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Abstract

Sensations corresponding to somatosensory stimuli, such as touch, pain and temperature
are a part of our everyday lives. In the cortex, the primary and secondary somatosensory
cortices (SI and SII, respectively) are responsible for processing somatosensory information.
Magneto- and electroencephalography (MEG and EEG, respectively) with simultaneous
peripheral nerve stimulation have been used successfully in measuring activation patterns
of SI and SII, which have been shown to activate at different latencies. However, the nature
of connectivity between SI and SII has not been unravelled. With transcranial magnetic
stimulation (TMS), SI can be stimulated without activating the natural extracephalous
somatosensory pathways. Different activation patterns evoked by peripheral and central
stimulation provide essential information for assessing the nature of connectivity between
ST and SII.

In this Master’s thesis, the spatiotemporal activation patterns of SI and SII evoked
by electric median nerve stimulation (MNS) at the left wrist were examined from seven
subjects with simultaneous MEG and EEG measurements. The individual location of
initial SI activation based on MEG was used in stimulation targeting in TMS. Based on
individual anatomical magnetic resonance images and the multimodal MEG-EEG data,
individually-calibrated head models were constructed to enhance the EEG forward models
used in analyzing TMS-EEG data. TMS-EEG source modelling was done using spatial
priors based on the locations of initial SI and SII activation found from MEG data. For
both stimulation modalities, the source time courses were estimated and used to analyze
the activation dynamics between SI and SII.

Both stimulation modalities were found to evoke activation in the right SI and bilaterally
in SII. The different bilateral activation patterns of SII across hemispheres and stimulation
modalities suggest that SII receives information both from the peripheral nervous system
via thalamocortical pathways and from SI. The earlier and stronger peaks of the right-
hemisphere SII due to electric MNS at the left wrist suggest that the contralateral SII
activates first, and is dominant in processing unilateral somatosensory stimuli.

Keywords primary somatosensory cortex, secondary somatosensory cortex, somatosensory
connectivity, magnetoencephalography, electroencephalography, transcranial
magnetic stimulation, median nerve stimulation




School of Science www.aalto.fi

A’ , Aalto University Aalto-yliopisto, PL 11000, 00076 AALTO
Diplomityén tiivistelma

Tekija Oskari Ahola

Tyon nimi Somatosensoristen alueiden konnektiivisuuksien méarittely perifeerisella seka
sentraalisella stimulaatiolla

Koulutusohjelma Life Science Technologies

Paaaine Human Neuroscience and Technology Paaaineen koodi SCI3061

Tyon valvoja Prof. Lauri Parkkonen

Tyon ohjaaja TkT Tuomas Mutanen
Paivamaara 22.12.2022 Sivumaara 52-+6 Kieli Englanti

Tiivistelma

Tuntoaistimuksia tuottavat arsykkeet, kuten kosketus, kipu ja lampo6 ovat osana jokapai-
viistd elamddmme. Primaarinen ja sekundaarinen tuntoaivokuori (SI ja SII) ovat paa-
asiallisesti vastuussa tuntoaistimuksiin liittyvéstd prosessoinnista. Somatosensoristen ai-
vokuorten aktivaatioita on onnistuttu mallintamaan kayttéden perifeerisella stimuluksella
herdtettya magneto- ja elektroenkefalografista (MEG ja EEG) dataa, minka avulla SI- ja
Sll-alueiden aktivaatioiden on todettu esiintyvén erilaisilla aikaviiveilla. Tosin talla hetkell&
tuntoaivokuorten vélisistda mahdollisista kulkuyhteyksien luonteesta ei ole varmaa tietoa.
Transkraniaalisella magneettistimulaatiolla (TMS) on mahdollista stimuloida sentraalisesti
Sl-aivokuorta ohittamalla luonnolliset aivojen ulkopuoliset somatosensoriset reitit. Erilaiset
perifeeriselld ja sentraalisella stimulaatiolla heratetyt tuntoaivokuorten vasteet kertovat
tuntoaivokuoren alueiden jérjestaytyneisyydesta.

Téssa diplomityossé SI- ja Sll-aivokuorten MEG- ja EEG-herétevasteita mitattiin seitse-
malta koehenkiloltd kéyttaen vasemman ranteen sdhkoistd medianus-hermon stimulaatiota
(MNS). MEG-datasta lokalisoituja ensisijaisia SI-vasteita kdytettiin myohemmin samanai-
kaisen TMS-EEG -mittausprotokollan stimulaation kohdentamiseen. Koehenkildiden yksi-
l6llisia aivojen magneettikuvia sekéd medianus-hermon stimulaation herattamia SI-alueen
MEG-EEG-vasteita kaytettiin yksilollisten paédmallien kalibrointiin tarkkaa TMS-EEG
-lahdemallinnusta varten. MEG-datasta lokalisoituja ensisijaisten SI- ja SII-vasteiden paik-
koja kéytettiin spatiaalisina ennakkoina TMS-EEG -heratevasteiden lahdemallinnukseen.

MNS- ja TMS-protokollien herdttamien vasteiden aikasarjat estimoitiin SI- ja SII-alueilta.
Erilaiset stimulusmodaliteeteilla heratetyt SII-aivokuorten bilateraaliset aktivaatiot viittaa-
vat siihen, etté SII saa informaatiota seka adreishermostolta talamokortikaalisten yhteyksien
valitykselld ettd Sl-aivokuorelta. Aikaisemmat ja vahvemmat vasemman ranteen sdhkoi-
sen MNS-protokollan herdttadmét oikean aivopuoliskon SII-aktivaatioiden piikit viittaavat
sithen, ettd kontralateraalinen SII-aivokuori aktivoituu ensin ja on hallitsevassa roolissa
unilateraalisten somatosensoristen drsykkeiden prosessoinnissa.

Avainsanat primaarinen tuntoaivokuori, sekundaarinen tuntoaivokuori, tuntoaivokuorten
yhteydet, magnetoenkefalografia, elektroenkefalografia, transkraniaalinen
magneettistimulaatio, medianus-hermon stimulaatio
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Symbols and abbreviations

Symbols
B  Magnetic field
E Total electric field
E, Primary electric field
E, Secondary electric field
J  Total current density
J, Primary current density
J, Volume current density
L  Forward operator/solution (lead field matrix)
m Measured data
s Source time course
V' Potential
0  Dirac delta function
€op  Vacuum permittivity
A Regularization parameter
o Vacuum permeability
p  Charge density
o Conductivity
(/-\) Estimate of (+)
Operators
A x B Cross product between vectors A and B
A -B Dot product between vectors A and B
||s]|? L2 norm of s
DT Transpose of matrix D
D! Inverse of matrix D
Df Pseudoinverse of matrix D
v Nabla
V x A Curl of vector A
VA Gradient of vector A
0 Partial derivative

Integral over C
Sum over index ¢
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BA
BEM
COBYLA
ECD
EEG
EMG
EOG
GFA
GoF
HPI
ICA
1APB
LSE
MEG
MNE
MNS
MRI
N20(m)
nTMS
NX(m)
OP1/4
P35(m)
P100(m)
PNS
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PX(m)
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stub

SI

SII

SD
SEF
SEM
SEP
SNR
SOUND
SSP
SSP-SIR
SSS
SVD
TMS
Xt

Brodmann area

Boundary element method

Constrained Optimization BY Linear Approximation

Equivalent current dipole

Electroencephalography

Electromyography

Electrooculogram

Global field amplitude

Goodness of Fit

Head position indicator

Independent component analysis

Left abductor pollicis brevis muscle

Least squares estimation

Magnetoencephalography

Minimum-norm estimate

Median nerve stimulation

Magnetic resonance imaging

Negative initial response (magnetically measured) of SI due to PNS
Navigated transcranial magnetic stimulation

Negative response at X ms (magnetically measured) of SI due to PNS
Cytoarchitectonic areas 1 and 4 in the human parietal operculum
Positive secondary response (magnetically measured) of SI due to PNS
Positive bilateral response (magnetically measured) of SII due to PNS
Peripheral nerve stimulation

Parietal ventral area

Positive response at X ms (magnetically measured) of SI due to PNS
Resting motor threshold
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Primary somatosensory cortex

Secondary somatosensory cortex

Standard deviance

Somatosensory evoked field

Standard error of the mean
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Source-estimate-utilizing noise-discarding algorithm

Signal-space projection

Signal-space projection and source-informed reconstruction algorithm
Signal space separation

Singular value decomposition

Transcranial magnetic stimulation

Evoked response at X ms due to SI TMS
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1 Introduction

The somatosensory system is responsible for the processing of somatic sensations including
temperature, nociception (sense of pain), proprioception (sense of bodily position), and
tactile information. In the cortex, somatosensory stimuli are mainly represented by the
activation of the somatosensory cortex composed of the primary and secondary somatosen-
sory cortices (ST and SII, respectively). In the somatosensory cortex, SII acts mostly as a
supportive unit for SI — the main and initial processing unit of somatic sensations, and has
been shown to play a role in memory and pain -related processing of sensory stimuli [1, 2,
3.

Magneto- and electroencephalography (MEG and EEG, respectively) are non-invasive
functional neuroimaging methods respectively measuring neurally induced extracranial
magnetic fields and electric potential differences at the scalp, and have been used successfully
in measuring somatosensory activation patterns [4, 5]. In response to electric median nerve
stimulation (MNS) of the wrist, the initial activation of the contralateral SI appears at a
latency of approximately 20 ms (N20 response) [4, 6, 7]. In turn, SII activates bilaterally
at latency of approximately 70-90 ms (P100 response) after the activation of SI [4, 6, 8].
However, the nature of connectivity between SI and SII has not been unravelled — while
SI receives information via thalamocortical pathways, the thalamo-, corticothalamo-, or
corticocortical nature of pathways to SII from the peripheral nervous system or from SI, is
still up for debate [8, 9.

Transcranial magnetic stimulation (TMS) is a non-invasive method used to evoke brain
activity by targeting rapidly changing magnetic fields to the cortex [10, 11]. With TMS, SI
can be stimulated directly without activating the natural extracephalous somatosensory
pathways to SI. Hence, using navigated TMS to SI provides essential information on the
nature of possible intra- and inter-hemispherical connectivity between SI and SII when
comparing their respective signal patterns to the MNS-evoked responses.

The aim of this Master’s thesis is to infer the nature of somatosensory connectivity
between SI and SII by comparing responses in those areas evoked by electrical MNS at the
left wrist and TMS targeted at the right-hemisphere SI. The hypothesis is that SII receives
both signals from the peripheral nervous system via thalamocortical pathways without the
intervention of SI and from SI via corticocortical and/or corticothalamocortical pathways,
and that there are inter-hemispherical differences in the responsiveness of SII. To assess
the hypothesis, the measured SII waveforms and respective peak latencies were analyzed.
It is reasonable to assume that if SII is activated bilaterally without inter-hemispherical
delays, then SI and SII are not directly engaged. In turn, decreases in the duration of
inter-hemispherical SII responses due to TMS over MNS would suggest that SII receives
both information from the peripheral nervous system via thalamocortical pathways and
information from SI via corticocortical or corticothalamocortical pathways. Furthermore,
no TMS-evoked activation at SII would suggest that SII only receives information from the
peripheral nervous system via thalamocortical pathways.
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2 Background

2.1 Principles of magneto- and electroencephalography

Magneto- and electroencephalography (MEG and EEG) are direct non-invasive functional
neuroimaging methods respectively measuring electrical brain activity and the respectively
induced magnetic fields. This section presents the physiological and physical basis of MEG
and EEG signals as well as the practical and theoretical similarities and differences between
the two measurement methods.

