG system. The BioMag
high-resolution EEG system all ows freepositioning of all its 60 eledrodes
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[66]. The EEG is artefad-freein just a few ms after the stimulus pulse;
problems with the atefads are dedt with sample-and-haold circuits that
pin the amplifier outputs at a wnstant level during the TMS pulse [15§).
Scdp buns resulting from the eddy current in the dedrodes can be
avoided using low-conductivity materials. The dedrodes are optimally
small and have a cut that interrupts the path of the eddgnty142].

Concurrent use of TMS and EEG has threebasic uses. 1) EEG can be
used to locae the neuronal adivity elicited by TMS, and its grea to
other regions, so as to determine readivity and conredivity patterns. 2)
One can study how the brain processes information from the periphery by
determining temporo-spatialy the dfeds of TMS on evoked and event-
related paentials (EPs and ERPs). 3) EEG can be used when TMSis ap-
plied as a treament to monitor for any abnamality, or to control on-line
the dficagy of the treament. Many more goplications will become feasi-
ble with better understanding of the interadion d the TMS fields and the
neurones, and of the head as a volunmglgotor.

FIGURE 8. Contour maps of scdp pdentials recorded with 60-channel EEG after
left motor cortex TMS. Activity is drawn at seleded latencies between 9 and 29
ms post-stimulus time. The contour spadng is 0.4 pV; negative potentials are
shaded. Theinter-stimulus interval was 2 s and 150EEG responsesto TMS at an
intensity dlightly below motor threshold (90% MT) were averaged. In the draw-
ings, the head is seen from above, the nosdipgiop.

Publication VIII displayed the distribution and spread of the TMS-
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evoked EEG adivity when the parietal or ocdpital lobe was dimulated.
Figure 8 shows the scdp padential distribution elicited by TMS over the
left hand-motor areafrom one hedthy subjed. Asin Publicaion VIIl, the
ealy adivity is dominantly nea the stimulated regions. After that, also
the oppasite hemisphere becomes adivated, indicaing transcal osal signal
transmisson. At later time points, na shown in Fig. 8, interpretation o
the adivation petterns becomes complicaed since many corticd regions
are ative simultaneously and there will be dso evoked paentias due to
the activation of the scalp and of the auditory pathways.

6 Safety

TMS has been used since 1985 today, thousands of stimulators are in
use. The present understanding is that single-pulse TMS is sfe, if general
guidelines are respeded. However, high-frequency rTMS may have unde-
sired effeds (seizures, pain from muscle @ntradion, arm jerking, crying,
transient hemianopa). New guidelines for TMS and rTMS are needed
sincein the last few yeas the number of pulses has risen from hundedsto
thousands in one examination [19].

6.1 Known adverse effects

Some immediate side dfeds to TMS are known. Seizure induction is
the most serious of them. Single-pulse TMS has produced seizures in pa-
tients [28,47,62,75 bu never in hedthy subjeds. In epileptic patients,
there is to date only one report of seizure definitely triggered by single-
puse TMS[2§]. Instead, rTMS at rates of several Hz has caused seizures
even in vdunteas with no neurologica problems or history of epilepsy
[24,99,123,165].

A frequent harmless bu uncomfortable, effed is a mild headade,
which is probably caused by the adivation d scdp and redk muscles. The
headache may persist after the end d stimulation sesson and responds
well to mild andgesics.

TMSis acompanied by loud clicking soundfrom the il that can ex-
ceal 100dB nea the il [152. Most sound energy is in the frequency
range 2—7 KHz. The noise may exceel criteria limits for sensorineura
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hearing loss [31].

It is asumed that harmful effeds of TMS are related to the induced
eledric field, since the body tisale is transparent to low-frequency mag-
netic fields. Heaing of the brain is of the order of 10° °C/pulse and wn-
likely to cause deleterious effeds [5]. Theoreticd maximum power diss-
pation from rTMS in the whale brain is abou 3 mW/Hz [39]. Mild buns
from scap eledrodes [123 can be avoided using spedal-designed elec-
trodes [142].

Many tests, including blood pesaure, puse rate, balance, gait and se-
rum proladin and cortisol levels [71,123,16§, have reveded no statisti-
cdly significant changes after TMS. The same is true for cognitive tests,
naturally, naming and verbal fluency tasks can be transiently disturbed by
TMS. Documented consistent changes include & least a lateralised effed
on immune functions (T-lymphocytes) [4] and changes in thyroid-
stimulating hormone levels after prefrontal stiation [53].

Sportaneous EEG following TMS has been foundto be normal. Izumi
et al. [69 reported slowing of the EEG at 150 ms post-TMS and dher
changes lasting 400-600 ms, bu these findings are nat necessarily rele-
vant for the safety of TMS since similar changes are caised by sensory
stimuli. Generally, EEG is not agoodtest of safety sinceit isnot sensitive
to mild or additive cdlular dysfunction. However, monitoring of the EEG
during rTMS may be useful in arder to stop the experiment if abnarmali-
ties gpear.

