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Neurons can be activated through the application of transcranial magnetic stim-
ulation (TMS). The physical size of TMS transducers has limited the available
stimulation parameters. These limitations were overcome with our recently built
multi-locus TMS device, which can electronically control the stimulation location.
Stimulation of the motor cortex can generate motor evoked potentials (MEPs),
whose onset latency may reveal whether the corticospinal neurons were directly
or indirectly stimulated. This study was set out to probe the sensitivity of cor-
ticocortical modulation within the motor cortex with respect to three types of
stimulation parameters, and to find whether there is a relation between efficient
stimulation parameters and local gyral anatomy.

A paired-pulse TMS experiment was conducted on a single subject by giving con-
ditioning stimuli (CS) to the left dorsal premotor area (PMd) and test stimuli to
the left primary motor cortex (M1) with approximately 65% and 120% resting
motor threshold stimulation strength, respectively. Using interstimulus intervals
of 4, 6, and 8 ms, and varying the location and orientation of the maximum
induced electric field of the CS, a randomized block design (20 blocks) was con-
ducted with 36 paired-pulse stimulation types interleaved with the TS alone. The
effects of TMS were measured with MEP size and onset latency.

Significant evidence for a facilitatory effect of CS on the MEPs was found with
three paired-pulse stimulation types, and some evidence with two additional
types. Inhibitory effects were not found. Four types of CS significantly reduced
the onset latency of the motor response.

The facilitatory effect of CS could be abolished by changing the stimulus location
within PMd, changing the interstimulus interval by 2 ms or rotating the electric
field by approximately 90° or 180°. More data are needed to reliably determine a
relation between the efficient CS parameters and the anatomy of the stimulated
gyri. The effects of CS on the MEP were likely corticocortical, and PMd may be
involved with generation of indirect corticospinal waves.

Keywords: paired-pulse, mTMS, TMS, stimulation, motor cortex, PMd,
[-wave, MEP

Language: English
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Neuroneita voidaan aktivoida transkraniaalisella magneettistimulaatiolla (TMS).
TMS-kelojen fyysinen koko on aiemmin rajoittanut kiytettivissa olevia stimulaa-
tioparametrejd. Juuri valmistuneella monipaikka-TMS-laitteellamme, jolla sti-
mulaation paikkaa voidaan sdhkoisesti kontrolloida, ndmaé rajoitukset ovat pois-
tuneet. Liikeaivokuoren stimulaatio voi synnyttdd motorisen herdtepotentiaalin
(MEP), jonka viive voi kertoa suorasta tai epasuorasta kortikospinaalisten neuro-
nien stimulaatiosta. Téasséd tutkimuksessa selvitettiin motorisen vasteen sdatelyn
herkkyytté kolmeen kiytettyyn stimulaatioparametriin sekéd pyrittiin 16ytamagdn
suhde tehokkaiden stimulaatioparametrien ja aivopoimujen anatomian valilla.

Téassé tyossa suoritettiin paripulssikoe yhdelld koehenkilolld antamalla ehdol-
listavia stimulaatioita (CS) vasempaan dorsaaliseen premotoriseen aivokuoreen
(PMd) noin 65%:n stimulaatiovoimakkuudella ja testistimulaatioita vasempaan
primaariseen liikeaivokuoreen (M1) 120%:n stimulaatiovoimakkuudella lepohera-
tepotentiaalikynnyksestd. Muuttamalla pulssien vélistd viivettd (4, 6 ja 8 ms)
sekd CS:n indusoiman sdhkokentén paikkaa ja suuntaa saatiin 36 erilaista pari-
pulssistimulaatiotyyppid, joita annettiin yksittdisen T'S:n kanssa 20:ssé satunnais-
tetussa lohkossa. TMS:n vaikutuksia mitattiin MEP:n koolla sekd sen viiveella.

Kolmen paripulssistimulaatiotyypin kohdalla saatiin merkittavaa nayttoa, etta
CS kasvatti MEP:n kokoa ja jonkin verran néyttoa l6ydettiin myos kahden muun
paripulssistimulaatiotyypin kohdalla. MEP:n pienenemisté ei todettu. Neljé pa-
ripulssistimulaatiotyypid vihensi merkittavisti motorisen vasteen viivetta.

CS:n fasilitoiva vaikutus katosi, kun stimulaation paikkaa PMd:1l& vaihdettiin tai
kun paripulssien valisté viivettd muutettiin 2 ms:1la tai kun sdhkokentdn suuntaa
kddnnettiin noin 90%:1la tai 180°:lla. Tarvitaan lisdd dataa, jotta tehokkaiden
CS-parametrien suhde stimuloitujen aivopoimujen anatomiaan voidaan selvittaa.
CS:n vaikutukset MEP:iin tulivat todenndkoisesti yhteyksistd M1:een, ja PMd
saattaa osallistua kortikospinaalisten neuronien stimulaation epasuorasti.

Asiasanat: paripulssi, mTMS, TMS, stimulaatio, liikeaivokuori, PMd, I-
aalto, MEP

Kieli: Englanti
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Chapter 1

Introduction

Brain stimulation methods have seen a great deal of development in the past
decades. Stimulation of functionally connected brain areas has potential in
recovery from neurological disorders |1, 2] and their detection [3, 4]. This
Master’s thesis focused on functionally connected brain areas within the hu-
man motor cortex.

Skeletal muscles are under voluntary control, governed by motor neurons
located in the central nervous system. The primary motor cortex (M1) and
non-primary motor areas (NPMAs) are responsible for planning and execut-
ing motor actions [5]. Stimulation of the motor cortex can lead to activation
of motor neurons which may result in muscle contraction. Transcranial mag-
netic stimulation (TMS) is a non-invasive method to stimulate the cortex,
and since 1980s [6], it has been used extensively in brain research and clinical
settings [7, 8]. A TMS transducer consists of one or more coils which can
produce a changing magnetic field. In the brain, this changing magnetic field
induces an electric field (EF) that drives ionic currents within the cortical tis-
sue, which may lead to opening of voltage-gated ion channels. A sufficiently
large stimulation strength results in firing of action potentials—the primary
communication method of neurons.