2.1.1 Signal basis at the neural level

On a neural level, all of our perceptions and actions are depicted as electrical signals in the
nervous system. Travelling along the neuronal conductors of the human body, axons and
dendrites, action potentials are able to reach their respective terminating points all around
the body, for example, in the brain or in the muscles.

Synapses are gateways permitting inter-neuronal electrical and chemical signal transmis-
sion and mostly exist between the end of the axon of a presynaptic neuron and the dendrite
or soma of the postsynaptic neuron. Action potentials drive synaptic activity by inducing
the release of neurotransmitters to the synaptic cleft. The released neurotransmitters bind
to the receptors of the postsynaptic terminal, which regulates the opening and closing of ion
channels enabling the in- and outflux of ions, which causes shifts in intra- and extracellular
ion concentrations. Consequently, membrane depolarization or hyperpolarization of the
postsynaptic neuron is induced respectively depicted as excitatory or inhibitory postsy-
naptic potentials [12]. Furthermore, the decay of membrane potential differences in the
postsynaptic neuron gives rise to the possible initiation of a new action potential.

The brain is a heterogeneous dynamic electrical circuit that has operating points for
distinct types of signals that drive our somatic and autonomic responses. In the cortex,
pyramidal neurons are the most populous excitatory cell type which are responsible for
MEG and EEG -observable responses due to their parallel apical dendrites [13, 14]. Both
temporal and spatial summation of neural signal -induced fields are needed for observable
responses when using MEG or EEG. Due to the rapid and quadrapolar nature of action
potentials, action-potential-induced fields have little to no spatiotemporal summation even
in a highly active neuronal cluster. However, the neurotransmitter-driven postsynaptic
primary currents J,(r,¢) shown in Figure la are dipolar and slowly temporally decaying,
which enables spatiotemporal summation of the neural signal -induced fields, especially
arising from parallelly oriented dendrites of pyramidal neurons in upper cortical layers [14].

Primary currents give rise to accumulating charge densities p(r,t), which induce an elec-
tric field (E-field) E(r,t) = —VV (r,t), where V is the electric potential, in the surrounding
medium (see Equation 12). The induced E-field E(r, t) instigates passive tissue conductivity
o(r) -dependent ohmic volume current flow J,(r, ) = o(r)E(r, t) in the surrounding medium.
Consequently, the electrical components in the brain inducing MEG and EEG signals can
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be expressed as the spatial summation [12]
J=J,+J,, (1)

of the primary and volume current densities.

2.1.2 Measured signals

All currents induce a magnetic field, which is the physical basis of MEG signals. By the
Biot-Savart law, the total magnetic field B at a location r induced by a current density J
in a conducting volume D, is given as

R T @

where g is the vacuum permeability and r’ is the location of the current in the brain.
MEG measurements are performed using a combination of magnetometers and gradiometers
respectively measuring the magnetic field magnitudes and their rate of change (gradient).
Gradiometers are commonly divided into two different types with different spatial sen-
sitivities: axial and planar gradiometers, both consisting of two magnetometers. Axial
gradiometers are aligned orthogonally to the scalp and measure the change of magnetic
flux along the radial direction. Planar gradiometers are placed tangentially to the scalp
and measure the change in tangential components of the magnetic flux.

While MEG measures the extracranial magnetic fields induced by synchronous neural
activity, EEG measures the respectively induced potential differences from the scalp. In a
homogeneous medium with a conductivity of o, the J,-induced potential at a point r is

given as
R R 3
(r (r'
X " dno e —r|P r’H3

However, in reality (in the case of a non-homogeneous medium), the EEG signal is substan-
tially affected by the tissue conductivity -dependent volume currents J,. Due to the low
and heterogeneous conductivities of tissues in the paths of EEG signals, the EEG signal
is increasingly smeared before reaching the sensors, which causes uncertainties in EEG
source modelling and is further assessed in this thesis. EEG is commonly performed using
a scalp-fixed reference electrode at r,.s, such that the measured signal at sensor 7 located
at r; is the potential difference AV (r;) = V(r;) — V(r,er) [12].

While the original physiological source J, of MEG and EEG signals is the same, the
respective sensitivity patterns differ: MEG is sensitive toward intracellular primary currents
and EEG is sensitive toward the extracellular volume currents (return currents) depicted in
Figure 1. The differing sensitivities of MEG and EEG, and their consequences are further
discussed in Section 2.1.3.
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Return current
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(a) Neurophysiological basis of the generation of the postsynaptic currents.

(b) Signal nature due to the postsynaptic primary current from Figure la above. MEG signal:
Extracranial magnetic field B(r). EEG signal: Potential difference AV (r) at the scalp.

Figure 1: MEG and EEG signal generation. a) Generation of the postsynaptic
currents due ion influx induced by the presynaptic action potential. b) Generation of MEG
and EEG signals due to the induced postsynaptic primary current.
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2.1.3 Sensitivities and complementary information

EEG and MEG measure cortical neural activity directly. Thus, M/EEG signals are able
to represent distinct cortical activation patterns at millisecond-range temporal resolutions.
Thus, EEG and MEG are commonly used in analyzing the timing and magnitude of cortical
responses, for example, to aid in the assessment of cortical lesions [8, 15, 16].

The sensitivities presented in Section 2.1.1, are the main basis of the differences in
the spatial resolution and in the sensitivity profile toward different post-synaptic current
directions in MEG and EEG. Due to the volumetric flow of extracellular volume currents,
EEG has a nearly homogeneous sensitivity pattern. In the case of MEG, however, the
intracellular current -induced magnetic fields follow the Biot—Savart law, (see Equation 2)
consequently causing a heterogeneous sensitivity pattern: insensitivity toward radial sources
and sensitivity toward tangential sources. Hence, MEG is sensitive toward sulcular activity,
such as activity in SII, which is located in the superior bank of the Sylvian fissure [1].

The skull is a poor conductor causing a distortive blurring effect in the EEG signal.
Furthermore, there are intra- and inter-subject variabilities in skull structure which hinders
cortical source localization when using EEG data [17, 18]. However, the skull does not
substantially distort magnetic fields, which is the basis of the increased spatial resolution of
MEG over EEG. Nonetheless, the development of the characterization of individual head
models using anatomical magnetic resonance images (MRIs) and MEG data allows for the
increased accuracy of EEG source localization [19, 20].

The differences in sensor sensitivities and subject-specific anatomy are taken into account
in the construction of a lead field L describing M/EEG signal projection from the sources
to the sensors; the sensor-source sensitivity pattern. The signal m; detected at sensor i is

given by [12]
mi(t) = ///v Li(r)) - J,(c,t) dV7, (4)

where the lead field L;(r’) describes the sensitivity pattern of sensor ¢ to a primary current
at location r’ and V is the measurement volume.

MEG and EEG measurements are performed such that the measurement-related signal-
to-noise ratio (SNR) is maximized. Due to the weak magnitude of electrical neural responses,
the induced magnetic fields are in the range of femtoteslas at the MEG sensors and are
substantially weaker compared to other ambient magnetic fields. Thus, MEG measurements
are performed in a magnetically shielded room, which is designed to mitigate the effect
of the magnetic field of the Earth (in the puT range) and other external sources. The
EEG measurement-related SNR is commonly dealt with careful subject preparation, most
importantly, including the enhancement of the skin-electrode connections. Many MEG
systems have an integrated EEG system; using a non-magnetic electrode cap allows the
multimodal MEG-EEG measurement. The differing sensitivities of MEG and EEG give
complementary information that can be used for improving the current and future subject-
specific measurements and the reliability of measurement results [18, 20].
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2.1.4 Current dipoles

While the nature of M/EEG signals differs, the spatiotemporal localization of the postsy-
naptic primary current is the focus in M/EEG signal analysis. A focal primary current
source J, can be modelled as a current dipole representing location and orientation of
neural activity, such that

Jp(r') = Qi(r' —rq), (5)

where Q is the dipole moment, rg is the location of J,, if concentrated to a single point (dipole
location), r' is a location, and ¢ is the Dirac delta function [18]. By electrical conduction
and the Biot—Savart law, a current dipole also induces a magnetic field. Accordingly, neural
activity resulting from focal post-synaptic currents can be modelled with a current dipole
by minimizing the difference between the dipole-induced topographical signal pattern and
the respective measured data using least squares estimation (LSE), such that

{Q.7o} = argmin{q,rQ}Hm - fﬁ|’27 (6)

where m is the measured signal vector (EEG or MEG) and m is the signal vector induced
by the current dipole. The current dipole with location ¥y and moment /Q\ is called as the
equivalent current dipole (ECD).

Due to the direct nature of dipole modelling, sources of interest that are temporally or
spatially, or both, adjacent, may smear the induced M/EEG signal patterns of each other,
and thus may not always be easily localized without assigning prior source or sensor space
information. Furthermore, dipole fitting becomes less reliable in the case of weaker sources
of interest due to leakages from other active nearby non-interesting sources. Hence, dipole
fitting is most efficiently used in modelling initial early evoked brain activity; for secondary
responses appearing at longer latencies, additional steps in data processing are commonly
required.

2.1.5 Inverse problem and minimum-norm estimation

M/EEG sensor space data m can be computed from a discrete source distribution s using
a system of linear equations,
m = Ls +n, (7)

where L is the forward operator — the so-called lead field matrix, describing signal projections
from the sources to the sensors, and n is the measurement noise.

The number of sources in the brain is substantially more compared to the number of
used sensors. Consequently, when a limited number of sensors, i.e. measurement channels,
is used to measure neurally induced fields, the sources in the brain can not be independently
characterized. Thus, solving the underlying source distribution s is an ill-posed problem
of linear equations, and thus does not have a unique solution. However, different linear
inverse modelling methods have been introduced for computing an estimate s for the source
distribution, such that

S = W, (8)
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where W is the inverse operator, which can be created using the measured data and other
prior information [21].