The few existing histopathdogicd studies have not foundany definite
TMS-related changes. In ore study, rTMS (2,000 puses a 20 Hz) was
performed in two patients who were assgned to temporal lobeaomies be-
cause of medicdly intradable il epsy [48]. Histologic study of the surgi-
cd spedmen dd nd show any lesions attributable to TMS. Most animal
models have failed to find regative dfeds from TMS[169. One study in
rats reported microvaauolar changes when using very high stimulus inten-
sities [94]; these findings have been criticised by other authors [163. A
study in the cd did na reved any aaute alverse changes following TMS,
ases=xd by corticd blood flow, blood pesaure and heat rate measure-
ments [46].
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6.2 Guidelines

Guidelines for safe TMS and rTMS have not been conclusively estab-
lished. The following text lists ome genera recommendations. For re-
views, see Refs. [136,163].

In the USA, clinicd investigations for the FDA (Food and Drug Ad-
ministration) approval of TMS are underway, bu prompt FDA approval is
unlike. According to the FDA, TMS at frequencies of > 1 Hz always ca-
ries sgnificant risk, whereas certain studies using lower frequencies may
not [163].

Protocols shoud exclude individuals with intraaanial metalli c or mag-
netic objeds. The magnetic field of the TMS coil will attrad ferromag-
netic objeds and repel nommagnetic conductors. This force increases
quickly with size and conductivity of the objed. TMS shoud never be
administered in the vicinity of any implanted eledronic devices, since it
may disturb their function.

The eperimenter shoud take into acount possble seizures when
working with single-pulse TMS in patients and aways with rTMS. Al-
ready when designing experiments, ore shoud keg in mind the gred
medicd and socia impad that a seizure may have on the subjed’s well -
being. Generally, spread of excitationin the brain can leal to tonic-clonic
seizures. For safe rTMS, there is a tradeoff between the maximum stimu-
lus intensity and the pulse rate: it has been recmmended that the excit-
ability sprea is avoided if at 100% of motor threshold (MT) the pulse
rate is below 10Hz and at 150% MT below 1 Hz [123,163,166 The du-
ration d the inter-train interval and the number of trains changes the safe
limits, at least when the inter-train interval is less tha24].

When stimulating non-motor aress, it is important to nae that strong
brain adivation can occur withou subjedive sensations or other observ-
able dfeds. It is more alequate to limit TMS on the basis of the cdcu-
lated eledric field intensity and dstribution. There is no experience of the
seizure threshold with widespread adivation such as might be available
with a whole-scalp TMS array.

Heaing protedion aids are recommended for both the examiner and
the patient, although safety regulations would allow 1,000-10,000 dses
daily [152. The new devices by Magstim Company are reasonably quiet,
so that hearing protection is normally unresesy.
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Sincevoltages of upto 4 KV can be present in the TMS equipment, the
coil must never be mnneded o disconreded before the caadtor is fully
discharged. The wils and cables houd be regularly chedked for visible
failures. The stimulator case must be opened by authorised persons only.
It is extremely important for the future of TMS/FTMS that the experi-
menters document all harmful effeds and the stimulation parameters that
produced them. If possble, ITMS experiments sioud be videotaped and
the EEG recorded. Good daumentation is crucia for the updating of
guidelines for safe use.

7 Applications

Reoording of motor-evoked pdentials (MEPS) has made TMS a rou-
tine tod to probe the wndwction d the brain’s descending motor path-
ways. Interest in TMSis now rapidly increasing also in the basic research:
TMS has already been used, e.g., to transiently suppressvisua detedion,
halt speed, induce verbal memory errors, impair leaning, locdise cee-
bral functions and explore corticd excitability and intracorticad connec-
tivity.

This sdion lriefly outlines ssleded clinicd and therapeutic gpplica
tions as well as uses in basic brain reseach [25,40,114,16D Magnetic
stimulation of the PNS is not considered here.

7.1 Clinical use

Since the first TMS studies the dinicd focus has been on measuring
the ecitability thresholds and motor condiction in patients with motor
deficits. TMS has reveded atered excitability thresholds and resporse
latencies in severa clinicd circumstances, including multiple sclerosis
[7], motor neurone disease [16] and cevicd spondylosis [20]. TMS has
provided new significant information abou many diseases, bu, at least
presently, the diagnostic value of TMS is limited because it lakks ®nsi-
tivity [56].