A lot of knowledge of the human motor cortex is based on experiments
on monkeys [9-11]. Human experiments have become more accessible be-
cause TMS is non-invasive and in most cases painless. Previous research
incorporates paired-pulse experiments, in which two consecutive TMS pulses
have targeted a single location [12-14] or separate locations [13, 15-20] to
study the underlying neuronal circuits. By changing the stimulation param-
eters, such as the stimulation strength or the interstimulus interval (ISI),
different effects on evoked brain or muscle activity may occur. Examples of
well-known effects are short-interval intracortical inhibition (SICI) [13, 21]
and short-interval intracortical facilitation (SICF) [12, 21]. In essence, if a
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conditioning stimulus (CS) is given prior to a test stimulus (T'S) at M1 with
a millisecond-scale ISI, it can decrease or increase (i.e., modulate) the mo-
tor response, depending on the stimulation strength of the CS. The CS may
activate various interneuronal circuits that modulate the excitability (ability
to generate an action potential) of corticospinal neurons [22, 23|.

The largest induced EF on the cortex is often achieved when the EF is
aligned perpendicular to the course of the underlying gyrus [24-26], but it
is unknown whether such alignment is optimal for inducing corticocortical
neural effects. Previously, the physical size of the TMS transducer has limited
the available stimulation protocols [16-18|. With the multi-locus TMS device
(mTMS) [27] developed during this thesis at the Department of Neuroscience
and Biomedical Engineering at Aalto University, multiple nearby brain areas
can be stimulated within milliseconds in any EF direction using a single
TMS transducer. Thus, stimulation protocols previously not possible were
demonstrated for the first time.

In this work, TMS was used on a single subject to produce motor evoked
potentials (MEPs), whose size and onset latency was measured with elec-
tromyography (EMG). CS were targeted to three NPMA locations from the
caudal aspects of middle and superior frontal gyri with four directions of EF.
A TS was targeted to the hand area of M1 after each CS with three different
ISIs.

The objective of this study was to use paired-pulse TMS to learn how
variable combinations of the stimulation parameters affect the corticocortical
modulation of the neuronal excitability of M1. This thesis attempts to answer
how sensitive the modulation effect of the CS is to variations in the stim-
ulation parameters, and whether MEP sizes of paired-pulse stimuli depend
on the EF direction of the CS relative to the course of the underlying gyrus.
Additionally, differences in the MEP onset latencies were used to speculate
about the interneuronal circuits involved in the motor response. Although
this study was done only on a single subject, the results may provide valuable
information about how to optimize NPMA stimulation within subjects for
the purposes of future paired-pulse TMS studies or clinical treatments to,
e.g., promote plasticity between functionally connected motor areas.

This thesis is structured so that Chapter 2 provides a functional and
anatomical background of the human motor system for understanding the
context of the present work. Chapter 3 describes what tools were used in
this work and how data were measured and analyzed. The results are pre-
sented in Chapter 4. The thesis continues with discussion about the possible
implications and limitations of the findings in Chapter 5. Finally, a conclu-
sion is made in Chapter 6 with a summary of the thesis and suggestions for
future directions.



Chapter 2

Background

2.1 Organization of the motor cortex

The organization of the motor cortex has been studied first in non-human pri-
mates. Six distinct NPMAs were found in landmark studies of the macaque
brain [10, 28-30]. Each of these areas project to the spinal cord and thus
have the potential to generate body movements |10, 28, 31, 32|. Although hu-
man homologues of the monkey motor cortex are not yet completely known,
this Section provides an overview of the functional organization that may be
shared between the species. For a more comprehensive review, see [33], [34],
and [35].

Organization of the left motor cortex is illustrated in Figure 2.1. Different
conventions to name and localize the motor areas exist, but the naming
scheme described in this Section is used in this work.

M1 is anatomically identified by giant pyramidal cells in cortical layer 5
and lies approximately in the Brodmann’s area (BA) 4 shown in Figure 2.1.
The low stimulation threshold of M1 to elicit movements is an indication of
its importance in the execution of motor actions. Motor areas outside M1
are called NPMAs and many of them directly influence M1 (see Sections 2.2
and 2.4.3).

The supplementary motor area (SMA) and pre-SMA [36, 37| are located
in BA6 on the medial wall of the cerebral hemisphere. Activity in the SMA
is associated with complex motor movements and subsecond sensorimotor
temporal processing [38—40|, while pre-SMA is involved with resolving con-
flicts in motor plans and suprasecond sensory temporal processing [40, 41]
and contains little connections to M1 [42, 43].

The premotor cortex, which is subdivided into dorsal (PMd and pre-PMd)
and ventral (PMv) parts located in the lateral portion of BA6 [36]. PMd ac-
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tivity may encode the movement sequence from an initial posture to a target
posture [44, 45]. Activation of M1 is often accompanied by activation of
the whole dorsal premotor cortex but pre-PMd may additionally be involved
with visuospatial processing and manipulation of working memory [46, 47].
Similarly to pre-SMA, pre-PMd contains little connections to M1 [30, 43].

PMyv forms the ventral boundary of the premotor cortex. It has some
functional overlap with PMd but responds predominantly to visuospatial in-
formation of a motor target [48| and to observed motor actions of others [49].
Activity in PMv before movement may encode information about the spatial
site of a motor target relative to the observer regardless of the upcoming
motor activity [50, 51].

Cingulate motor areas have been identified in the cingulate cortex in
humans [52|. They seem to be involved with emotional processing, autonomic
responses, and movements of limbs, eyes, and mouth [53].

Divisions of the motor cortex differ in the way they modulate the ex-
citability of M1 in paired-pulse TMS experiments described in Section 2.4.3.
In this study, CS were targeted to the caudal aspects of middle and supe-
rior frontal gyri which belong to different parts of the movement sequence
encoding PMd.

pre-SMA SM

»

Figure 2.1: Sketch of the motor cortex organization. Modified from
WwW.smart.servier.com/smart_image/brain, licensed under CC BY 3.0.
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2.2 Corticospinal connectivity and interconnec-
tivity of the motor cortex

Corticospinal neurons in layer 5 form the pyramidal tract and terminate at
the spinal cord or the brain stem [5]. Most of these terminations target lower
motor neurons through interneuronal circuits [54]. The lower motor neu-
rons innervate skeletal muscles and directly control muscle contraction [5].
Approximately 90% of all corticospinal projections cross to the contralat-
eral side at the medullary pyramids and a portion of those control skilled
movements of the extremities [5]. The presence of corticospinal neurons in
the NPMAs has been confirmed in non-human primates |28, 31, 32, 55, 56],
and they are probably present in humans. These corticospinal neurons have
been studied extensively in monkeys. Approximately 50% of the macaque
corticospinal neurons in the arm areas of the frontal lobe are located in M1,
15% in SMA, and 5-10% both in PMd and PMv [28]. The macaque M1
contains approximately 80% of the large (> 19 pm diameter) corticospinal
neurons in the frontal lobe, although vast majority of the corticospinal neu-
rons are small [28]. These large and densely packed corticospinal neurons
in M1 may explain why electric and magnetic stimulation of M1 can result
in faster motor neuron responses with lower motor thresholds compared to
NPMA stimulation [57, 58].

