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1. Introduction

“Language is a means of transmitting and processing information,

organizing sensory perceptions and expressing thoughts, feelings, and

intentions in the past, present, and future.”

This striking quote from Reinhard Rohkmamm [111] about the arguably most
fascinating single skill of humans is as poetic as it is on point. The human brain
endows us with the virtually unlimited opportunities and power of language. It
is our most complex organ, and potentially the most complex single device in
the world, which has allowed the development of the language function, a skill
exclusively in humans.

Conceptually, the functioning principles of the human brain—or body, in
general—are based on its anatomy and physiology. The structure of human
brain can be investigated in different levels, for example, ion, cell-membrane,
cell-population, microscopic, and macroscopic levels of the anatomy. The key part
of physiology is, then, to determine and understand the functioning principles
not only at each level but between the levels, so that the links between the
observation levels make sense, and the system becomes a unity.

Language connects us to the surrounding world and society, and it is difficult
to imagine a valuable life without it. Therefore, it is vital to understand and to
protect it. For example, brain areas necessary for language must be preserved
during a surgical removal of a brain tumor. This asks for excellence, both
from the operators and from the theoretical and methodological tools at hand.
Neuroimaging techniques can provide information about cortical organization
of brain functions; this Thesis aims at taking novel methodological steps to
bring added value to the toolbox of neuroscientists. A particular focus is kept at
language research, although many results of the Thesis are equally applicable
in other domains, where localization of brain functions is desired.

The purpose of the work presented in this Thesis is two-fold. First, the
Thesis aims to provide a means of locating language-related cortical areas with
magnetic brain stimulation, and second, to locate complex patterns of brain
activity by electrophysiological neuroimaging. Both aims are pursued with non-
invasive techniques, that is, without the need of opening the skull surgically,
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thus allowing investigation of both healthy and diseased brain.
The fast technical development provides constantly new insights and new

windows to look into the human brain. However, this also states a challenge
for the field; as the amount of different techniques and data are growing fast,
allowing almost unlimited possibilities for scientists, it becomes more and more
challenging to distil the core information from the data. After all, data should
yield evidence, evidence should yield knowledge, and knowledge should yield
understanding. Neuroscientists should put time and effort in finding the links
between these steps, so that eventually, the data and results would make sense,
so that the link between, e.g., neuronal activity and human behavior becomes
seamless.

The second law of incompleteness by the Austrian mathematician–philosopher
Kurt Gödel states, somewhat loosely speaking, that a system cannot completely
describe itself. This sets quite a challenge to neuroscience, where researchers
equipped with human brains are pursuing the full understanding of how the
human brain works. In my opinion, however, it is worth trying to get as close to
it as possible, to fulfill the curious mind of a researcher, and also to bring value
to the society and the scientific community.
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2. Aims of the Thesis

The general aim of this Thesis is two-fold. Both subgoals pursue to create better
understanding and use of bioelectromagnetic research methods, in particular,
brain stimulation (transcranial magnetic stimulation; TMS) and electrophysio-
logical imaging techniques (electro- and magnetoencephalography; EEG, MEG).
The subgoals integrate into an ultimate goal to provide better tools for basic and
clinical neuroscience using non-invasive bioelectromagnetic imaging methods to
investigate the human brain. The subgoals of the work described in this Thesis
were to design and implement

• TMS-based measurement methods for non-invasive investigation of human
language (Publications I–III), and

• novel source localization methods to analyze EEG/MEG data (Publications IV–
VI).

If these two methodologically-oriented goals are met, they result in new means
for neuroscientists to better study the brain processes behind human behavior,
which potentially leads to novel insights on the functioning of healthy or diseased
brains.

To meet the first goal, we aimed to develop a method that can create a causal
map of the cortical distribution of language-related areas with navigated TMS.
The method should be optimized so that the mapping procedure can be done
in a single session, to allow its clinical application in limited time. It should
provide a clinically significant presentation of the cortical language areas, that
is, a map that shows language-related areas that must be preserved during, e.g.,
a tumor resection. In addition, the method should be useful not only in clinical
surroundings, but also in cognitive neuroscience, and thus, be easily adopted by
other research organizations with the necessary equipment.