Since motor deficits are common in stroke and head and spina inju-
ries, TMS may be used to aqquire objedive evidence & to the severity of
pyramidal trad damage [85,113; this complements the anatomicd evi-
dence derived from CT and MRI, and the dinicd evidence based onthe
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aaute impairment. It has been suggested that TM S respornses would reflea
the prognosis of recovery from stroke, at an early stage [130].

TMS may provide aquick and inexpensive way of locating function-
aly important corticd aress in patients assgned to brain surgery
[82,103,104,168 Likewise, rTMS can be used to lateralise speed
[74,164], although the reliability has been called into question [99].

TMS shows promise in pharmacaiticd reseach becaise TMS-related
indices can give aditional evidence of the functional efficacy of medica-
tion, the indices being, for instance, spatio-temporal changes in the oorti-
cd readivity and excitatory and inhibitory resporses. In their pioneeing
study, Ziemann et al. [17( observed consistent changes in spedfic TMS
resporses when the type of epileptic medicaion was changed
(GABAergic vs. sodium channel-blocking drugs). Similarly, Puri et al.
[129 found acceerated TMS resporses in urtreded schizophrenia,
pointing up the potential additional value of TMS in psychiatricrdisis.

7.2 Basic brain research

In cognitive and kehavioural sciences, TMS is used to turn off non
invasively the function o spedfic cortica regions to produce temporarily
artificial lesions. This allows functional identification d areas of the brain
that are important for the given task. Earlier, such studies were limited to
animals or human individuals with pathology. In studies of how the brain
processes externa inpu, TMS may be used to impair performance by
disturbing relevant signals, but also to improve performance by disturbing
irrelevant and competingggials [161].

Pioneeing studies have used TMS to study, for instance the encoding
of objeds and spacein memory [107], visual pathways [3,14,100, speet
[33,156, and cdl osal conredions [32,99. Platicity of the corticad topag-
raphy has been studied with TMSin petients suffering from stroke [21,59
or amputations [76] as well asin namal voluntees. Using rTMS, it was
recently shown that the visual cortex in the blind processes functionally
relevant information [30]. Also, rTMS has been used to show plasticity of
the finger representation area during leaning of a finger tapping task
[122].
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7.3 Therapeutic use

A recent revolutionary finding is that rTMS may have therapeutic po-
tential in patients with medication-resistant depresson. George et al. [52]
reported robust benefit in 2 and slight benefit in 2 d 6 petients; Pascual-
Leore et al. [124 foundremarkable benefit in 11 of 17 petients lasting at
least some weeks. Other studies have reproduced the dfeds [51,77. In
the depresson therapy trials ©me 1,000 puises of 10-Hz rTMS have been
administered daily to the left dorsolateral prefrontal cortex for several
conseautive days. Interestingly, in hedthy subjeds rTMS to left prefrontal
areas appears to have an opposite effect, triggering crying [99,120].

Despite promising results, the dficagy of rTMS in depresson tred-
ment has o far nat been clinicdly proven. The debate on haw to affirma-
tively assss its efficag/ is underway. However, rTMS may challenge
electro-convulsive thapy (ECT) [77].

Treament with TMS has been studied also in several psychiatric dis-
orders, including schizophrenia [50] and olsessve-compulsive disorder
[55]. Therapeutic goplicaions may evolve dso in the neurologicd field.
Repetitive TMS may spead upmovements [125 and reset tremor [126 in
Parkinson's disease and reduce spasticity in multiple sclerosis [113.
Moreover, it has been speaulated that rTMS at 1 Hz could have anormal-
ising effect on excitability threshold &pileptogenic regions [166].

8 Summary

Transcranial magnetic stimulation (TMS) refers to excitation d the
human brain by means of eledromagnetic induction, alowing one to in-
terfere noninvasively with the function d the ceebral cortex. TMS is
well -establi shed in the investigation d many neurologicd conditions that
affed the motor pathways. In addition, TMS shows gred promisein basic
brain reseach, creding transient functional lesions in hedthy voluntees.
Moreover, various therapeutic goplicaions are presently evolving that
employ trains of TMS pulses.

In this thesis, models of the central physica and engineaing aspeds
underlying TMS were developed. Two principa redms were studied.
First, the cdculation d the maaoscopic dedromagnetic fields due to
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TMS was explored. Publicaions | and Il derived a model that describes
the maaoscopic fields in cylinder-shaped vdume mnduwctors, wheress
Publication Il investigated the sphericd head model. Seaond, the neu-
ronal resporses resulting from the maaoscopic field were considered.
Publicaion IV compared the theory with experimental results from pe-
riphera nerve stimulation, poviding new dired evidence of how and
where the neurones are adivated. Publicaion V compared the locating of
the sensorimotor cortex with TMS and MEG, finding a fairly good
agreament, which information provides invaluable evidence of the locus
of TMS adivation and suggests that TMS can be used in locaing the
motor cortex.