Primates have some monosynaptic projections from the corticospinal neu-
rons to the lower motor neurons which is thought to enable skilled control
of hands [59]. These corticomotoneurons (CMs) lie primarily in the central
sulcus in the proximity of the arm area [60]. In macaques, approximately
20% of the corticospinal projections from the hand area of M1 that project
to spinal segments C5-T1 terminate at Rexed’s lamina IX [61]|, where the
lower motor neurons lie [62]. The CM connections in humans probably play
an even larger role in the hand control compared to macaques [63].

The corticocortical connections within the motor cortex form clusters of
interconnected nodes. The digit representation area in M1 of cebus monkeys
receives approximately 23% of its frontal lobe inputs from PMd, 20% from
PMv, and 10% from SMA [43]. Additionally, SMA projects primarily to PMd
and PMv rather than to M1 [43]. A recent study found that SMA and PMd
project mostly to the layers 2 and 3 of M1 [64]. These projections probably
modulate the excitability of the corticospinal neurons in layer 5.
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2.3 Motor representations

Over 80 years ago Penfield and Boldrey showed that brief electrical stimuli
to different locations of the human M1 result in a topographic map of mus-
cle representations [65]. A more recent study with monkeys, however, found
that electrical stimulation of different locations can activate the same digit
muscles [66]. A study using functional magnetic resonance imaging (MRI)
also found that hand movements are associated with activation of multiple
sites at M1 and that different movements activate same cortical sites [67].
This view is supported by anatomical studies done with non-human primates.
CMs can have a widely dispersed and overlapping spatial organization [60].
The motor pathways are further complicated by axonal branching [68, 69|
and spinal interneurons [70] which can expand the muscle field of a single cor-
ticospinal neuron. This complex connectivity and the dispersed organization
may explain why the locus of the lowest threshold stimulation is not necessar-
ily the locus where the highest density of corticospinal neurons is found [60].
The topographic organization has been challenged by an ethological map
based on findings of ethologically reasonable multi-joint motor actions dur-
ing prolonged motor cortex stimulation [11]. It is now widely accepted that
the representation areas in the motor cortex are maps of movement (action
goals), rather than maps of individual muscles [5]. The direction of the move-
ment is known to be encoded in the population code of directionally selective
neurons [71].

In TMS, the induced EF is distributed over a large cortical area, and it
is unclear where the neuronal correlates of movement lie exactly. The motor
representation site of a TMS-induced movement may be assumed to be at
the location of maximum EF. However, the neural substrate being stimulated
depends on the direction of the EF [72, 73|, and the motor representation
site of a movement can be broad [60, 66, 67|. Therefore, the location of
maximum EF is only a partial description of the neural correlates of TMS-
induced movement.

2.4 Stimulation of the motor cortex

2.4.1 Corticospinal waves

Early studies with animals revealed a burst of pyramidal tract activation after
a brief electrical stimulus to the motor cortex |74, 75]. These bursts are also
known as waves because of the shape of the electric signal they generate in a
measuring electrode. An example of what the corticospinal output might look
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I1
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Figure 2.2: Sketch of the electric potential shape over time in the corti-
cospinal tract due to stimulation of the motor cortex.

like after stimulation of the motor cortex is shown in Figure 2.2. Sequential
waves that followed the first one disappeared after removal of the cortical
grey matter, which led to a hypothesis that the later waves originate from
cortical interactions [74]. The wave with the shortest latency is thought to
originate from a direct excitation of the corticospinal neurons. This wave
has been termed as the D-wave. Later waves are thought to arise from
transsynaptic activation of the corticospinal neurons, and because of their
indirect route of activation, they are called I-waves. Multiple [-waves may
be seen with a periodic occurrence of around 1.5 ms after the D-wave and
each one is named after the periodic multiple (I1, 12, 13, etc.). Following
animal studies, evidence for these waves in humans were found with spinal
cord measurements from anesthetized humans after electrical and magnetic
stimulation of the motor cortex [76, 77|.

Subsequent research with unanesthetized humans allowed more detailed
description of the properties of the waves. TMS was found to primar-
ily produce I-waves that may be accompanied by a D-wave if the EF was
laterally-directed at the hand area of M1 [78, 79]. In addition, medially-
and anteriorly-directed EFs typically produce a prominent I1-wave [80, 81],
whereas posteriorly- and laterally-directed EFs may elicit a prominent 13-
wave [81, 82|. The direction of the EF is usually reported at the assumed
cortical location of effective stimulation. Transcranial electrical stimulation
differs from TMS in that it most readily recruits a D-wave, and a higher
stimulation strength is required to produce I-waves [80]. TMS may therefore
be more applicable for studying different I-wave characteristics.

Some ways to modulate late I-waves (excluding I1) include GABAergic
agents [83, 84|, transcallosal stimulation [85], short-interval cortical stimu-
lation |12, 13, 86|, and afferent somatosensory input [87]|. Different I-waves
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may be generated by different types of interneuronal circuits that modulate
the activity of corticospinal neurons [22, 23|. Indeed, SICI and SICF seem
to involve I-wave modulation [86, 88|. Cortical models which explain some
features of the I-wave generation have been proposed [22, 89].

A recent review suggests that I-waves may be generated through cortico-
cortical pathways [22]. Evidence for this includes, e.g., a study with monkeys
where an electrical stimulus to PMv before a sequential stimulus to M1 fa-
cilitated 12- and I3-waves, while D- and I1-wave remained unaffected [90]. It
may therefore be that TMS of PMd can activate these I-wave circuits at M1.

2.4.2 Motor evoked potentials

If TMS results in a motor response, the neural activity is propagated through
the descending motor pathway [54]|. The resulting MEP can be measured di-
rectly from the cervical cord or from a muscle using surface or intramuscular
EMG. The waves of corticospinal activation described in Section 2.4.1 tempo-
rally summate, and it may not be possible to identify them with surface EMG
measurements [86]. However, the latency of the motor response is thought
to be related to the prominent corticospinal wave component [81, 91, 92].
Measurements from the spinal cord have shown that the stimulation-induced
corticospinal activity differs depending on the stimulation methodology—the
stimulator type, stimulation strength, stimulation location, concurrent level
of muscle contraction, stimulation protocol, and in the case of TMS, the
coil shape, coil orientation and the waveform of the current pulse (see [93]
for an extensive review). Fluctuating changes in the corticospinal excitabil-
ity cause variability in the MEPs and repeated measures are needed for a
reliable estimation of an average MEP size [94].