To fulfill the second goal, we aimed to provide better tools for investigating the
brain functions at the source level, in particular in situations where multiple
sources are likely activated (such as language). We focused on multiple source
classification (MUSIC) methods, as they are conceptually simple but efficient
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in analyzing spatiotemporally complex brain activity that manifests as a set of
multiple sources. As it is generally difficult to know a priori what kind of sources
generate the measured data, our focus was on methods that require relatively
limited amount of prior information in solving the bioelecromagnetic inverse
problem.

From this viewpoint, the primary aims of the studies included in this Thesis
were:

PI: Experimental design for non-invasive language mapping with
navigated TMS

To develop a systematic, non-invasive navigated TMS-based (nTMS) measure-
ment method that provides information about the locations of the cortical areas
necessary for language processing.

PII: nTMS language mapping during object and action naming

To find out whether the nTMS language mapping of perisylvian regions yields
different language localization results during object naming (nouns) than during
action naming (verbs).

PIII: Studying the cortical organization of language with nTMS on
bilinguals

To demonstrate nTMS as a tool for cognitive neuroscience, in particular, in
investigating the cortical organization of language in bilinguals.

PIV: More robust and reliable multiple source analysis I: weakly
correlated sources

To understand the mechanisms behind a performance-degrading limitation of
the RAP-MUSIC algorithm; to provide a solution to this issue so that recursive
MUSIC can be more reliably used for source localization.

PV: More robust and reliable multiple source analysis II: highly
correlated sources

To develop a method that is able to locate sources from EEG/MEG data, inde-
pendent of their potential mutual correlations in the time domain, in particular
when some of the sources may be highly correlated.
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PVI: A technical note on the analysis of tACS–MEG data

To explain by simple mathematical reasoning what happens when concurrent
tACS–MEG data are analyzed with conventional beamformers to obtain source-
level information, and hence, to help avoid misconceptions when the tACS–MEG
methodology is developed further.

5



Aims of the Thesis

6



3. Background

3.1 Human brain

The human brain belongs to the central nervous system and consists of the
cerebrum, cerebellum, and brainstem, covered and protected by the scalp, skull,
and cerebrospinal fluid. The protective upper layers of the human head rather
firmly defend our brains from external damage, but on the other hand, set a
challenge to those of us who want to study them non-invasively. As the main
measurement techniques concerned in this Thesis, TMS and EEG/MEG, are
primarily interacting with the superficial parts of the brain, we focus here to
the cerebrum, and more particularly, to its upper layers that form the cerebral
cortex.

The functional building blocks of the cortex, the neurons, are packed in the
alternating grooves (gyri) and folds (sulci) of the superficial parts of the brain.
The effective folding has allowed conserving of at least 1010 [31] neurons and
the large area of the human brain (roughly 2500 cm2 [136]) within a relatively
small volume. This roughly corresponds to folding a typical PC monitor inside
a handball. It is not, however, the number of neurons that makes the human
brain our most complex organ, but the connections between them. The network
of neurons contains approximately 200 trillion synaptic links [131] that allow
electrochemical information transfer within the neuronal network. The dense
and efficiently organized connectomy, that is, the neuronal pathways between
both nearby and distant areas in the brain, allows our unique information
processing abilities, making humans the most developed animals in the world.

The neuronal links are not fixed but they constantly change in time, according
to what we do, practice, and experience in life; if you read this Thesis carefully
enough, it may change the electrochemical state of your brain for a lifetime—
non-invasively. This dynamic procedure, called synaptic plasticity [67], allows
us to learn new skills and build memories. Synaptic plasticity is governed by
the Hebbian learning rule [41, 40], which states that neurons that fire together,
wire together; the links between synchronously active neurons become stronger,
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whereas those of non-interacting neurons become weaker, and eventually, vanish.
Plasticity, as a mechanism for learning, tunes the synaptic links for optimal
processing of relevant actions and information. It can change the functionality
of a brain area dramatically. For example, Cohen et al. [14] have shown that the
visual cortex of blind humans can take responsibility in Braille reading. On the
other hand, a lesion-induced plasticity can shift the initial locations of cortical
representations of functions (e.g., [112]).