As a seaond mgjor effort of the thesis, models were used as a starting
point towards more dfedive TMS instrumentation. Publicaion VI pre-
sented a procedure to optimise stimulator coils, the results indicating that
the presently available wils are far from being optimal. Publication VII
derived the mathematicd theory for the dfedive use of multiple TMS
coil s, advantage of which is improved targeting and focusing of stimula-
tion. Publicaion VIII demonstrated the feasibility of concurrent use of
TMS and EEG, ore of the gplicaions being the mapping of functional
connections in the brain.

In conclusion, sound plysicd theories are the @rnerstone of any sig-
nificant progressin TMS instrumentation. For instance while frameless
stereotaxy is gradually beaming the standard way of locaing the TMS
coil with resped to anatomicd structures, predse targeting of the stimu-
lation to predefined corticd loci is not possble withou modelling the
adualy redised eledromagnetic fields. Important advances also come
along with the merging of TMS with aher neuroimaging tods. In fad,
combined use of different methods is a shared trend in brain imaging and
in clinical neurosience.
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Summary of publications

The aithor has dore the main work that led to the presented mathe-
maticd models and has dore dl simulations and dcata analysis for Publi-
caions |-l and IV-VII and al work concerning peripheral nerve stimu-
lation in Publicaion lll. The aithor participated in all stages of the work
described in Publication VIII. In al pulicéions the first author was re-
sponsible for the experimental paradigm and writing the manuscript.

Publicaions 1-V are the result of a mllaboration with reseachers at
CNR (Milan) and Fondezione Maugeri (Castel Goffredo) and San Raf-
fade Hospital (Milan). Publications VI-VIII are the result of team work at
the BioMag Labaatory (Helsinki).

Publication |

The redprocity theory is used to derive an analyticd solution to cacu-
late the induced field in hamogeneous cylinder-like structures. A prolate
spheroid is gretched to approximate drcular cylinders. The problem is
reduced to the cdculation d the magnetic flux couped into the stimulat-
ing coil dueto a aurrent dipde inside the spheroid. The induwced field is
given as an infinite series of associdtegendre functions.

Publication 11

The redprocity theory is used to derive the formulas for the dedric
field and its gatial gradient in the unbouned, semi-infinite and spheroi-
dal volume-conductor models. The models are ompared in geometricdly
different situations by changing the size and shape of the spheroid and the
Size and paition d the stimulating coil. The spheroidal boundry influ-
ences the induwed field distribution only little, bu causes a significant
drop in the field strength.

Publication 111

This paper assesses the boundry effeds in the sphere, spheroid and
semi-infinite models. The sphericd bourdary reduces the field to 30—
100% of the field in the unboun@d model, depending on the il orienta-
tion. Computation d the induced eledric field invalves the discretisation
of the flux integral. A method adopted from biomagnetism studies is ap-
plied for seleding optimally 12 integration pants. The focdity of various
coils is assessed with the length of a line on which the field falls to 50%.
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Publication 1V

An experimental setup is described for cheding the validity of the &
ble theory to predict cdlular response to magnetic stimulation. One result
is that peripheral nerve stimulation is predominantly caused by the gradi-
ent of the dedric field along the nerve, bu that also the comporent of the
field transverse to the nerve contributes to thetation.

Publication V

This paper presents a mmparison d locaing the articd hand motor
representation areausing MEG and TMS. The results from the locdisa-
tion are projeded onto MRI dlices. The results agreeto within 10 mm,
suggesting that TMS can be used in locating the motor cortex.

Publication VI

The wil’sinterna structure was optimised by seleding where and hav
the copper windings $roud be placed to minimise agiven parameter, like
the power consumption d the stimulator. It is $rown that the power levels
of today’ s repetiti ve stimulators can be significantly reduced using the de-
scribed procedure. An example of a realistic case is analysed.

Publication VI

This gudy addresses the theory of shaping the TMS excitation field
with arrays of coils. Methoddogies familiar from MEG are used to solve
the TMS field-shaping problem, i.e., the seledion d the wils driving
currents 9 that the induced eledric field is smilar to a desired field con-
figuration. A few examples are given and lenefits to brain research are
briefly discussed.

Errata: page 298 1st line: Q = e.(r), where J(r) is the delta function; page 298 Eq. 6:
Pi = [w(r)PsL;dv, p* = fw(r)P+Pdv. Symbadls P, J and L denote vedorsin Eq. 5 and matri-
ces inkq. 6.

Publication VIII

This pubicaion pesents the mapping of the brain’s eledricd re-
sporses to TMS with high-resolution EEG. The method all ows the deter-
mination d corticocorticd and cdlosal conredivity. Pilot experiments
were dore that demonstrate the detedion d the spread of adivity from
one hensphere to the other.
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