For a dynamic system, such as the brain, multicollinearity across sources is likely.
The effect of multicollinearity can be partially countered by using Tikhonov regularization
providing a tolerable bias-variance trade-off in model parameter estimation, and consequently,
increased efficiency in independent source extraction [22; 23]. L2 minimum-norm estimation
(MNE) is a method for estimating the underlying source distribution by simultaneously
minimizing the L2 norm of both the estimated source currents |[s||?> and the residuals
|[m — Ls||* between the measured and predicted data. The method is based on the
assumption that without prior knowledge, the most probable brain state has the least
amount of energy; the aim is to find the source current distribution s with the smallest
norm that induces the best estimate of the measured signals m [18, 24]. Assuming that
the measurement noise n and the source distribution s are normally distributed with zero
mean, the general form of the MNE inverse operator is written as [24, 25, 26]

W = RLT(LRL” + )\?C) !, (9)

where A is the Tikhonov regularization parameter, and R and C are the data and noise
covariance matrices, respectively.

2.2 Principles of transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation method where
rapidly changing strong magnetic fields are used to excite brain activity [10, 11]. The
magnetic fields are delivered to the cortex using a specifically designed coil as visualized in
Figure 2a.

The magnetic field B at location r and time ¢, are induced by strong current pulses ()
in the TMS coil and follow the Biot—Savart law as

B@@:Jmuwéduqur_nx (10)

lr —r.|?

where g is the vacuum permeability, r. is the location of the current and C is the path of
the current in the TMS coil.

By Faraday’s law of induction, a time and location dependent magnetic field B will
induce an E-field E, in the surroundings (in this case, in the brain matter) defined by

vX&mw:—Mgf? (11)

Due to the primary E-field E, and the heterogeneous conductivities in brain tissue, a charge

density p(r,t) is accumulated at tissue boundaries inducing a scalar potential secondary
E-field E; following Gauss’ law as

VBl ) = 20D (12)
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where gy is the vacuum permittivity. Both the primary and secondary E-fields act as
stimulating factors. Thus, the total stimulating E-field is defined as

E=E, +E,. (13)

The TMS-induced electric field interacts with charged particles, and consequently, axons,
in the brain. Axons are myelin sheath covered slender projections that are responsible for
conducting inter-neuronal information in the form of action potentials. The myelin sheath
provides the axon with insulation due to its lipid-rich nature enabling high transverse
resistance and a low electrical capacitance. Negatively charged ions move against the
induced E-field in brain matter. While the negative ions are not able to penetrate the
insulating myelin sheath of axons, they are able to indirectly interact with positively and
negatively charged ions in the axon by electric charge interaction as shown in Figure 2b.
The positive and negatively charged particles in the axon are respectively drawn to and
repelled by the negative ions on the other side of the myelin sheath inducing a depolarized
potential difference in the axon, resulting in possible action potential initiation.

The magnitude of the neuronal response to TMS is highly dependent on the magnitude
of the applied magnetic field and the relative orientations of the induced E-field and the
axons of the targeted neuronal cluster. If the E-field is parallel to an axon, no axonal
depolarization is induced. On the contrary, perpendicular E-field and axon orientations
incite global axonal depolarization; it is thought that the strongest stimulatory effect is
incited at axon curves or terminations of especially layer V pyramidal neurons [11, 27].

TMS applications range from studying inter-areal connectivity by evoking cortical
activity or inducing temporary lesions to the clinical treatment of various neurological
diseases [28, 29]. However, due to individual differences and the vastly heterogeneously
clustered nature of neurons, and consequently, axons, in the brain, there is a lack of
understanding about the stimulated cortical spot and the stimulation intensity at the
target area. Hence, navigated TMS (nTMS) has been developed for accurate localized
electromagnetic induction in the cortex with on-site online adjustments [30]. Furthermore,
nTMS is a non-restrictive addition to other TMS modalities and is thus commonly utilized
in aiding TMS experiments.

Simultaneous TMS measurements, such as TMS-EEG, can be performed due to the
progression of neuronavigation, signal processing techniques, and the development of TMS-
compatible hardware [11, 30]. Combining TMS and EEG is a prevalent method in studying
inter-areal effective connectivity [31]. However, due to the strong magnetic fields used in
TMS, simultaneous TMS and MEG has not been efficiently practiced. Nevertheless, MEG
provides a good combination of both spatial and temporal resolutions, and thus can provide
accurate information on the timing and source of neural responses, which can be used
as prior information in neuronavigation and in the assessment of TMS-evoked potentials

(TEPs).
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Figure 2: Methodological representation of transcranial magnetic stimulation. a)
Electrical current flow in the TMS-coil induces a magnetic field that induces an electric field
in the cortex. The electric field is maximized at the stimulation hotspot located under the
center of the figure-of-eight coil. b) Charge density accumulation at axon boundaries and
resulting depolarization due to the induced electric field. Sufficient membrane depolarization
results in the firing of an action potential.

2.3 Somatosensory system

The somatosensory system is responsible for processing somatosensory stimuli including
temperature, nociception (sense of pain), proprioception (sense of bodily position), and
tactile information. The somatosensory cortex is the main cortical somatosensory processing
unit and is divided into two functional anatomical areas: the primary (SI) and secondary (SII)
somatosensory cortices. This section presents the anatomical and functional divisions due
to somatosensory pathways, the responses and lesion studies of SI and SII, and introduces
how somatosensory activity has been previously measured with MEG and EEG.

2.3.1 Primary somatosensory cortex

SI is the primary processing unit of bodily sensation. SI is located in the postcentral gyrus
of the parietal lobe and is functionally divided into Brodmann areas (BAs) 1, 2, and 3,
which is subdivided into areas 3a and 3b. Generally, BAs 1 and 3a respond to cutaneous
tactile input and BAs 3a and 2 to proprioceptive input, while BA 3b is the main reflector
of somatotopic activity [4, 32].

Below the neck sensory information from the skin, joints and muscles is relayed to SI
via their respective somatosensory pathways depending on the type and intensity of the
somatosensory stimulus. Receptors of somatosensory neurons are responsible for transducing
physical sensory input in to action potentials. The initiated action potential travels via the
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dorsal root ganglion to the spinal cord and synapses with the spinothalamic tract, which as
the name suggests, synapses in the thalamus. Somatosensory relays in the thalamus are
located in the ventral posterior nucleus, from which the respective sensory pathways finally
radiate to SI. An illustration of somatosensory pathways is presented in Figure 3a.

The bodily location of the somatosensory stimulus affects the length and travelled
pathway of the somatosensory signal. The closer the stimulus is to the somatosensory
cortex and the thalamus, the more efficient it is to bypass the extracephalous parts of the
somatosensory pathway. For example, the neural signal arising from the touch of the cheek
will travel directly to the thalamus and further relay to SI.

SI has been found to activate contralaterally to stimuli below the neck. That is, below
the neck somatosensory information gained from either hemisphere of the body will be
relayed to the contralateral SI. For sensations upward from the neck, the sensory signal
travels via the trigeminal cranial nerve system, which commonly projects to the ipsilateral
side [33]. However, contralaterally dominant bilateral activation patterns measured with
EEG have been reported in studies stimulating trigeminal nerves of the face [34, 35]. The
topological arrangement of somatic senses is preserved in the somatosensory pathways
[36]. Consequently, SI is symmetry-somatotopically divided across hemispheres, pictorally
represented by the sensory homunculus in Figure 3b below.
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(a) Somatosensory pathways. Adapted from (b) Primary somatosensory
“Somatosensory Afferents Convey Information from the homunculus.
Periphery to Central Circuits”, by BioRender.com (2022).
Retrieved from
https://app.biorender.com/biorender-templates.

Figure 3: Organisation of the somatosensory system. a) Somatosensory pathways
relaying information due to somatosensory stimuli below the neck. b) Primary somatosensory
homunculus-represented functional areas.

Feedforward SI projections synapse, for example, in the primary motor cortex, which
supports the crucial role of SI in sensorimotor integration [37, 38]. Additionally, ST is
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interconnected with other primary sensory cortices (for example, the visual and auditory)
and is thus an integral factor in multisensory interplay [38, 39].

2.3.2 Activation patterns of the primary somatosensory cortex

The activation patterns of SI are commonly studied using peripheral nerve stimulation
(PNS), for example MNS, of the upper extremity, most commonly, the fingers or the wrist [4,
6]. The initial activation of the somatosensory cortex arises at the respective stimulus-site
somatotopic area in the contralateral SI after approximately 20 ms due to PNS, and is
termed the N20 response (negative response after approximately 20 ms after the stimulus
onset). N20 represents initial excitatory postsynaptic potentials and is hence a common
area of focus when studying the somatosensory cortices using MEG and EEG [4, 6, 7].
Additionally, the N20 response has clinical significance as even small time delays over 20
ms can indicate lesional abnormalities [40].

Other SI responses within 100 ms evoked by PNS include the P35 (positive inhibitory
postsynaptic potential after approximately 35 ms due to stimulus onset), N45, and P50/60/75
responses that also arise at the respective somatotopic area. However, the exact locations
and individual prevalences of the responses differ. For example, the N20 response arises
closer to the inner skull boundary compared to the commonly stronger P35 response, and the
N45 and P35 responses are respectively enhanced and weakened when short interstimulus
intervals (ISIs) area used [6, 41]. An example of a SI waveform with prevalent SEF-
components over a representative parietal MEG sensor is presented in Figure 4. A typical
N20 dipole is presented in Figure 5.
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Figure 4: An averaged right SI waveform over gradiometer MEG2312 with
marked prevalent SEF components. The activity was evoked by electrical MNS at the
left wrist at ¢ = 0 ms with an ISI of 3 s.
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2.3.3 Secondary somatosensory cortex

SII adjoins SI at the ceiling of the lateral sulcus and is located in the parietal operculum.
The structure of SII is mainly represented by cytoarchitectonic areas OP1 and OP4, roughly
corresponding to the functional parietal ventral (PV) and S2g,, areas. As in the case of
SI, (however, not as accurately defined) the functional behaviour of SII has mirror-like
somatotopic divisions with representations of the head, hands, and feet at the boundary of
PV and S2q,, [42, 43].

SIT is believed to be responsible for tactile object recognition and memory-related
processing of somatic sensations [1]. SII has anatomical connections to the hippocampus
and amygdala, which further supports the role of SII as a plastic modulating sensory memory
storing unit [2]. Furthermore, contrary to SI, the responsiveness of SII is bilateral due to
unilateral stimuli, which supports the practical convention of unilateral training enhancing
bilateral sensorimotor performance.

SII has been found to activate 70-90 ms (P100 response) after the initial N20 response
in SI when ISIs of over 1 s are used [6] with small inter-hemispherical time lags [4, 6, §].
The activation patterns of SII, along with SI, have found to be significantly related to the
perceived intensity of pain [2, 3]. Additionally, left-hemisphere-dominant SII activation
patterns have been found due to bilateral electric MNS indicating handedness-independent
functional specialization of SII [44, 45]. These findings suggest that while SII is bilaterally
nearly simultaneously activated, the response magnitudes differ hemispherically due to the
nature of the stimuli. An example of typical P100 dipoles is presented in Figure 5.