The cortex is divided into four lobes: the frontal, temporal, parietal and
occipital (Fig. 3.1A). Some functions are relatively limited to specific regions. For
example, cortical representation areas for hand movement are mainly located
anterior to the central sulcus, in the motor cortex. On the other hand, language,
which is a more complex, cognitive process, requires a wide network of cortical
areas that extends over (at least) frontal, temporal, and parietal cortices [55, 16,
46]—there is no single “language cortex” in the brain. In general, irrespective
of the sophistication / cognitive level of the brain function under consideration,
neuroscience has evolved from a rather modular classification of certain brain
areas and their respective functions towards a network-level conceptualization
of processing. For example, it has been suggested that words related primarily
to motor actions (e.g., “kick”) are partly processed in the motor cortex, whereas
geometric objects (e.g., “cube”) are more dominantly processed in the visual
cortex [105]. Thus, perceptions, intentions, or actions are probably not processed
in a small specified area, but rather within large cortical networks of neuronal
assemblies. When a small part of a processing network is damaged, it may,
however, degrade the processing of the whole network, and thus, hinder the
related functions. Analogously, if, Kouvola were erased from the map, it would
affect the rail traffic in Helsinki, as well as in some towns in eastern Finland,
causing problems to commutation and tourism.

3.1.1 Cortical organization of language

The classical model of the organization of cortical areas involved in language
processing was initiated by the results of Broca and Wernicke in the second half
of the 19th century, and the model was unified by Geschwind, almost hundred
years later [8, 148, 69, 26]. Based on Geschwind’s model, cortical language
processing pathways consist of a posterior language comprehension part and an
anterior language production part in the left hemisphere, which are typically
referred to as Wernicke’s and Broca’s areas, respectively (Fig. 3.1A). The model
is based on the evidence from studies conducted post-mortem on patients who
suffered from language deficits; the results showed that language production
was damaged by a lesion in Broca’s area, and language comprehension by a
lesion in Wernicke’s area.

To date, the original model still has significance in describing the language
processing of the human brain, but it has been repeatedly shown to be in-
sufficient [45, 46, 103, 56, 55, 16, 18, 124, 17]. Currently, the state-of-the-art
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Figure 3.1. (A) The brain lobes with approximate locations of Broca’s (BA) and Wernicke’s (WA)
areas. (B) Current state-of-the-art model representing left-hemispheric areas related
to word production, with approximate post-stimulus onset times in milliseconds for
different processing steps; the processing stream progresses from temporo-parietal
to inferior frontal regions, and finally, to sensorymotor cortices. (C) Areas linked to
processing of word meaning by different studies using different methodology; e.g., Pul-
vermüller et al. have reported that the motor cortex processes action words, whereas
Salmelin et al. reported that superior temporal lobe processes word semantics. (D)
Language localization results from awake craniotomy, where different languages are
represented in different cortical sites; e.g., sites nearby and within the Broca’s area
processing English, Spanish, or German are tagged with respective national flags.
The picture (A) was modified from [28], (B) from [55], (C) from [105], and (D) from
[24], with permissions.

model for word production—or, “speaking”—has been introduced by Indefrey
and Levelt [56], and subsequently updated by Indefrey [55]. The current model
involves a much larger proportion of the cortex compared to the Broca–Wernicke–
Geschwind model (see Figs. 3.1A–B), including the right hemisphere. Left hemi-
sphere is, however, the language-dominant hemisphere in most people. Indefrey
et al. conducted extensive reviews of literature on language research [56, 55];
they concluded that the bilateral middle temporal gyri (MFG) are related to
lexical selection, posterior parts of MFG and superior temporal gyrus (STG)
are related to phonological coding, inferior frontal gyrus (IFG) contributes to
syllabification, and lateral parts of pre- and postcentral gyrus to articulation. In
addition, they suggest that STG, accompanied with supramarginal and angular
gyri, takes part by self-monitoring the whole process [55]. Altogether, these
areas are called perisylvian, as they are located around the Sylvian fissure,
which separates the frontal and parietal lobes above from the temporal lobe
below.
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Indefrey’s model suggests that words are processed in a stepwise manner,
and the process evolves from temporo-parietal to inferior frontal areas, and
finally, to lateral sensory and motor cortices. On average, this process takes
approximately 600 ms, which is the average response time in overt picture
naming tasks for undistracted naming [55]. The cortical organization of language
in word production, for example, during a picture-naming task, was investigated
in Publications I–III.