In vitro experiments using a figure-of-eight shaped TMS coil to stimulate
mammalian peripheral nerves found that low stimulation thresholds occur at
locations such as bends (including branches) and axon terminals [72]. The
anatomical substrate of the magnetic stimulation may lie mostly in the layers
1, 2 and 3, as they are closest to the scalp. These cortical layers have indeed
been suggested to be the main excitatory pathway to the layer 5 corticospinal
neurons [95].

In M1, the optimal direction of EF (i.e., the one that produces the largest
MEP) is often found to be approximately perpendicular to the course of
the central sulcus, often in the anteromedial direction [96, 97]. As TMS of
NPMAs may not generate MEPs, the effects of different directions of the
EF outside M1 are typically studied with electroencephalography or paired-
pulse experiments with two TMS coils. The large physical size of the coils
has limited the extent of realizable directions of EF when targeting nearby
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areas with two coils [16-18|. However, computational studies have estimated
that the optimal direction for inducing a large peak EF is generally found
approximately perpendicular to the course of an underlying gyrus [24-26].
As induced EFs with opposite polarities produce different MEP sizes and
onset latencies [81, 98], the EF direction plays a role in the induced motor
response even if the EF magnitude does not change.

2.4.3 Modulation of the motor cortex with TMS

TMS has been used to study the neuronal circuits of the motor cortex in con-
scious humans. This Section provides an overview of some paired-pulse find-
ings that have targeted NPMAs and M1 with millisecond-scale ISIs. Cortical
modulation with TMS can be studied by implementing a conditioning-test
approach, where the effects of a conditioning stimulus on the response of a
test stimulus are studied. In the studies presented in this Section, the T'S was
always targeted at the M1 of the subjects’ dominant hemisphere and with
approximately anteromedially-directed EF, unless otherwise stated. The CS
was targeted on the same hemisphere as the TS. In these studies, TMS was
conducted with figure-of-eight coils.

The CS may be targeted outside M1 to activate corticocortical circuits
that modulate the excitability of M1. As described in Section 2.2, many
of the NPMAs are well connected to M1. The effects of the CS on the
MEP have been generally found to depend on the stimulated cortical region,
direction of EF, stimulation strength, concurrent level of muscle contraction,
and ISI [13, 15-19]. These factors are also relevant in modulating the activity
of corticospinal neurons as discussed in Section 2.4.2.

Findings from relevant paired-pulse experiments are listed in Table 2.1.
The stimulation strength is documented relative to the motor threshold of
M1. A resting motor threshold (RMT) is usually defined as the minimum
stimulation strength that produces >50pV peak-to-peak MEP amplitude
in over half of the stimulation trials, with the target muscle relaxed. An
active motor threshold (AMT) is measured during slight muscle activation
and the MEP amplitude threshold is typically >100-200 pV. AMT is often
around 80% of the RMT [18, 21|. In these studies, the ISIs between the CS
and TS ranged from 2 to 15 ms, so the corticocortical effects may involve
monosynaptic and small polysynaptic neuronal circuits. A CS at SMA may
facilitate the MEP with laterally-directed EF [15]. A similar result may be
seen when the CS is targeted at PMd with posteriorly-directed EF [16, 17].
Lowering the CS strength at PMd may reverse the facilitation into inhibition,
but the modulatory effect may not persist in all subjects if the EF direction
is reversed [17]. Another research group reproduced the inhibitory effect
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demonstrated by [17] only after moving the CS target 2 cm closer to M1 [18|.
This shows that the stimulation location within PMd is important in order
to modulate the motor response. Targeting the CS posteromedially at PMv
seems to produce facilitation of the MEP with low-strength stimulus while
inhibition is seen with high stimulation strengths [18, 19].

The conditioning—test approach has also been used to study local cortical
circuits by targeting both pulses at M1. When a CS with near or above
RMT stimulation strength is followed by a similar strength TS, peaks of
SICF may be found with ISIs of about 1.5, 2.8, and 4.4 ms [12, 21]. Between
the facilitation peaks there are ISIs where no facilitation nor inhibition was
seen. If the CS is given with stimulation strength of around 70% RMT, SICI
occurs with 1-5 ms ISIs and intracortical facilitation with 6-20 ms ISIs [13,
14].

Table 2.1: MEP-modulation findings from paired-pulse studies targeting the
NPMAs. Area = target NPMA of the CS; Direction = direction of the
EF; Strength = stimulation strength of the CS (TS always suprathreshold);
IST = interstimulus interval;, Effect = the effect of the CS on the MEP;
Source = the source study.

Area | Direction Strength ISI (ms) Effect Source
SMA Lateral 140% AMT 6 Facilitation [15]
PMd Posterior 90% AMT 8 Inhibition [18]
PMd Posterior 90% AMT 4,6 Inhibition [17]
PMd Posterior 90% AMT 15 Facilitation [17]
PMd Posterior 120% AMT 6 Facilitation [17]
PMd Posterior 110% RMT 6 Facilitation |  [16]
PMd Posterior 110% RMT 2,4 Inhibition [18]
PMv | Posteromedial 80% AMT 4,6, 8 | Facilitation [18]
PMv | Posteromedial 80% RMT 6, 8 Inhibition [19]
PMv | Posteromedial | 90%, 120% RMT 2,4 Inhibition [18]




Chapter 3

Materials and Methods

3.1 Transcranial magnetic stimulator

The mTMS device [27] enables moving and rotating the EF maximum elec-
tronically without the need to move the mTMS transducer itself [99]. With
the mTMS transducer, the location of the EF maximum can be controlled
within an area of approximately 3 cm in diameter by adjusting the current
waveform individually for five differently shaped coils. See Figure 3.1 for an
illustration of the 5-coil mTMS transducer with individual coil geometries
and induced EFs.

In the mTMS device, the flow of current is controlled by electronics which
include pulse capacitors, charging and discharging systems, and insulated-
gate bipolar transistor circuits. Each coil is connected to its own pulse

30 cm

=
(=]

o
(o]
Normalized E-field

Figure 3.1: The mTMS transducer [27| (figure used with permission). (A)
The mTMS transducer in a typical experimental set-up. (B) Copper litz
wires embedded to plastic support structures in the order of assembly from
the transducer bottom (left) to its top (right). (C) Induced EFs in a spherical
head model corresponding to the coils above in (B).
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capacitor which is partially discharged during an mTMS pulse. The elec-
tronic circuit during a capacitor discharge is an undriven series-RLC circuit
governed by the equation [100]

d? Rd 1
)+ T LI + 7510 =0, (3.1)

where (t) is the current at time ¢, R the resistance, L the inductance, and
C' the capacitance. This equation can be solved for I(t)

_ % : —at
I(t) = 7 sin(wt)e™ " | (3.2)
where
1
) a2
w oY (3.3)
R
(07 ﬁ s (34)

and Vj is the capacitor voltage at ¢ = 0 [101]. Although the circuit has an
oscillatory component, the circuit is closed for a very short duration compared
to the oscillatory period, and the resulting current ramp is approximately
linear.