While the nature of connectivity between SI and SII has not been unravelled, the
activation patterns of SI and SII due to PNS and nociceptive stimuli suggest relations of
both SI and SII, possibly enabled by SI-SII connectivity, in somatosensory interplay.
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Figure 5: Exemplar Slgien (N20) and SIlgigne/rere (P100) dipoles. The dipoles
represent initial activity in SI and SII evoked by electrical MNS at the left wrist. The dipole
locations have been slightly adjusted for better visualization.
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2.3.4 Somatosensory lesions

Multiple neuropathic and developmental neurological diseases, such as parasthesia, hyperal-
gesia, tactile agnosia, and Parkinson’s disease, are correlated with significantly differing
somatic responses compared to neurotypicals in the somatosensory cortex [46, 47, 48]. The
prevalence of chronic pain with neuropathic features has been estimated to affect 7-8% of
the general population and is correlated with mood disorders and hormonal imbalances
[49, 50, 51, 52]. The somatosensory cortex has shown to be a central factor in emotion
processing and in modulation of nociceptive stimuli with cognitive and emotional factors
[53, 54, 55, 56]. Consequently, both the affects and development of abnormal somatosensory
activity and mood disorders are positively correlated leading to further poorer prognosis
for those suffering from both disorders [57].

Lesions in the somatosensory pathway are commonly caused by spinal injuries or neuro-
pathic diseases (for example, due to a stroke) and are commonly depicted as the inhibition
of unilateral perception and somatosensory processing of somatosensory information [8, 9].
In patients with right-hemispherical strokes, the activation of the ipsilateral SII has been
shown to be absent while the responsiveness of the contralateral SII remained prevalent.
The modified activation patterns suggest direct ipsilateral SI-SII feedforward connectivity
and that the contralateral SII receives information from the peripheral nervous system via
thalamocortical pathways without the intervention of SI [8]. A respective decrease and
preservation of SI and SII responsiveness has been observed in patients with a thalamic
stroke when compared to the contralesional hemisphere, which suggests direct parellel
thalamocortical relays to SII or re-organizational processes of damaged neural pathways
[9]. With functional MR-imaging utilizing tactile and nociceptive stimuli, thalamocortical
pathways to the contralateral SI and SII, and ipsilateral bidirectional pathways between SI
and SII, have been observed, which suggests a parallel processing structure between SI and
SII [58]. However, due to the limited temporal resolution of functional MR-imaging [59], the
temporal scale of parallel processing can not be determined. In [58], distinct corticothalamic
feedback connections from SI and SII are also suggested, which may constitute to the
activation of the contralateral hemisphere.

The plastic roles of both somatosensory cortices, the healthy nature of bilateral activation,
and memory-related processing of SII suggest the role of SII being an integral factor in
somatosensory diseases and a necessary target alongside SI in respective clinical research.
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3 Methods

This section presents the relevant methods applied in measuring, processing, and ana-
lyzing the MNS-M/EEG and TMS-EEG evoked responses in SI and SII. The general
methodological steps are presented in Figure 6 below.

Skull conductivity calibration
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Head modelling —{Source modelling}
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Pre-processing —»{ Averaging }

Figure 6: Methodological pipeline. Arrow directions represent the methodological
order.

{ TMS-EEG

3.1 Experiment

The purpose of the experiments was to assess the nature of the pathways between SI and
SII. The experiment was designed for the comparison of evoked responses in SI and SII due
to peripheral MNS and central TMS. With TMS, SI can be stimulated directly without
activating the natural high-order thalamic pathways to SI. Thus, stimulating SI alone
provides essential information about the possible direct or indirect pathways between SI
and SII when compared to responses evoked by peripheral stimuli activating the natural
somatosensory pathway (see Figure 3a), including SI and SII. The possibly activated
pathways due applied stimulus between SI and SII are depicted in Figure 7 below.

The experiments were done by measuring seven right-handed subjects (six men and one
woman) with ages of 24.1 £ 3.4 years (mean + standard deviance (SD)), each participating
in both MNS-M/EEG and TMS-EEG measurements. Those subjects who did not have
anatomical T1- and T2-weighted MRIs available underwent the respective measurements at
the Aalto Neurolmaging (ANI): Advanced Magnetic Imaging (AMI) Centre. The protocol
for the MNS-M/EEG and TMS-EEG measurements is presented in Table Al. Each subject
gave a written consent to participate in the experiment. The implementation of the project
and the measurement protocol was approved by the Aalto University Research Ethics
Committee. This thesis also includes the analysis of a pilot subject (Subject 1), where
the measurements were performed prior to the ethical permit with a slightly differing
MNS-M/EEG protocol; see Appendix A for more information.


 https://www.aalto.fi/en/aalto-neuroimaging-ani-infrastructure
 https://www.aalto.fi/en/aalto-neuroimaging-ani-infrastructure/advanced-magnetic-imaging-centre
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Figure 7: Depiction of possibly activated pathways between SI and SII. Peripheral
(left): electric MNS at the left wrist. Central (right): TMS targeted at the right-hemisphere
SI.

3.1.1 Magneto- and electroencephalography

The participants were in a seated position with the left hand and forearm relaxed. Electrical
MNS with 3-s interstimulus intervals (ISIs) was applied via stimulation electrodes attached
to the left wrist. The used stimulation intensity was 150% of the respective resting motor
threshold (rMT). The rMTs (Mean £+ SD: 7.8 £ 1.3 mA) were defined as the minimum
stimulation intensity that produced visible movement of the left thumb.

The data were recorded with the MEGIN TRIUX™ neo 306-channel (102 magnetometers
and 204 gradiometers) MEG device in the ANI MEG Core infrastructure in a magnetically
shielded room with a sampling rate of 1000 Hz. The measurements were divided in to three
blocks each composed of 100 stimuli. EEG was measured with a built-in 32-channel system,
following a standard 10-20 layout. The EEG reference electrode was close to the vertex and
the head position indicator (HPI) coils were mounted to designed locations on the EEG cap.
Bipolar electrooculogram (EOG) electrodes were applied to areas under and over the eyes of
the subject for detecting vertical and horizontal ocular activity. The ground electrode was
attached to the left arm of the subject near the stimulator to mitigate MNS-artifacts. Five
HPI coils were used for continuous head position monitoring during the measurement, and
over 100 points were used to digitize the head of the subject. The EEG electrode positions


 https://megin.fi/triux-neo/
https://www.aalto.fi/en/aalto-neuroimaging-ani-infrastructure/meg-core
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were also digitized.

3.1.2 Transcranial magnetic stimulation

The participants were in a seated legs elevated position with the left hand and forearm
relaxed. The magnetic stimuli (120 or 90% rMT; see Appendix A) were targeted to the
individually localized activated SI area from MEG data, with the help of an individual-MRI-
calibrated neuronavigation system. Due to TMS-evoked muscular artifacts, the stimulation
target had to be adjusted to ensure good SNR due to SI stimulation. The rMTs (Mean
+ SD: 47.4 + 5.2% of the maximum stimulator output) were defined as the minimum
stimulation intensity that produced a motor evoked response in the left abductor pollicis
brevis muscle (1APB), of over 50 1V in over 50% of 20 trials (Subjects 1-3) when stimulating
the motor hotspot. For Subjects 4-7, an automated rMT defining algorithm provided in
the stimulation system was used. The motor hotspot was defined as the location in the
motor cortex resulting in the best extracted movement of the left thumb.

The measurements were performed at the Advanced Brain Stimulation Laboratory at
the Department of Neuroscience and Biomedical Engineering at Aalto University. The data
were recorded with the Bittium NeurOne™ TMS-compatible EEG system using 62 EEG
channels, following a standard 10-20 layout, and with a sampling rate of 5000 Hz. The
reference and ground electrodes were respectively attached behind the left ear and to the
skin surrounding the left cheeckbone of the subject. The measurements were divided in
to three blocks composed of 100 biphasic stimuli with a mean IST of 2.15 s (randomized
between 2.0 and 2.3 s). The navigation and delivering of the stimuli were performed with
the Nexstim Navigated Brain Stimulation (NBS 5) System. All EEG-electrode positions
were digitized. Noise masking was used to suppress auditory responses otherways evoked
by the clicking sound of the TMS coil.

3.2 Pre-processing

M/EEG signal pre-processing is an essential step in improving signal quality prior to
analysis. However, due to the differing physical nature of MEG and EEG signals, and the
used measurement system, the approach in pre-processing also differs. Furthermore, TMS—
EEG data requires supplementary steps compared to the conventional EEG pre-processing
pipeline due to the additional artifacts elicited by the TMS pulse. This section presents the
general steps applied in M/EEG and TMS-EEG pre-processing. The respective pipelines
are presented in Figure 8.

Signal space separation (SSS) in the form of Maxwell filtering with continuous head
movement compensation and the identification and reconstruction of bad static MEG
channels was performed with the Maxfilter software 2.2 (MEGIN Oy, Helsinki, Finland).
Other M/EEG data pre-processing steps were performed with the MNE-Python software
[60]. For MNS-EEG data, the reconstruction of bad EEG sensors was performed using
spherical spline interpolation. TMS-EEG data pre-processing were performed with the
EEGLAB software using the TESA toolbox [61, 62, 63]. All data were band-pass filtered


https://www.bittium.com/medical/bittium-neurone
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from 1 to 100 Hz and powerline noise was filtered near 50 and 100 Hz (MNS-M/EEG:
a zero-phase notch filter with a 1-Hz transition bandwidth and TMS-EEG: band-stop
filters at 48-52 and 98-102 Hz). Stimulus artifact removal was performed using windowed
interpolation.

Independent component analysis (ICA) is a method for extracting statistically indepen-
dent signals from a multivariate signal distribution [64]. ICA was used to detect ocular
artifacts and to enhance the MNS-artifact removal. Artifactual epochs were identified
manually and rejected from further analysis. Additionally, in TMS-EEG data, noise
suppression was enhanced with the source-estimate-utilizing noise-discarding algorithm
(SOUND) and muscular artifacts were suppressed using the signal-space projection and
source-informed reconstruction algorithm (SSP-SIR) [65, 66]. SOUND utilizes MNE to
cross-validate data between the sensors for suppressing artifacts and noise [65]. SSP—SIR
projects out TMS-evoked muscle artifacts using SSP and utilizes MNE to estimate the
source distribution in the brain. The source distribution is mapped back to the sensor space
and is used to interpolate the information in the rejected sensors [66].

While downsampling is also commonly applied in MEG analysis, here downsampling
was only applied to TMS-EEG data to set the sampling rates (1000 Hz) to be identical for
the TMS-EEG and MNS-M/EEG data for accurate temporal comparisons of the responses.
Downsampling was applied as the last step in TMS-EEG pre-processing to mitigate the
effect of filtering artefacts. Evoked responses due to both stimulus modalities are represented
by the averages of the respective pre-processed epochs.
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Figure 8: General pipelines used in MNS—-M/EEG and TMS-EEG data pre-
processing. ICA: Independent component analysis, SOUND: Source-estimate-utilizing
noise-discarding algorithm, and SSP—SIR: Signal-space projection and source-informed
reconstruction.
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3.3 Head modelling

Individual cortical reconstructions were performed using both T1- and T2-weighted MR
images using the FreeSurfer software [67]. Reconstructions were performed primarily using
T1-weighted images while T2-weighted images were used for increasing the fidelity of the
pial surfaces for enhancing the accuracy of the EEG forward model. Head models used
in analysis were done with the boundary element method (BEM) and the BEM grade 4
icosahedral surfaces (brain, inner skull, outer skull, and outer skin) were created with the
FreeSurfer watershed algorithm [68]. The M/EEG-MRI co-registration was performed with
the MNE-Python software using high-resolution head models [60].