It is worth pointing out that neither the current theory describing the brain’s
language processing nor the evidence obtained by several neuroimaging tech-
niques is as simple as one could think based on the state-of-the-art model by
Indefrey and Levelt [56, 55] (Fig. 3.1B). As an example, one can see in Fig. 3.1C
studies that have linked processing of word meaning to different cortical areas.
Many of these studies have used different imaging methods to obtain their re-
sults. Fig. 3.1C visually points out the observation that Posner and DiGirolamo
[104] have phrased as: “there is some dispute about the exact areas involved”.
Indefrey’s model has been criticized by Strijkers and Costa [130], who suggest
that recent results show the model to be too simple, and hence, insufficient. The
technical and methodological development of neuroimaging has not always led
to a satisfactory convergence of our understanding of the human language. This
divergence of results does not mean that they are correct or wrong, but rather
that different study designs and methods reveal different aspects of cortical
language processing. Eventually, these different results should, however, form a
coherent unity. Understanding the human language in a neuroscientific level is
not only a theoretical/modeling problem but also a technological challenge. The
individual differences in spatial language-area distributions are significant [16],
and it gets even more complex with multilingual subjects or patients (Fig. 3.1D).

In my opinion, one challenge of combining the vast empirical evidence from
neuroimaging is that many of the commonly-used non-invasive experimental
designs give only correlation-based information. This means that they can map
cortical areas that take part in the language processing, but do not distinguish
areas that are necessary for language. Therefore, it would be beneficial to
develop methods that give causal instead of correlative evidence. Hence, we
could get a map of cortical areas that are actually needed for the function we are
studying. Navigated TMS (nTMS; see details in Sec. 3.4) is able to provide this
kind of information, and thus, could bring more light in the structure–function
relationships, both in the clinical and basic neuroscience of language.

Better source modeling techniques would also provide new insight into lan-
guage processing. Speaking is a highly dynamic task and so are the brain
processes behind it [55]. As EEG and MEG operate in a sub-millisecond time
scale, they could be optimal tools to gain insights about millisecond-scale lan-
guage processing in the brain, when combined with a proper set of analysis tools
and research questions.
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3.2 Electro- and magnetoencephalography

EEG and MEG are non-invasive electrophysiological imaging techniques for
neuroscience that are closely related to each other. EEG measures voltages (i.e.,
electric potential differences) on the scalp, and MEG measures magnetic fields
outside the head, both generated by brain’s electrical activity. EEG sensors,
i.e., electrodes, are placed as an array on the scalp, and MEG sensors, i.e.,
magnetometers and gradiometers, are placed outside the head in a helmet-
shaped array (see Fig. 4.10). Essentially, MEG is the magnetic analogue of EEG,
so they can be discussed together. Their differences are discussed in the end of
this section.

EEG and MEG have an excellent, even sub-millisecond temporal resolution,
allowing investigation of rapidly changing activity states of the brain. The
measured signals of interest are weak, of the order of microvolts in EEG and
picoteslas for MEG, and they are measured relatively far away from the neuronal
signal generators. In addition, the large conductivity difference between the
skull (a poor conductor) and the scalp (a good conductor) dampens and smooths
the electric fields from the brain, weakening the spatial resolution of EEG. The
measured EEG/MEG signal consists of the signals of interest, i.e., the brain
signals, and noise and artifacts. Non-invasive EEG/MEG cannot measure the
activity of a single neuron or synapse. Instead, EEG/MEG originates from a pop-
ulation of synchronous postsynaptic potentials (PSPs) [47, 31]; approximately
106 synchronized synapses in nearby locations are needed to generate measur-
able EEG/MEG [49, 31]. This corresponds to 10 mm2 area in the cortex, given
an approximate density of 105 /mm2 pyramidal neurons.