In the present work, the desired current waveform is monophasic. It
begins with 60 ps of increasing current, followed by 30ps of near-constant
current and around 40-ps taper back to zero [102]. The neuronal activation
was assumed to happen during the first part. The EF strength of a pulse
can be controlled by adjusting V4, but when the interval between two pulses
is in the millisecond range, there may not be enough time to adjust the
capacitor voltage properly between the pulses. Therefore, the paired-pulse
mTMS protocol (Session 4 in Section 3.4.2) was implemented by control-
ling the waveform with a pulse-width modulation technique {100, 103]. The
ideal waveform was thus approximated by a step-wise controlled current that
should produce effectively the same stimulus. I used a pulse-width modula-
tion template! to acquire the appropriate waveform control parameters for
the mTMS electronics.

The mTMS transducer position was navigated using the Nexstim eXimia
Navigated Brain Stimulation System (Nexstim Plc, Helsinki, Finland). The
brain anatomy of the subject was based on T1-weighted MRI data that had
been acquired beforehand. The navigation system was used to locate the
motor areas and to maintain the desired transducer position and orientation

'Provided by Heikki Sinisalo.
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throughout the experiment. The transducer position and orientation were
extracted from the navigation system to be used for modeling the EFs on the
cortex.

3.2 Electric field modeling

The induced EF on the cortex was modeled with in-house boundary ele-
ment method, following from the work by Stenroos and Koponen [104]. The
method used a four-compartment head model which consisted of grey matter,
cerebrospinal fluid, skull, and scalp with conductivities 0.33 S/m, 1.79 S/m,
0.0066 S/m, and 0.33 S/m, respectively. The head model was constructed
using the SimNIBS headreco pipeline [105] with T1- and T2-weighted MR
images?. Modeling of the coils and EF computations were done as in the arti-
cle by Nieminen et al. [27|. The computation was done using MATLAB 2020a
(The MathWorks Inc., Natick, MA, USA). The EF was computed within a
mid-cortical surface within BA4 and BA6 with a denser mesh (1-mm mean
vertex spacing) around the assumed hand area of M1 and a coarser 2-mm
mesh in the surrounding area. The total EF of an mTMS pulse was calculated
as a weighted sum of the EFs generated by each coil. The weights were deter-
mined with an in-house optimization script®, which attempts to calculate an
optimal set of weights that produce a specifically directed, peak magnitude
EF at a target point, while avoiding stimulation of other nearby areas [27].
In TMS, the EF magnitude E is proportional to the time-derivative of the
coil current in Equation 3.2, which is approximated as

dIt) Vo
EFEr~— =~ — 3.5

dt L (35)
in the beginning of the capacitor discharge. The EF magnitudes reported in

this thesis are based on this approximation.

3.3 Diffusion tensor imaging

Diffusion tensor imaging (DTI) is a diffusion-weighted MRI technique that
measures the diffusivity of water in the brain. The image contrast is gener-
ated by displacement of water molecules over time [106]. As the diffusivity
is larger parallel to white matter fibers compared to directions perpendicular

2The head and coil models were constructed by Matti Stenroos. Large parts of the
scripts involving EF computation and plotting were made by Matti Stenroos.
3Made by Jaakko Nieminen.
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to them, the diffusion in the brain is anisotropic [106]. With application of
tractography, the white matter trajectories can be estimated [106].

Diffusion MRI data had been collected from the subject in advance for
purposes of another experiment with the aim of investigating long-range con-
nections in the brain?. The data were acquired at the AMI Centre (Aalto
University, Espoo, Finland) using a Siemens 3T Skyra scanner with a 32-
channel head coil array (Siemens, Erlangen, Germany). The imaging was
done using a diffusion-weighted single-shot echo-planar imaging sequence.
Image with dimensions of 110 x 110 x 72 with an isotropic voxel size of
2 x 2 x 2 mm?® was acquired with the following imaging parameters: par-
tial Fourier factor = 6/8; repetition time = 3900 ms; echo time = 107 ms;
simultaneous multi-slice factor = 3; generalized autocalibrating partially par-
allel acquisition factor = 1; monopolar diffusion scheme with b-values of 900,
1600, and 2500 s/mm? along 18, 32, and 50 directions, respectively. A total
of 11 scans without diffusion weighting (by) were interleaved in between the
scans. For distortion correction, four by images with reverse phase encoding
were acquired. Imaging time was under 10 min.

The diffusion weighted images were denoised with the MPPCA algorithm
[107] and processed in FMRIB Software library (FSL) [108] by using TOPUP
and EDDY [109] to correct for artefacts induced by eddy currents, subject
movement and magnetic field inhomogeneities. Fiber orientation distribu-
tions were reconstructed with in-house software that implements the com-
partment modeling approach [110]. White matter tracts were computed with
the parallel transport algorithm [111] implemented in the Trekker software
(www.dmritrekker.github.io).

3.4 TMS-EMG experiment

The experiment consisted of four sessions on separate days within six weeks.
Table 3.1 lists the procedures done in each session. The participating sub-
ject was a healthy 36-year-old right-handed man, and he signed a written
informed consent before the experiment. The study was approved by an
Ethics Committee of the Hospital District of Helsinki and Uusimaa and car-
ried out in accordance with the Declaration of Helsinki.

4The DTI data were collected and processed by Baran Aydogan.
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Table 3.1: Procedures of the TMS-EMG experiment.

Session 1 | Motor mapping

Session 2 | High-strength TMS to NPMA targets
Session 3 | High-strength TMS to M1

Session 4 | Paired-pulse TMS

3.4.1 Motor mapping and NPMA target selection

The subject was seated in a reclining chair, and his right hand laid relaxed
on his lap. Surface EMG was recorded with a Nexstim eXimia EMG de-
vice (Nexstim Plc; low-pass filter with 500-Hz cut-off; 3000-Hz sampling fre-
quency) in a belly-tendon montage using Ag/AgCl wet gel electrodes. The
active electrode was placed on the muscle belly of the right abductor pol-
licis brevis (APB) according to SENIAM recommendation [112], reference
electrode on the interphalangeal joint, and ground electrode on the back of
the hand. Time-course of the EMG signal was monitored online, and when-
ever muscle preactivation was seen during the experiment, the stimulation
was paused, and the subject was instructed to maintain a completely relaxed
hand. The same setup was used for all EMG measurements.