The skull does not substantially distort magnetic fields, thus, one-layer BEM models
were used in MEG source modelling. However, in analyzing the TMS-EEG data, three-layer
BEM models (without the inclusion of the cerebrospinal fluid) were used with individually
calibrated skull conductivity values as described below.

Skull conductivity calibration

As discussed in Section 2.1.3, the poor conductivity of the skull induces the smearing of EEG
signals, and thus has a substantial effect on combined MEG-EEG and EEG source analysis
[19]. Hence, optimizing the varying values of conductivity for the individual head models (in
this case, three-layer BEM models) can improve the accuracy of EEG source modelling [69].
In this thesis, realistic skull conductivity parameters were computed for subject-specific
volume conductor models using respective MEG- and EEG-based somatosensory evoked
fields and potentials (SEFs and SEPs) from the multimodal MNS-M/EEG -measurement.

While all tissue conductivities have an effect on head modelling for EEG, optimizing the
weakest individual conductivity component — the conductivity of the skull, has the most
substantial effect on accurate individual head model calibration and source localization
[70]. Thus, for reducing complexity and enhancing computational efficiency, the brain and
scalp were set to have constant equal conductivities of Oprain, Oscalp = 330 mS/m, which are
realistic for such tissues [69]. The charge density accumulation at tissue boundaries depends
on the relative conductivities of the tissues. Thus, in the calibration procedure presented
below, the possible conductivities of the skull o4, Were given as fractional values of the
conductivities of the brain and the scalp. The method is adapted and modified from [20],
and the basis is to find such values of skull conductivity that result in the best head model
giving the most accurate EEG topography -estimate induced by dipolar activity fitted
sequentially to SEF and SEP data. The accuracy was determined with the Goodness of Fit
(GoF); see Section 3.7. Due to variabilities in skull conductivity and multiple candidate SEP
topographies, it is recommended to use multiprocessing, saving the created head models,
and to use an initial large step size (Ogulln — Oskunnt1) for computational efficiency. For
specifications in dipole fitting, see Section 3.4.1 and Appendix B.
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Skull conductivity calibration using somatosensory evoked fields and potentials

1. Inspect and pick a SEF/SEP topography that is elicited as a dipolar activation pattern.
Let this topography be called (-)pick. Prioritize SEP topographies in selection.

2. Define a set of triplets X = {(Gbrain, Oskull, 15 Tscalp) s --+5 (Tbrains Tskull ks Oscalp) } Corresponding
to layer-wise conductivity values for the brain, skull and scalp. Order the skull conductivity
values such that Oskull,;n = Oskull,nt1-

3. For each conductivity triplet:

Construct a three-layer BEM head model.
Fit a dipole Dr to SEFc. Save the location rg of De.

(a)
(b)
(c) Fit a dipole Dp with a fixed location rg to SEPck. Save the orientation op of Dp.
(d) Use Dp, Df, or D (see step 4) to estimate SEP k.

(e)

Calculate the residuals by calculating the difference between the measured and
estimated SEP topographies; see Figure 9.

(f) Calculate the GoF.

4. Inspect the values of GoF and pick the skull conductivity corresponding to the highest
GoF:

(a) If GoF reaches a clear non-convergent maximum, pick the skull conductivity resulting
in Dp corresponding to the to highest GoF.

(b) If GoF does not reach a clear maximum, return to step 3 and estimate SEP ;¢ with
a fixed dipole Dg, with location rg and orientation op fitted to SEF .

(c) If GoF still does not reach a clear global maximum with D, return to step 3 and
estimate SEP e with De.

5. Optional: Let X, be the picked triplet (¢™ component in X). Return to step 3 with a
new set of triplets and a smaller step size, such that X, = {¥,_1, ..., 41} to gain a
higher accuracy.

The algorithm was created for the use of accurate head modelling for TMS-EEG source
modelling. Hence, the EEG signal was utilized in the algorithm as much as possible. The
SEF-component was used as the spatial locator for the dipole due to the superior spatial
resolution of MEG over EEG. In turn, EEG has a differing sensitivity pattern, and thus,
the SEP topography was used to initially determine the dipole orientation and magnitude.
However, due to the dynamic relationship between the fitted dipole magnitude and skull
conductivity, inappropriately low values of skull conductivity may result in spuriously high
dipole magnitudes, while still resulting in a high but converging GoF. Hence, the underlying
source strength is calculated as: 1. As the magnitude of the location-fixed dipole fitted to
SEP data. 2. If GoF converges and does not produce a reliable maximum: as the magnitude
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Figure 9: Example of the measured, estimated, and residual SEP topographies.
The estimated topographical signal pattern was induced by a P35 dipole (with GoF ~ 96%)
in a head model with og,y ~ 6.9 mS/m.

of a SEF-fitted fixed dipole with a location and orientation respectively defined by the
dipoles fitted sequentially to SEF and SEP data. 3. If the estimated source orientations
differ substantially resulting in spurious results: the SEP topographies were estimated with
the original dipole fitted to SEF data. The possible spuriousities in dipole magnitudes and
orientations were taken into account in step 4 of the algorithm such that the EEG signal is
iteratively given less prevalence if no reliable GoF maximum is found.

Due to inter-subject variabilities in the somatosensory responses and the use of a
32-channel EEG system, there were large differences in the measured SEP topographies.
Optimally, the skull conductivity would be assessed using the N20 response due to less
background brain noise. However, the early N20 SEP topographies were weak, smeared
(non-dipolar; see Figure 11), and thus, the corresponding dipoles could not be efficiently
used. Thus, for each subject, the dipolar P35 response was used as the SEF /P component
in the calibration procedure. The used SEP topographies were picked based on their
dipolar nature with visual inspection, which did not always match the peaks of global
field amplitude. For example, the P35 response reaching its maximum amplitude at 35
ms post-stimulus may produce a relatively reliable dipolar activation pattern but a weaker
topography corresponding to the same response at 33 ms may still be more dipolar in
nature. Other responses, such as P50, were also used in testing the calibration procedure
and produced similar results for some of the subjects, but the use of P35 produced the most
reliable results overall in terms of maximizing the GoF.

Respectively maximizing data—estimate correlation and GoF may produce similar results.
However, in general, correlation is forgiving in terms of the estimated magnitude, which is
highly affected by the skull conductivity; it was observed that the use of GoF results in a
sharper global optimum, and was thus used as the optimum argument.
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3.4 Source modelling

Modelling cortical activation patterns provides information on intra- and inter-areal activa-
tion. The MNS-evoked responses were localized using current dipoles and the respective
source time courses were computed using minimum-norm estimation with a lead field corre-
sponding to the sources of the three dipoles. TMS-EEG source modelling was performed
using spatial priors based on the locations of the dipoles fitted to MEG data. Dipole fitting
was done with the MNE-Python software using LSE and Constrained Optimization BY
Linear Approximation (COBYLA) in fine-tuning the dipole parameters [60, 71].

3.4.1 Responses evoked by median nerve stimulation

While the N20m response was commonly weak in magnitude, the early temporally sharp
contralateral activation patterns in SI gave rise to the ease of dipole modelling of the
response. The secondary somatosensory response, P35m, arises deeper in SI and was
stronger compared to N20m, and was consequently prevalent in the evoked responses.
Thus, the N20m and P35m responses were easily localized using the whole MEG sensor
space. However, using the N20m and P35m dipoles fitted to the whole data may result
in less reliable source models due to the possible noise-induced small shifts in the dipole
parameters. Hence, the N20m and P35m responses were localized using single dipoles using
a subselection of axial and planar gradiometers (see Appendix B for further specifications).
In the case of localizing the bilateral P100m responses in SII, a subselection of channels
(see Appendix B for further specifications) based on the anatomical location of SII was also
used in dipole fitting separately for both hemispheres [72, 73, 74]. Furthermore, SI and the
ipsilateral SII are anatomically adjacent and thus have two-way continuous source leakage.
Hence, the dipoles reflecting activity in SIIg were fitted to the evoked responses with the
prior estimated SI activity removed, if such activity was found to override activity in SIIg
resulting in no plausible SIIy dipole locations. The used method is presented below.

Localizing spatiotemporally adjacent sources

1. Fit a set of dipoles D (N20m and/or P35m) to the evoked response represented by
sensor-level data m.

2. Compute the corresponding source time courses (see Equation 14) and the respectively
induced data m; at the sensor-level.

3. Calculate the difference between the original and source-induced sensor-level data to gain
residual data m,, = m — myg, which is not explained by the sources of D.

4. Fit a dipole to the residual data with sensor selection corresponding to Sllgr and pick the
most plausible dipole in terms of GoF and location.

The MNS-evoked source time courses for SI and SII were computed using MEG data
with the MNE inverse operator defined in Equation 9 (where R = I is the identity matrix
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due to no prior information on the sources). The time courses § were computed with the
use of the localized sources, such that

$ = L (L L™ + \*C) 'm, (14)

where Lg consists of the fixed orientation surface forward operators corresponding to the
sources. The source orientations were fixed to the cortical mantle. The noise covariance
matrix was estimated from the 300-ms pre-stimulus baseline period of the pre-processed
epochs to capture both ambient and background brain noise.

The modelled sources were the SI-N20m and bilateral SII-P100m -sources found with
dipole fitting. The fitted dipoles already correspond to source localization and the MNS-
evoked cortical activation patterns are well known, hence, only a small regularization
parameter A = 1072 was applied. In some cases, when the GoF near the initial peaks of
SI and SII was low with reliable dipole locations or clear leakage from later SI activity
was observed, additional sources from SI were trialed in the source model. While the
applied sources commonly increased the GoF of the model, they were rejected because their
inclusion increased the spreading of the SIIy response to the respective SI time courses.

3.4.2 Responses evoked by transcranial magnetic stimulation

The MNS-evoked somatosensory responses are commonly studied using MEG and have
been shown to produce consistent results in somatosensory source localization [4, 72]. As
discussed in Sections 2.1.3 and 3.1.2, MEG provides a higher spatial resolution compared
to EEG. Additionally, the subject-specific dipole location of N20m was used in stimulation
targeting in the following TMS-experiment. Thus, for accurate comparisons between
stimulus modalities, the TMS-EEG source localization was performed using prior spatial
information of the dipoles fitted to MNS-MEG data.