Information is transferred between two neurons via a synapse. A synapse is
an electrochemical system, where neurotransmitters transfer the information
from neuron to another, modulating the electric potential in the post-synaptic
membrane of the synaptic junction. Unlike action potentials, the post-synaptic
currents are slow enough for temporal summation and oriented so that the
fields they produce can be detected with EEG/MEG [31]. Therefore, PSPs are
considered as the source of the brain activity seen in EEG and MEG [31].

At the cellular level, the mechanisms governing the electrical activity are
very complex, containing, for example, various ion channels and pumps that
are coupled with each other. These cell-membrane level phenomena are very
difficult to detect with current EEG/MEG technology. On the other hand, when
the measurement is carried out relatively far away from the neurons within a
human head, we can omit these complex phenomena, and investigate electro-
magnetism in a macroscopic level instead. In this level, bioelectromagnetism is
governed by the quasi-static approximation of Maxwell’s equations, where the
time derivatives are omitted and biological tissue is assumed to be an electrically
linear ohmic conductor. This approximation is used to describe and investigate
EEG and MEG (and to some extent, TMS). The quasi-static approximation of
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the Maxwell’s equations is [31, 102]:

∇·E = −∇·Jp

σ
, (3.2.1)

∇×E = 0 , (3.2.2)

∇·B = 0 , (3.2.3)

∇×B = μ0(Jp +σE) , (3.2.4)

where E is the electric field, B the magnetic field, Jp the primary current density
that represents the neuronal activity, “the source” in macroscopic sense, σ the
conductivity, and μ0 the permeability of free space, and ∇· and ∇× are the
divergence and curl operators, respectively. We can see from the equations above
that the primary current (density) is the source of both electric and magnetic
fields. The primary current density is a macroscopic model of the non-ohmic
currents in the tissue due to neuronal activity. Thus, Jp is an equivalent current
that represents all the complex and non-linear electrical phenomena of the cell
level, such as the fast current flows in ion channels and pumps over an isolating
cell membrane as well as the effects of the cell-membrane structures, in the
macroscopic world [137]. It describes the (macroscopic) electrical state of the
brain, which may change in time.

After defining the primary current as the source of brain activity measured in
EEG and MEG, the bioelectromagnetic observation model becomes linear. Thus,
EEG and MEG can be considered as a linear projection from the source space to
the sensor space:

Y=LS , (3.2.5)

where Y is the measured EEG or MEG data, L the electric or magnetic lead-field
matrix and S the source-amplitude matrix, that is, the discretized primary
current density in the brain measured as a function of time. In this Thesis, it is
assumed that the sources are limited to the cortical surface, and thus, the source
space is represented by the primary current on the cortical surface. Accordingly,
we define the source space to be the cortical surface. To allow the computation
of the forward model, i.e., the mapping between the source signals and the
corresponding measured signals, in practice, the continuous and thus infinite-
dimensional source space is discretized. This is done by setting a discrete grid
over the cortical surface and placing an element of primary current to each grid
point. For each grid point, that is, from each candidate source point, the linear
projection to the sensors is computed. A topography of a (candidate) source is
the projection of the elementary brain activity to the measurement sensors.

Although EEG and MEG share the signal generators in the brain, they have
some differences. First, MEG is often considered to have superior spatial res-
olution (e.g., [68]), i.e., the ability to distinguish two closely located sources,
compared to EEG. The skull and its conductive inhomogeneity affect EEG sig-
nals significantly more than MEG signals. Second, EEG and MEG are sensitive
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to differently oriented neuronal structures; MEG is dominantly sensitive to
tangential sources, whereas EEG is sensitive to both radial and tangential
sources [31]. Third, EEG sees deeper into the brain than MEG, as the sensitivity
of MEG decreases fast as a function of depth in the head. Fourth, the mag-
netic fields from the brain are very weak, only a small fraction of the strength
of Earth’s magnetic field, so the MEG measurement must be performed in a
magnetically-shielded room, whereas EEG can be recorded virtually anywhere
[31]. In summary, what MEG sees, it sees likely better than EEG, whereas EEG
sees probably a larger proportion of brain structures than MEG. The advantages
of MEG compared to EEG come with a price—literally—which is about two
orders of magnitude higher than that of multichannel EEG. On the other hand,
MEG does not require long preparation of the sensors, and can thus be measured
faster than EEG.