Motor mapping was done in Session 1 by targeting TMS to the proxim-
ity of the hand-knob [113] using the navigation system and finding a point
where the stimulation produced the largest MEP. The motor mapping was
done using a single figure-of-eight coil of the mTMS transducer oriented per-
pendicular to the course of the central gyrus in anterior direction. After
finding the optimal location, RMT was calculated for the figure-of-eight coil
(RMTs) by using a maximum-likelihood procedure [114] with 50 nV activa-
tion threshold. Then the induced EF was calculated offline and the location
of peak EF was defined as M1ganp.

When M1yanp was defined, DTI tractography was used to find anatom-
ical connections from MIlpganp to the NPMAs. Because of the dispersed
nature of digit motor representation areas in M1 and the indirect route of
corticospinal neuron activation with TMS (see Sections 2.3 and 2.4.1), the
motor representation site was assumed as an area around M1ganp. The area
was limited to locations where the EF magnitude on the cortex exceeded 90%
of its maximum at M1ganp. Multiple seed points were selected from MR im-
ages under this area, at the boundary of white and gray matter. One million
streamlines were computed from each seed point®. The resulting tractograms
were used to calculate fiber densities (number of streamlines per voxel) using

5The tractograms and fiber densities were computed by Baran Aydogan.
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in-house tools. Connections could not be generated in 5 out of 12 selected
seed points and those points were excluded from further analysis. The fiber
track densities from the valid seed points were averaged to generate a map
of average fiber density. The fiber density map was used as reference to se-
lect three NPMA targets (L1, L2, and L3) at locations of high fiber density
from the middle and superior frontal gyri, which have been previously found
to contain some of the hand motor representation areas outside M1 [18, 58,
115].

In session 2, single high-strength TMS pulses were given to each NPMA
target such that the center of the mTMS transducer was fixed between the
NPMA targets and the EF maximum was targeted at the selected locations.
This was done to confirm that TMS of these locations would not evoke MEPs.
Each of the three NPMA locations were stimulated with 130% RMTjy stim-
ulation strength based on simulated EFs. L1 was stimulated with laterally-
directed EF, 1.2 with medially- and anterolaterally-directed EFs, and L3 with
laterally- and anteromedially-directed EFs. A total of eight stimuli were given
per each stimulation type.

In Session 3, Mlganp was targeted with high-strength TMS using an
anteriorly-directed EF, which may produce a D-wave [80] resulting from di-
rect stimulation of the corticospinal neurons. The center of the mTMS trans-
ducer was moved over M1yanp and only a figure-of-eight coil was used for
stimulation. 12 stimuli were given with the maximum stimulation strength.

3.4.2 Paired-pulse stimulation

The paired-pulse experiment was conducted in Session 4 after the RMT was
redefined, such that the transducer center was fixed between the NPMA
targets and M1ganp. The CS was targeted at an NPMA target with approx-
imately 65% RMT stimulation strength and the T'S was targeted at M1ganp
with 120% RMT stimulation strength (calculated with EF modeling). Based
on previous paired-pulse studies, the CS strength used was hypothesized to
be able to modulate the excitability of M1 [17, 18], while limiting the EF over
M1. Direction of the EF in the TS was perpendicular to the course of the cen-
tral sulcus, in approximately anterior direction. A trial consisted of either a
single T'S or a pulse pair. The paired-pulse trials were subject to three condi-
tions: the ISI, NPMA target location, and direction of the EF at the NPMA
target. A 3x3x4 factorial design consisted of ISI (4, 6, and 8 ms), location
(L1, L2, and L3), and direction of the EF (anterolateral/anteromedial, lat-
eral, posteromedial /posterolateral, and medial). Depending on the NPMA
location, anteriorly- and posteriorly-directed EFs were aimed more laterally
or medially to induce a more focal EF around the stimulation target. The
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selected ISIs have been central in producing inhibition in comparative studies
listed in Table 2.1. Different locations for NPMA stimulus were selected to
provide a larger sample size for answering the hypotheses of corticocortical
modulation sensitivity to the stimulation parameters and relation between
EF direction and course of the underlying gyrus.

The experiment followed an alternation treatment design (see, e.g., [116])
where each treatment corresponds to one stimulation type listed in Table 3.2.
This single-case experimental design (SCED) [116] implemented randomized
blocks to prevent hysteresis in the NPMAs [117] and to increase the prob-
ability that any change in measurement conditions (e.g., due to long-term
changes in spinal and cortical excitability) throughout the experiment would
affect all the stimulation types equally. One trial of each stimulation type was
included in a block and the stimulation type order was randomized for each
block. Trials were performed with a randomized inter-trial interval between
4 to 6 s to prevent subject’s anticipation of stimulation. The experiment
consisted of 20 blocks with a few minutes break between every two blocks in
order to prevent subject’s discomfort and allow the mTMS transducer to cool
down. The total number of trials was 740 and the experiment was completed
in two hours.
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Table 3.2: Labeling of the stimulation types. The directions of EF are abbre-
viated as: A = anterior; AL = anterolateral; L = lateral; PL = posterolateral;
P = posterior; PM = posteromedial; M = medial; AM = anteromedial.