Due to the differing stimulation modalities and stimulation site adjustments made during
the measurement, the respective sources corresponding to each of the MEG-fitted dipoles
can not be fully trusted as the being the same sources of TMS-evoked activity. Hence, for
each source, a free-orientation dipole scan was performed for each source location estimated
from MEG data. The dipoles corresponding to the highest GoF at specified time ranges
were chosen as the TMS-evoked SI and SII sources. The first 10 ms were rejected from
analysis due to prevalent stimulus artifacts. The stimulation was directed at SI and all
subjects produced relatively high values of GoF for SI at early times, and hence, the SI
dipoles were fitted to times between 10 and 25 ms. In the case of SII dipoles, a time window
between 10 and 130 ms was used in dipole fitting. Larger time windows resulted in higher
individual dipole GoF values, but inadequacies in the multi-dipole model.

As in the case of MEG, the sources corresponding to the fitted current dipole correspond
to specific columns in the EEG lead field L. While L is not invertible, its pseudoinverse Lt
can be calculated using the singular value decomposition (SVD) and used as an inverse
operator. As the spatial priors gained from MEG are heavy and the TMS-evoked responses
are not well known, no additional regularization was applied after the pseudoinverse is
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computed, such that SI- and Sll-sources are given the freedom to explain the maximum
amount of the EEG data. Thus, the source time courses were computed as

S=Lim, (15)

where Lg holds the respective fixed orientation surface forward operators corresponding to
the SI and SII current dipole sources fitted to TMS-EEG data. The approach is similar (in
the sense of LSE) as in the source time course estimation from MEG data, without the
inclusion of the noise covariance.

3.5 Latency detection

The N20m and the initial SI and SIT TMS-evoked responses were temporally sharp. Thus,
the time-lags of the responses were analyzed with the respective peak latencies. Contrarily,
the bilateral MNS-evoked SII-P100m responses are temporally wider and can hold a wider
peak lasting for multiple milliseconds. Thus, the actual peak of the MNS-evoked SII response
is less-well defined due to the duration of activation and deviances in the source time courses
caused by adjacent sources.

Many different physiological parameters ranging from individual heights to neuronal
firing rates follow skewed Gaussian distributions [75]. For those MNS-evoked SII source
time course peaks that were not explicit, the peak latencies were determined by computing
a skewed Gaussian fit to the SII waveforms using LSE [76]. The basis of the method is to
estimate the center (peak latency) T', amplitude A, skew «, and standard deviation w of a
skewed Gaussian pulse model

G(t) = Ap(ts)P(aty), (16)

where t is the time, t, = =, ¢(t) = 3= exp(—t?/2) is the standard Gaussian pulse, and
D(t) =3[1+ erf(%)] is its respective density function, such that

{f7 A\7 6[, &\J} = argmin{T,A,a,w} | |§H - G| |27 (17)

where sy; is the right or left SIT waveform from the multi-dipole model.

3.6 Global field amplitude

Global field amplitude (GFA) is a metric representing the overall magnitude of MEG and
EEG signals in the sensor space, agnostic for the exact location of the signal source [77, 78].
Taking the unit differences in sensor-level results into account; EEG electrodes measuring
electric potentials and MEG sensors (magnetometers and gradiometers) measuring magnetic
fields, GFA provides a robust way for global temporal comparison of brain responses across
subjects and measurement modalities. For sensors m of the same type, GFA is calculated
as [77]

GFA(t) = J S o(my(t) — m(t))2, (18)

i=1
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where m; is the measured data at sensor ¢ and mi(t) is the mean over all N sensors at time
t.

The average sensor-level results in the MNS-M/EEG protocol were calculated as the
subject-wise mean over individually calculated GFA values. For summarizing topographical
results for the somatosensory responses, the topographies corresponding to individual GFA
peaks were aligned. In the case of the MNS-evoked bilateral SII responses, where if no
clearly defined P100-corresponding GFA peaks were found, the timing of the responses
were determined with visual topographical inspections of the sensor-level evoked responses.
For TMS-EEG, only the temporal sensor-level GFA values were averaged due to high
topographical variances.

3.7 Model validation

Source time courses describe the electrical activity of the sources over time. The estimated
source time courses S were used to predict the data at the sensor-level. For each time point,
the source activity -induced magnetic field components and respective potential differences
at the sensors were calculated as m = LgsS, where Lg consists of the columns of the lead field
matrix corresponding to the sources of 8. The constructed source models were validated by
first calculating the Goodness of Fit (GoF) for all discrete time points ¢ and then observing
the GoF values corresponding to the time points near the modelled response peaks in s.

GoF has been a prevalent metric in validating source models via consequent source-
induced topographies in M/EEG literature [79]. GoF describes the similarity between the
data generated by the inversely-estimated brain activity m and the measured data m. A
high GoF value indicates a well-fitting model while a low GoF' indicates an inadequate
model, which may result from the lack of modelled sources. GoF is analoguous to the
coefficient of determination used in linear regression and is calculated as

GoF=1—-"—-——. (19)

The dipoles fitted to TMS-EEG data were fixed to the respective locations of the dipoles
fitted to MEG data, and thus, their statistical significance needed to be determined. The
statistical significance of the fixed-location dipoles were determined using bootstrapping. For
a time point ¢ corresponding to the time of a fitted dipole chosen for source modelling, the
respective GoF distribution was computed using a set D, of 1000 dipoles fitted to random
locations in the brain at time ¢ and calculating their values of GoF. The random locations
were chosen with replacement from 8196 lead field source locations. The chosen dipoles

were validated by computing their GoF percentiles in the respective GoF distributions of
D,.
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4 Results

4.1 Evoked responses

Evoked responses and the corresponding topographies of interest were used to validate
the success of the performed measurements at the sensor level. For all subjects, GFA (see
Equation 18) was calculated and averaged resulting in the measurement and sensor type
specific GFA curves shown in Figure 10. All subjects elicited clear MNS-evoked activation
patterns in SI visible in the full sensor space. As depicted by the standard deviances in
Figure 10, the temporal consistency of the N20 responses was high while there were further
deviations in the later SI responses. Furthermore, two different types of SI waveforms were
observed with respectively substantially different relative magnitudes in early P35, and
in later P60 and P75 SEF /P components, which are denoted by the increased waveform
deviances in Figure 10. For the TMS-evoked responses, 2 prevalent peaks at approximately
15 and 50 ms were observed for all subjects; for the remainder of this thesis, the respective
TMS-evoked responses will be referred to as 151 and 501. Due to the differing topographies
across subjects, the polarity of the responses could not be robustly defined. Similarly, as in
the MNS-evoked responses, the temporal consistencies of responses are increasingly deviated
with time.

Average global field amplitude

MNS-MEG (Magnetometers) MNS-MEG (Gradiometers)
P35m P35m
130 c25
© 80| N20m é—-l_r) N20m
30 5
0 100 200 0 100 200
MNS-EEG TMS-EEG
15
55 P35 25 T 501
2 1.5
=15 N20
0.5 0.5
0 100 200 0 100 200
Time (ms)

Figure 10: Average global field amplitude across measurements and sensor types.
Standard deviation is denoted by the gray area. For convenience, stimulus artifact -related
time windows have been replaced with noise derived from the respective baseline periods.
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The topographies corresponding to the individual peaks of the MNS-evoked N20, P35,
and P100 responses were averaged across sensor types and subjects (see Section 3.6), and
are presented in Figure 11 below. At the topographical level, the prevalent initial N20 and
P35 SEF /P components in SI were clearly visible in all subjects across all sensor types.
Furthermore, even the more varying bilateral SII responses are clearly identifiable from
both the MEG and EEG topographies. However, most notably in the case of P100, the
average topographies are dominated by the stronger responses.

The 157 and 5017 components were relatively consistent at the temporal scale. However,
their respective spatial activation patterns differed across subjects. 157 is depicted as
both uni- and bilateral activation patterns. In turn, 507 is more commonly represented by
bilateral activation patterns at the topographical level. The topographical results suggest
inter-hemispherical parallel processing between the right and left SII, with emphasis toward
the right SII. However, only based on the visual topographical inspection, the exact location
of a dipolar source can not be determined. Due to the large deviances across topographies,
the topographical results for TMS-EEG were not averaged; for all subjects, the prevalent
topographies based on GFA are presented in Appendix C.

Gradiometers Magnetometers EEG
fT/cm N20 T - 0\

80 )\ LA 1.0
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Figure 11: Averaged aligned MNS-evoked N20, P35, and P100 topographies.
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4.2 Skull conductivity

Prior to TMS-EEG source modelling, three-layer BEM models with individually calibrated
skull conductivity values (Section 3.3) were created for each subject using dipole modelling
with the MNS-evoked P35 SEF and SEP components. The GoF was calculated for each head
model with different conductivities resulting in the skull conductivity — GoF relationship
-curves displayed in Figure 12 below. For each subject, the value of skull conductivity
corresponding to the highest GoF was used in head modelling for TMS-EEG source
modelling. A GoF maximum was found for each skull conductivity calibration procedure.

100
————

90 / Subject Oy (MS/m)  GoF (%)
= —sS1 3.8 95
S
= 80 S2 6.9p 96
L
4 _ —s3 1.6p 93
s 70 / —s4 8.7p 89
[
k= — 55 4.5 88
S 60 \ w2
) —5Sb6 4.0f 92

50 ‘ S7 2.4p 96

1.0 1.7 3.3 6.01133

Skull conductivity (mS/m)

Figure 12: Skull calibration curves for all subjects. Figure legends hold the subject
number, the estimated conductivity og, and the corresponding GoF'. Indices of oy, refer
to the dipole used in SEP-estimation in the calibration algorithm from Section 3.3.

The values for skull conductivity were given as scales of the conductivities of the brain
and the scalp such that the last value on the z-axis (after 33 mS/m) in Figure 12 corresponds
to a three-layer homogeneous 330-mS/m BEM head model. As shown by the calibration
curves, the GoF substantially decreases with a high skull conductivity; except for Subject
6, where the respective GoF is increased with a homogeneous 330-mS/m BEM head model.
In turn, the GoF does not decline as fast with smaller relative values of skull conductivity.

For some of the subjects, the commonly used 6-mS/m value for skull conductivity [80, 81],
would have not substantially decreased the GoF'; except for Subject 3, where the respective
GoF declines to below 50%. For three-layer BEM head models with a skull conductivity of
6 mS/m, which in this case corresponds to a conductivity ratio of 55 between the tissues,
the average GoF was 81 & 16%, which is 12% lower with higher deviation compared to the
calibrated head models resulting in an average GoF of 93 +£3%. The average estimated skull
conductivity was 4.6 £ 2.3 mS/m (the standard error of the mean (SEM) was 0.9 mS/m).
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4.3 Somatosensory sources

The contra- and bilateral responses respectively in the right SI (N20m) and SII (P100m)
evoked by electrical MNS at the left wrist were localized using dipole fitting. The same
respective source locations were retrieved for TMS-EEG free-orientation source localization
and consequent source time course estimation.

The spatiotemporal localization of the source corresponding to the initial N20m response
could be performed for all subjects without sensor specifications. However, sensor selection
was still applied for ensuring the fine tuning of the source orientations. Due to higher
latencies and overlapping cortical activity and leakage from SI, there were substantial
inter-subject and inter-hemispherical differences in the difficultness in the localization of
the bilateral SII-P100m response. Commonly, the left hemisphere activity was easily found
while localizing the activity in the right hemisphere required further steps. For all subjects,
sensor selection and multiple SII-P100m dipole candidate -tuples were trialed in consequent
source time course estimation. Additionally, some subjects required prior SI source time
course estimation and respective component removal to enhance the prevalence of the
SIIr-P100m responses (see Appendix B for specifications). The SII dipoles were picked
based on their plausible location and the GoF-validated performance of the multi-dipole
model. In the case of TMS-EEG, where the locations of the dipoles were pre-defined using
MEG data, the dipoles were picked only based on GoF.

The relative consistencies in source estimation also show in the orientations of the fitted
dipoles as shown in Table 1. As denoted by the standard deviance, the orientations of the
N20m and P100m dipoles were consistent compared to the dipoles representing TMS-evoked
activity — an effect further displayed in the source time courses. The average GoF values (in
%) of the SI, SIIg, and SIIj, dipoles fitted to TMS-EEG data were respectively 82.4 £ 6.8,
83.7 £6.1, and 78.2 + 8.1, respectively located at percentiles 90.7 + 7.6, 88.5 + 9.7, and
78.4 £ 11.0, in the respective GoF distributions.

Table 1: Consistency of dipole orientations. Mean + SD of normalized SI and SII
dipole orientations due to electric MNS at the left wrist and right-hemisphere SI TMS. R:
Right hemisphere and L: Left hemisphere.

MNS-MEG TMS-EEG
X y 7 X y 7
Mean £+ SD
Slg —-05+01 07+£02 0.3+0.2 —-02+03 05+£06 —-0.2+04
SIIx —-03+£0.1 02404 0.8+0.2 —-0.1+£03 0.0Z£0.5 —0.6+0.6

SITy, 0.2£0.2 0.6 £0.3 0.6 £0.2 0.2£0.5 —0.3£0.5 0.0x£0.6
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Time courses

As one would expect with the consistencies in source localization of the MNS-evoked
somatosensory sources, the peaks of the SI-N20m responses were relatively consistent across
all subjects while the bilateral SII-P100m response peak latencies and respective magnitudes
were deviated; see Figure 13. However, for each subject, the bilateral SII peaks were still
prevalent at similar times (see Appendix D). The MNS-evoked response peaks of SIIg and
SII;, were wider in some subjects. Thus, respectively for Subjects 1 and 3, and Subjects 1, 2,
3, 5, and 6, the SIIg and SII}, source peak latencies were defined with the skewed Gaussian
fit presented in Section 3.5. The mean difference of the times between MNS-evoked SIIg
and SIIj, peaks was 3.0 ms. The average peak magnitude of the MNS-evoked time courses
of SIIg was higher compared to SIIy,, which is in line with the sensor-level results; see the
P100 topographies in Figure 11. As shown in Figure 13, while the average waveforms
of TMS-evoked activity have at least one common peak, the subject-wise variability was
substantially higher in all sources when compared to the MNS-evoked activity.

The values of GoF' of the multi-dipole models for MNS-evoked activity, however, were
not generally satisfactory. Near the respective initial peaks of SI (2-ms window), SIIg (4-ms
window), and SIIj, (4-ms window), the highest values of GoF (in %) were 52 4 28, 64 + 18,
and 62 4 19, respectively. The GoF was able to be enhanced with the inclusion of additional
sources from SI in the multi-dipole model. However, this resulted in the spreading of the
SIIg peak to the used sources in SI, and was thus not applied. Furthermore, more visually
satisfactory time courses for SIIg were found with the use of non-plausible SIIg dipole
locations near SI. These were not used due to the heavy anatomical priors and to mitigate
SI-SIIg leakage in the later TMS-EEG source modelling.

A substantial increase in the GoF of the multi-dipole model was commonly found near
the 151 and 507 responses. Surprisingly, the GoF also often increased near 100 ms after the
stimulus onset (1001 response). Increase in the GoF values suggests neural activity at the
respective times. However, the respective peak values of GoF (in %) for the responses were
30 £ 35, 49 = 24, and 44 4 19, which are highly deviated, and hence suggest inconsistencies
in the source model and/or in the stimulation protocol, or high inter-subject differences.

As shown in Figure 13 and Appendix D, the average TMS-evoked waveforms of especially
the ipsilateral SI and SII elicit similar early activation patterns. However, clear initial
SI-dominant and later ongoing bilateral SII behaviour is observable. While the average
SII;, waveforms also share similarities with the contralateral SI and SII waveforms, the
components are more varying, on average. The information on the TMS-evoked time courses
presented in Figure 13 and Table 2, are averaged results of all subjects despite the differing
stimulation intensities; for subject-specific topographies and time courses, see Appendices
C and D.
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Figure 13: Average estimated time course amplitudes for SI and SII. Standard
deviation is denoted by the gray area. For convenience, stimulus artifact -related time
windows have been replaced with noise derived from the respective baseline periods. R:
Right hemisphere and L: Left hemisphere.

Table 2: Source time course peaks. MNS-MEG: mean + SEM of initial SI and SII
response peak magnitudes and latencies due to electric left-wrist MNS. Due to inconsistencies
in the subject-wise source models, TMS-EEG: prevalent peak magnitudes and respective
latencies due to right-hemisphere SI TMS in the respective average source time courses. R:
Right hemisphere, L: Left hemisphere, and SEM: Standard error of the mean.

MNS-MEG TMS-EEG
Area Magnitude Latency Magnitudes Latencies
(nAm) (ms) (nAm) (ms)
Mean £ SEM
SIg 8.1+23 19.7£0.5 (33.7,10.3) (16.0,45.0)
STy 39.9+ 7.3 96.3 +6.1 (26.8,18.4,17.9) (16.0,46.0, 144.0)
SII, 35.0+£ 7.2 99.3 +4.6 (17.1,13.6,12.3, (16.0,33.0,63.0,
11.4) 88.0)
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5 Discussion

The goal of this Master’s thesis was to infer the nature of connectivity between SI and SII
by comparing responses in the respective areas evoked by electrical MNS at the left wrist
and TMS targeted at the right-hemisphere SI; respectively measured with M/EEG and
EEG.

The post-MNS-onset latencies of SII across hemispheres were relatively similar, which
suggests inter-hemispherical parallel processing between the SII cortices. This is also
supported by the similar latencies in the TMS-evoked waveforms. As shown in Figure 13,
the MNS-evoked bilateral peaks of SII were commonly temporally wider or "w'-shaped,
which suggests that SII may receive inputs from other cortical areas and from the thalamus.
Although, it is possible that intra-areal SII feedback connections also play a role in the
temporally wider deflections of activation, they would not explain the relatively sharper
peaks of TMS-evoked activity in SII. Furthermore, there were differences in the lopsidedness
of the MNS-evoked SII waveforms (see Appendix D), such that the waveforms eliciting
earlier peak latencies (Subjects 3-5) were more lopsided to the left, and the other waveforms
eliciting later latencies were, in comparison, more lopsided to the right. The differing
lopsidedness in the responses with early vs. later deflections may respectively suggest
possible inter-subject differences in the dominance of either SI-driven or thalamocortical
inputs to SII. Left-hemisphere-dominant SII activity due to bilateral MNS is suggested in
literature [44, 45]; given the stronger and earlier activation elicited at Sllg, it may still be
that SII, is generally dominant while the contralateral SII is dominant due to unilateral
sensory stimuli.

As presented in Table 2 and Appendix D, the estimated TMS-evoked SIIg activity
is stronger compared to the contralateral side, which supports SI-SII connectivity and
stimulus-dependent ipsilateral SII -dominant activity. Furthermore, the less statistically
significant results for the SII}, dipoles compared to the dipoles in the right hemisphere in
TMS-EEG suggest stronger direct ipsilateral connectivity, or possibly no direct SIg—SIIy,
connectivity. As TMS is a central stimulation method, the differences in the SII waveforms
due to TMS compared to MNS suggest that SII also receives information from the peripheral
nervous system bilaterally via thalamocortical pathways. It may be that the two possible
signal inputs corresponding to the "w'-shaped peaks of MNS-evoked SII activity are elicited
on SIIg such that the SI-driven peak precedes the peak due to inputs via thalamocortical
pathways. However, the intermediate steps taken by the proposed pathway between SI-SII
can not be determined based on the performed experiment. For example, the connections
may also be corticothalamocortical, given the corticothalamic feedback connections from SI
[58, 82]. For further assessing the nature of connectivity, additional research and dynamic
causal modelling, are required.

Taking into account the hemispherical differences in the left-wrist MNS-evoked SII
waveforms, SIIg may work more in conjunction with the ipsilateral SI, and that SIIj, acts
as an adaptive system for future processing of similar stimuli from the right side of the
body. It is also possible that SIIg and SIIj, are inter-hemispherically connected. However,
as suggested by the deviated TMS-EEG source models and the peak topographies, the
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TMS-evoked activity may arise from SIg and SII, only from Sly, or from nearby areas.
In turn, as presented in Section 4.3, the free-orientation dipole scan resulted in relatively
high values of GoF, which suggests that SIr, SIIg, and SIIj, are activated by TMS targeted
at SIg. However, due to the anatomical adjacency of the ipsilateral SI and SII and the
proposed nature of bilateral SII activation, the protocol of choosing the SIIz dipoles based
on GoF may have been dominated by activation in SIg.

Limitations and improvements
Measurements

For both TMS-EEG and MNS-M/EEG measurements, the EEG preparation and defining
the correct stimulation parameters, takes substantially longer compared to the actual
measurement. As suggested by the noisy MNS-evoked SII waveforms in Subject 1 (see
Appendix D), where only 200 median nerve stimuli were used, compared to others with 300,
the inclusion of additional trials results in substantially smoother waveforms. Even though
the SNR is relative to the square root of the number of trials, additional stimuli on top of
the performed 300, for both measurement modalities, would be beneficial in terms of the
increased SNR vs. the small additional measurement time. The increased SNR could also
easen SII dipole fitting. The reduction of the intensity used in TMS for Subjects 5-7 from
120 to 90% rMT also resulted in less muscle artifacts, which should be taken into account
in future measurements when stimulating the somatosensory area.

MNS and TMS are different stimulation modalities and hence evoke neuronal activity
differently. MNS is a form of PNS, and can hence be assumed to activate naturally associated
neurons in SI via thalamocortical pathways and in SII. However, TMS favors the activation
of neurons that are closer to the scalp and specifically oriented in relation to the induced
electric field. In addition, the stimulation target was adjusted for receiving a higher SNR.
Hence, it is possible that those neurons in SI that are responsible for the N20 response or
for the possible signal transmission between SI and SII, were not sufficiently activated.