Type Location Strength (% RMT) | Direction of EF | IST (ms)
TS Mlganp 120 A -
L1AL4 | L1 & Mlganp 65 & 120 AL & A 4
L1L4 | L1 & Mlganp 65 & 120 L&A 4
L1PM4 | L1 & Mlganp 65 & 120 PM & A 4
L1M4 | L1 & Mlganp 65 & 120 M& A 4
L1AL6 | L1 & Mlganp 65 & 120 AL & A 6
L1L6 | L1 & Mlganp 65 & 120 L&A 6
L1PM6 | L1 & Mlganp 65 & 120 PM & A 6
L1IM6 | L1 & Mlganp 65 & 120 M&A 6
L1ALS | L1 & Mlganp 65 & 120 AL & A 8
L1L8 | L1 & Mlganp 65 & 120 L&A 8
L1PMS8 | L1 & M1ganp 65 & 120 PM & A 8
L1IM8 | L1 & Mlganp 65 & 120 M&A 8
L2AL4 | L2 & Mlganp 65 & 120 AL & A 4
L2L4 | L2 & Mlganp 65 & 120 L&A 4
L2PM4 | L2 & M1ganp 65 & 120 PM & A 4
L2M4 | L2 & Mlganp 65 & 120 M&A 4
L2AL6 | L2 & Mlganp 65 & 120 AL & A 6
L2L6 | L2 & Mlganp 65 & 120 L&A 6
L2PM6 | L2 & Mlganp 65 & 120 PM & A 6
L2M6 | L2 & Mlganp 65 & 120 M & A 6
L2AL8 | L2 & Mlyganp 65 & 120 AL & A 8
L2L8 | L2 & Mlpanp 65 & 120 L&A 8
L2PMS8 | L2 & Mlganp 65 & 120 PM & A 8
L2M8 | L2 & Mlganp 65 & 120 M&A 8
L3AM4 | L3 & Mlganp 65 & 120 AM & A 4
L3L4 | L3 & Mlganp 65 & 120 L&A 4
L3PL4 | L3 & Mlganp 65 & 120 PL & A 4
L3M4 | L3 & Mlganp 65 & 120 M & A 4
L3AMG6 | L3 & Mlganp 65 & 120 AM & A 6
L3L6 | L3 & Mlganp 65 & 120 L&A 6
L3PL6 | L3 & M1ganp 65 & 120 PL & A 6
L3M6 | L3 & Mlganp 65 & 120 M&A 6
L3AMS | L3 & Mlganp 65 & 120 AM & A 8
L3L8 | L3 & Mlpganp 65 & 120 L&A 8
L3PL8 | L3 & M1ganp 65 & 120 PL& A 8
L3M8 | L3 & Mlpganp 65 & 120 M& A 8
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3.5 EMG data analysis

3.5.1 Preprocessing

The EMG data were processed with a custom MATLAB script to extract
three metrics from the recorded MEPs: the peak-to-peak amplitude, area
under the curve (AUC), and onset latency. Amplitude is the most commonly
used metric to measure the MEP size from EMG signal, but AUC may pro-
vide a different perspective since it depends on the width of the MEP.
EMG epoch was extracted around each stimulus within a time window of
—200-100 ms. When a pulse pair was given, the epoch was extracted around
the TS. Each epoch was adjusted for a potential offset by calculating the av-
erage signal value 100 ms before the CS and subtracting that from the whole
epoch. Epochs that had muscle preactivation exceeding +£15pV 100 ms be-
fore the CS were removed. MEP amplitude was calculated as the difference
between the maximum and minimum of the EMG epoch within a time win-
dow of 15-45 ms. AUC was also calculated within this time window as the
integral of the absolute signal value between the beginning and end points of
the MEP, which were defined as the points where the signal magnitude first
and last crossed 151V. If the EMG epoch magnitude did not exceed 151V
within the time window, the amplitude and AUC were considered as zero.
The onset latency was measured from the TS to the beginning of the MEP.
Each of the EMG epochs were visually inspected as shown in Figure 3.2.
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Figure 3.2: Visual inspection of MEPs. The red dots mark the beginning and
end points of the MEP, and the green dots mark the minimum and maximum
value. The blue area corresponds to the calculated AUC.
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3.5.2 Visual and statistical analysis

The MEP amplitudes, AUCs and onset latencies were labeled under their
corresponding stimulation type, while maintaining the chronological order of
the stimuli. As in SCEDs it is recommended to use both statistical analysis
and visualization when analyzing the results [118, 119], the level, trend, and
variance of the data were analyzed visually [120]. Accompanying the visual
analysis, a two-tailed two-sample randomization test (RT) [121] was used
to compare medians of the MEP amplitudes, MEP AUCs, and onset laten-
cies between the different paired-pulse types and the TS, as RT has been
suggested to be used in situations such as SCEDs, where the assumptions
of parametric tests may be violated [122]. Normality was estimated with
the Shapiro-Wilk test. In addition to the RT, post-hoc comparisons were
made with the two-sample Kolmogorov-Smirnov test (KST), as the data of
some stimulation types seemed bimodally distributed. The level of statisti-
cal significance was set to 0.05. Correction for multiple comparisons was not
made because of the exploratory nature of the study [123|. Within-subject
data may contain autocorrelation which affects the statistical power. There-
fore lag-1 autocorrelation (see, e.g., [124]) was measured for the MEP size
populations of each stimulation type.

Statistical analysis was done using R 4.0.4 [125] with an additional R
function library [126]. The RTs were performed with 2000 Monte Carlo ran-
domizations using the SCRT package [127] described in detail by Bulté and
Onghena [122]. The KSTs were performed with "ks.test" function. Effect
sizes were calculated with the explanatory measure of effect size £ described
by Wilcox [128] using "median.effect" and "D.akp.effect" functions [126].
Under normality and homoscedasticity, £ values of 0.15, 0.35, and 0.50 corre-
spond to small, medium, and large effect size, respectively. After the testing,
the MEP amplitudes and AUCs were normalized for visualization, by di-
viding them by the median MEP value of TS. Confidence intervals for the
medians were computed with a distribution-free method using the "sint"
function [126] suggested by Wilcox [129].

3.6 Transducer tilt analysis

Use of the navigation system ensured that there were no major changes in
the mTMS transducer location or orientation between the stimuli. However,
because large differences in MEP amplitudes can occur when the peak EF
is shifted just a few millimeters [130], analysis was conducted to estimate
how different transducer tilts could have affected the EFs in the paired-pulse
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Figure 3.3: Model used for the transducer tilt analysis. Only one mTMS coil
is shown for clarity.

experiment. The results may be used to assess the reliability of stimulation
targeting with mTMS.

It is feasible that the further the stimulation target is from the center of
a flat mTMS transducer, the greater the effects of changes in the transducer
tilt are because the induced EF is stronger the closer the coils are to the
cortex [131]. Tilt # was defined here as the angle between the scalp normal
at a point closest to center of the transducer bottom s and the transducer
normal n. For example, when 6 = 0°, the transducer is oriented tangential
to the scalp.

The method described in Section 3.2 was used to model the mTMS coils
and the subjects head, and to simulate the induced EF. A custom MATLAB
script was used to conduct the analysis. The transducer model coordinates
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were defined using three orthogonal axes: n, x, and y. The transducer model
was tilted from —20° to 20° in 2.5° increments using either x or y as the axis
of rotation. Figure 3.3 visualizes the model and the direction of increasing tilt
for both axes. Two restrictions were applied after the tilt was changed: (1)
Only one point in the transducer bottom must be in contact with the scalp.
(2) The center point of the transducer bottom must lie on the scalp normal
s which is defined at § = 0°. These restrictions ensure that the transducer
position is practically realizable, and the transducer is not translated along
the scalp. The restrictions were implemented by first rotating the transducer,
and then positioning the center of the transducer bottom to a specified scalp
position and verifying whether the transducer model and the head model
intersected. In the case of intersection, the transducer was translated to the
direction of s in 0.1 mm steps until the transducer did not intersect the head.
The analysis was conducted for T'S and each CS type used in the paired-pulse
experiment described in Section 3.4.2.