As discussed in Section 2.3.1, contralaterally dominant bilateral activation patterns have
been observed when stimulating trigeminal nerves of the face. In TMS-EEG, the coil was
in constant contact with the head of the subject. Additionally, the electric field induced by
the TMS pulse is felt by the subject. Thus, it is possible that the TMS-EEG data also
includes activation in the left SI, which may be mixed with the supposed activity in the left
SII [83]. This could explain some of the inconsistencies in the bilateral activation patterns
in the TMS-EEG topographies (see Appendix C), and the differing activation patterns in
SII;, compared to SIlg. All stimulations in the TMS-EEG protocol were performed with
a hand-held coil, except in the case of Subject 4, where the TMS coil was mounted, and
thus caused more pressure to the head of the subject. This may have constituted to the
differing source-level waveforms and the least statistically significant dipoles of Subject 4
when compared to other subjects.

The TMS-EEG measurement protocol and data analysis could mitigate sensory stimuli.
A slight increase of the scalp-to-coil distance would negate the effect of sensations evoked by
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touch due to no physical contact between the TMS coil and the scalp. However, placing the
coil to a fixed location, such that the coil is not in contact with the head of the subject, is
hard in practice. In the case of the TMS-pulse-evoked sensations, little can be done as lower
stimulation intensities may weaken the TMS-evoked responses relatively more compared to
the weakened sensations evoked by the TMS pulse. In analysis, the possible left hemisphere
SI-SIT leakage could be mitigated by estimating the activity in SIp,, and then performing
the dipole orientation optimization protocol to residual data with the activity from SIj,
removed (similarly as with MEG data; see Section 3.4.1). The symmetry-somatotopically
divided functional areas of SI are well defined, which could be used as prior information in
finding the possible source location from SIy,.

Skull conductivity calibration

Skull conductivity calibration was performed individually for each subject using the secondary
response in SI (P35) measured with M/EEG for enhancing the accuracy of the head model
used in TMS-EEG source modelling. For each skull calibration procedure, a clear global
GoF maximum was found; see Section 4.2. The GoF values at the approximated skull
conductivities were higher and substantially less deviated when compared to the commonly
used 6-mS/m skull conductivity value in three-layer BEM models [80, 81]. The results
suggest that the individual skull conductivity calibration was successful and is a procedure
that should be taken into account in simultaneous and M/EEG measurements for enhancing
the efficiency of MEG and EEG source modelling.

The differing sensitivity patterns of M/EEG signals were shown especially in Subject 6,
which suggests that a dynamic approach for multimodal M /EEG source localization should
be taken into account. The differing dipole orientations may also be affected by the dipole
location derived from MEG. For example, the SEF dipole could be used as a non-fixed
spatial prior for the SEP dipole, which could be given the freedom to move in a small
volume around the SEF dipole. The brain and scalp are not identical tissues, and hence, in
reality, do not have the same conductivity. As the constructed method in Section 3.3 works
with tissue-wise conductivity values for the brain, skull and scalp, the conductivities of the
brain and scalp could also be estimated.

As shown in Figure 12, Subjects 3, 6, and 7 have slightly outlying calibration curves.
These may stem from, for example, inaccurate EEG topographies or disproportionate
segmentations of the skull. The cerebrospinal fluid strongly affects the volume currents,
which the EEG signal is sensitive toward [84]. Thus, an additional layer corresponding to
the cerebrospinal fluid could be included in the head models for acquiring more realistic
results.

Median nerve stimulation -evoked responses

In practice, the protocol in fitting SII dipoles, particularly in the right hemisphere, from
MEG data, was inconsistent across subjects. For finding plausible locations for the SII
dipoles, different subjects required different gradiometric sensor selections, possible prior SI
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source estimation, and respective component removal. While sensor selection was applied
based on the anatomical location of SII and on the plausible activity seen in the sensor space,
there is room left for human error, which may lead to, for example, finding no plausible
sources.

A possible way for optimizing the protocol for SII dipole fitting would be to individually
optimize the sensor selection by finding the best cluster of temporal gradiometers resulting
in the best GoF for a dipole at a plausible location. EEG data could also be used in assessing
the plausibility of the two simultaneously active dipole orientations, as the bilateral P100
SEP was also prevalent in the EEG topographies; see Figure 11. The effect of ipsilateral
SI-SII leakage could also be mitigated by computing subject-specific volumetric functional
regions of interest respectively based on the locations and orientations of the fitted SI and
SIT dipoles, such that the leakage between the regions are minimized. With the use of
regional time courses, the GoF of the multi-dipole model would most likely be enhanced.
For example, while the localization of the N20m dipole was consistent, its amplitude was so
low that it was partially overridden by the other components, or almost completely hidden
in the three-component multi-dipole model, resulting in the deviated GoF values across
source models at the time of N20m. However, the inclusion of customized regions of interest
could result in uncertainties in latency detection.

Transcranial magnetic stimulation -evoked responses

The TMS-EEG source time courses share common peaks, which suggests inter-areal parallel
processing or inefficient independent source extraction. Based on the moderate dipole
significances, it may be that different sources were also activated in the TMS protocol, and
thus the dipoles fitted to pre-defined locations from MEG data may not be sufficient in
TMS-EEG source estimation. The similar region-based approach discussed in the previous
paragraph, as well as the inclusion of a source corresponding to SIy,, could also improve the
extraction of independent sources (and improve the respective GoF values) from TMS-EEG
data.



45

6 Conclusion

The aim of this Master’s thesis was to infer the nature of connectivity between SI and SII
by comparing responses in the respective areas evoked by electric MNS at the left wrist
and TMS targeted at the right-hemisphere SI.

The MNS-evoked somatosensory responses were estimated in the right SI and bilaterally
in SIT from MEG data. The secondary somatosensory response in SI (P35) was used in
estimating the skull conductivity for creating accurate individual head models for TMS—
EEG source modelling. The locations of the N20m and P100m dipoles representing initial
activation in SI and SII, respectively, were used as spatial priors for estimating TMS-evoked
activity in the respective areas.

The skull calibration procedure increased the GoF of the P35 dipoles for all subjects. The
increase in the GoF values and the orientational differences in the respective SEF and SEP
components suggest that combining the information provided by the differing sensitivity
patterns of MEG and EEG signals should be taken into account in future multimodal
M/EEG and TMS-EEG studies. For both MNS- and TMS-evoked responses, activity
in the right SI and bilateral SII activation were found. The different SIT waveforms and
activation latencies across hemispheres and stimulation modalities suggest that SII receives
both inputs from the peripheral nervous system via thalamocortical pathways and from
SI. The earlier and stronger peaks of the right-hemisphere SII due to electric MNS at the
left wrist suggest that the contralateral SII is activated first, and is dominant in processing
unilateral somatosensory stimuli.
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Appendix
A  Measurement information

Table Al: Measurement and stimulation parameters. Stimulation counts and
measurement durations are approximated.

Parameter MNS-M/EEG TMS-EEG

Measurement

System MEGIN TRIUX™ neo Bittium NeurOne™

Measurement channels 102 magnetometers + 206 62 EEG

gradiometers + 32 EEG

Additional channels 1 bipolar EOG -

Sampling rate (Hz) 1000 5000

Duration 3xH min 3x3 min
Stimulation

Type Electric MNS at the left wrist TMS to the right SI

Intensity 150% rMT 120 or 90% rMT

IST 3s 2.0-2.3s

Stimuli/block 100 100

Total stimuli 300 300

For the pilot measurements (Subject 1), only the protocol in MNS-M/EEG differed from
those under the ethical permit: the measurement consisted of 200 stimuli in 1 block. The
ground electrode was attached to the head rather than to the left arm.

For Subject 6, the MNS-M/EEG measurements included one additional block due to
the stimulator shifting away from the stimulation spot during the first block. The data
from the first block was not included in the analysis.

For Subject 5, in TMS-EEG, using the 120% rMT stimulation intensity did not result in
as visually clear responses. Hence, the stimulation intensity was adjusted to 90% rMT
(initially as a trial), which evoked TEPs and caused a smaller magnitude in muscle artifacts.
The stimulation intensity was thus also adjusted to 90% rMT for the later TMS-EEG
measurements (Subjects 6 and 7).
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B Sensor selection

Top view of the sensor array
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Figure B1l: General MEG gradiometric sensor selections. The sensors are used
in dipole fitting to the responses in SI (N20m and P35m, using both planar and axial
gradiometers) and SII (P100m, using planar gradiometers). Outlines depict the general
area of sensor selection: Black: Right SI, Red: Right SII, and Blue: Left SII.
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Specifications

This section presents further specifications for the applied dipole fitting protocols for the
MNS-MEG multi-dipole model and for the P35m dipole in skull conductivity calibra-
tion. If no specifications for a specific dipole is presented, then the dipole was fitted
using the respective channels presented in Figure B1 above. Each dipole fitting proto-
col was attempted without specifications and was adjusted if no plausible dipoles were found.

Subject 1: Both planar and axial gradiometers (not including sensors 04.2,04.3, and 18.2)
were used for SIIy, dipole fitting. Planar gradiometers from sensors 13.4,24.1,24.4,22.2,11.3,
11.2,13.1, and 13.2, were used in Sllg dipole fitting.

Subject 2: Sensors 04.2,04.3,18.2,11.1,11.4, and 22.1 were not used in respective SIIy,
dipole fitting and the contralateral SIIy dipole was fitted with a free orientation using planar
gradiometers in sensors 13.4,24.1,24.4,24.1,22.2, and 11.3 to the respective contralateral
location of the SIIy, dipole.

Subject 3: The SlIg dipole was fitted using planar gradiometers in the union of the
representative SIIg and SI sensor groups. The SIIg dipole was also fitted using the residual
fitting technique presented in Section 3.4.1.

Subject 4: None.

Subject 5: The SIIg dipole was fitted using the residual fitting technique presented
in Section 3.4.1.

Subject 6: No sensor selection was applied in N20m or P35m dipole fitting. The overlap-
ping representative SI channels were not used in Slly dipole fitting.

Subject 7: No sensor selection was applied in N20m or P35m dipole fitting. The over-
lapping representative SI channels were not used in SIIg dipole fitting. The SIIg dipole
was also fitted using the residual fitting technique presented in Section 3.4.1. Sensors
04.2,04.3, and 18.2 were not used in SIIj, dipole fitting.
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C TEP peak topographies
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Figure C1: Sensor-level TEPs for Subjects 1—4. The stimulation intensity was 120%
rMT. Stimulation artifacts are prevalent during the first ~ 10 ms post-stimulation.
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Figure C2: Sensor-level TEPs for Subjects 5—7. The stimulation intensity was 90%
rMT. Stimulation artifacts are prevalent during the first ~ 10 ms post-stimulation.
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Figure D1: Estimated time courses in SI and SII for all subjects. For convenience,
stimulus artifact -related time windows have been replaced with noise derived from the
respective baseline periods.
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