The effects of the transducer tilt variation were measured as the change
in stimulation strength at specified targets and the shift of peak EF location
from the target. The targets were defined as the locations of peak EFs with
6 = 0° using each stimulation type.
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Results

4.1 Stimulation targets

The NPMA stimulation targets were selected form the middle and superior
frontal gyri as shown in Figure 4.1. Distances from L1, L2, and L3 to M1ganp
were approximately 15, 31, and 26 mm, respectively.

fibers/voxel
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Figure 4.1: Fiber density map of the left hemisphere in a logarithmic scale
projected from the boundary between the white and grey matter on the
cortical surface. The fiber densities are averaged over all the seed points
shown as white spheres. The white cross marks the approximate location of
the transducer center projected from the scalp.

28
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The simulated EFs produced by each pulse type can be seen in Figures
4.2 and 4.3. The calculations were done with the realized transducer location
and orientation used in the paired-pulse experiment. Only two directions of
EF are shown as the other directions can be determined by simply reversing
the polarity, which produces a 180° rotation of the EF. In L2, a 90° rotation
of the EF caused a 14-mm-shift in the peak EF location which was not seen in
the EF model because the peak occurred outside the EF computation space
(the figures are made with an extended computational space). EF peaks and
spread over M1 with different stimulation types are listed in Table 4.1. The
CS strengths deviate from 65% because there was a mismatch between the
originally modeled and realized transducer position.

Table 4.1: Simulated EF strengths with different stimulation types.

T EF peak EF peak EF at Mlganp | EF at M1ganp
ype (V/m) | (% of RMT) (V/m) (% of RMT)
MIMAX 330 185 330 185
TS 215 120 215 120
Llanterolateral 107 60 95 53
Llyateral 116 65 95 53
L2, edial 122 68 40 22
L2 nterolateral 138 v 100 o6
L3jteral 115 64 65 36
L3 anteromedial 112 63 7 42
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Figure 4.2: Simulated EF on the cortex with the TS at 120% RMT. The red
sphere indicates the peak EF over M1 and the blue arrows show the direction
of the EF in areas where EF magnitude exceeds 90% of its maximum.
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Figure 4.3: Simulated EF on the cortex with the CS at 65% RMT. The
red spheres indicate the peak EF over PMd and the blue arrows show the
direction of the EF in areas where EF magnitude exceeds 90% of its maximum
at a red sphere.
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4.2 EMG data analysis

Estimated normality and autocorrelation can be seen in Table 4.2. The
data were not normally distributed, so the use of non-parametric statistical
approach was appropriate. Autocorrelation of the amplitudes, AUCs and
onset latencies was low and therefore its impact on the statistical power
remained small. Figure 4.4 shows an example of the EMG epochs around
the stimulation onset. From the total of 740 MEPs, five were discarded due
to muscle preactivation.

Table 4.2: Measures of data normality and autocorrelation averaged over T'S
and all paired-pulse types.

| Shapiro-Wilk (p-value) | Lag-1 autocorrelation

Amplitudes < 0.01 —0.05
AUCs 0.02 —0.05
Onset latencies 0.02 0.12

o
N ©
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Time (ms)
Figure 4.4: An example of the MEP data. The colored lines are 50 arbi-

trarily selected processed EMG segments. The black dashed lines mark the
activation threshold at +15uV.
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4.2.1 Visual and statistical analysis

Table 4.3 lists the TS median and statistically significant RT results with
their respective medians, p-values (uncorrected), and effect sizes £ for the
MEP amplitudes. Table 4.4 lists these values for the MEP AUCs.

Figure 4.5 shows the MEP amplitudes and AUCs when the CS were tar-
geted to L1. Results of the RT reached statistical significance with L1PMG6,
L1L6 with MEP amplitudes and AUCs. Although the medians with L1M6
and L1ALG were close to the median of the TS, their wider confidence in-
tervals suggest differences in the data distribution. Statistical significance
was reached also with L1MS8 but only with MEP AUCs. MEP amplitudes
and AUCs with L2-targeted CS can be seen in Figure 4.6. Both MEP size
measures reached statistical significance only with L2M8. Figure 4.7 shows
the MEP amplitudes and AUCs when CS was targeted to L3. There seemed
to be a small facilitatory trend in all stimulation types targeting L3, as all
of the medians lay above the TS median. Statistically significant result was
reached with L3PL6 but only with the MEP AUCs. All p-values and effect
sizes of MEP size comparisons with the RT can be found in Tables A.1 and
A.2.

Table 4.3: Statistically significant results of the RT with MEP amplitudes.
Median is reported with its 95% confidence intervals inside brackets.

Type | Median (nV) | p-value | £
TS | 130 [54 186] - ]
L1L6 377 [116-539] 0.008 0.63
L1PM6 | 280 [134-724| 0.050 0.36
L2M8 255 [143-425| 0.021 0.45

Table 4.4: Statistically significant results of the RT with MEP AUCs. Median
is reported with its 95% confidence intervals inside brackets.

Type | Median (pV ms) | p-value | £

TS 429 [291-790] - -
L1L6 1361 [602—-1906| 0.005 0.81
L1PM6 1008 [706-2560] 0.033 0.41
L1MS 891 [588-1071] 0.040 0.70
L2M8 920 [731-1572] 0.015 | 0.53
L3PL6 995 [670-1533] 0.010 0.60
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Figure 4.5: MEP sizes with CS to L1. (A) MEP amplitudes. (B) MEP
AUCs. The data are normalized to the T'S median (horizontal grey line), the
gray area indicating its 95% confidence interval. The large markers represent
the medians, and their 95% confidence intervals are indicated with whiskers.
The small markers indicate individual data points (some of the largest values

are not shown). Asterisks denote statistical significance (p < 0.05). M =
medial; PM = posteromedial; L. = lateral; AL = anterolateral.
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Figure 4.6: MEP sizes with CS to L2. (A) MEP amplitudes. (B) MEP
AUCs. The data are normalized to the T'S median (horizontal grey line), the
gray area indicating its 95% confidence interval. The large markers represent
the medians, and their 95% confidence intervals are indicated with whiskers.
The small markers indicate individual data points (some of the largest values
are not shown). Asterisks denote statistical significance (p < 0.05). M =
medial; PM = posteromedial; L. = lateral; AL = anterolateral.
































































