EEG/MEG signals can be analyzed in sensor and source levels. The sensor
level refers to the sensor readings signals; a measurement vector gathered from
all sensors at a single time point is called a topography. Naturally, sensor level
data can be also studied by using only one or a subset of sensors. The source
level refers to investigating the brain-level generators of the measured data.
To unmix the measured signals into separate sources, some source modeling
technique is needed to transform the viewpoint from the sensor level to the
source level. Both sensor and source level signals can be investigated in terms
of their temporal and/or spatial properties.

3.3 Source modeling

In EEG/MEG source modeling, which is a typical example of an inverse problem,
given the measurement and the forward model as in Eq. (3.2.5), we want to solve
for the sources, that is, to compute "S=L−1Y". This is not straightforward, as
this bioelectromagnetic inverse problem is fundamentally ill-posed. A well-posed
problem has three characteristics: (i) the problem has a solution, (ii) the solution
is unique, and (iii) the solution is a continuous function of initial conditions
[30, 7]. In addition, to make the problem well-conditioned, it should not be very
sensitive to measurement noise. If any of the conditions (i–iii) is not satisfied, a
problem is ill-posed.

Another limitation in solving the bioelectromagnetic inverse problem is that
we don’t have accurate information about the system at hand; instead, we have
noisy data and only an approximate forward model available. The inverse
solution is obtained by fitting the data to the forward model with the aid of some
additional assumptions, or, constraints. For example, one could assume that
the source in the brain is a single dipole [4, 119], or a cortically constrained
distributed source with minimal L2-norm [32].

If the MEG/EEG data is, however, generated by multiple sources the above-
mentioned assumptions are typically not valid anymore. Then, one can, for
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example, assume that the data is due to multiple focal, spatially separable
sources that can be modeled as a set of equivalent current dipoles, each having
a location p and an orientation η [31]. These sources represent focal electrically
active brain regions. In the work presented in this Thesis, I focused on this
approach. Note that the above-mentioned assumptions are somewhat stronger
than those needed for the distributed, e.g., minimum-norm type, solutions. From
now on, let us assume that the data originates from n sources. For simplicity,
the theory regarding source-orientation estimation is left out of the introductory
part of the Thesis; details can be found in Publications IV–V. The data model in
EEG/MEG can be represented by the linear data equation

Y=Y0 +ε=AS+ε , (3.3.1)

where A = [l(p1,η1), . . . ,l(pn,ηn)] is the mixing matrix containing the source
topographies l j, Y0 = AS the noiseless data matrix, and ε the noise matrix.
The mixing matrix is the true but unknown mapping of the n sources to the
measurement sensors. The amplitudes of the sources generally depend on time
and they are represented as the rows of the time-course matrix S. There is some
noise in the measurement, represented by ε.

Let us assume that the lead-field matrix L containing the topographies of the
source candidates is accurate enough, so that the true sources are approximately
represented by an unknown subset of the candidate sources. With the forward
model, a localizer function is constructed and evaluated for each candidate
source; the local optima (typically maxima) of this localizer correspond to the
estimated source locations. The discretized region of interest can be thus called
the scanning grid.

3.3.1 Multiple signal classification

Multiple signal classification (MUSIC) is a source localization method that
belongs to the family of adaptive spatial filters [120, 79, 121]. It is based on
the idea of estimating two mutually orthogonal subspaces, the signal and noise
spaces, from the measurement data. Then, an orthogonal projector to the
estimated signal space is applied to each candidate-source topography in order
to evaluate, does that topography belong to the signal space or not.

Assuming that the noise-signal generators in the data model in Eq. 3.3.1
are uncorrelated with each other and with the source time-courses, the data
covariance matrix can be separated into the brain-signal and noise parts: C=
C0 +σ2I, where C0 and σ2I are the covariance matrices corresponding to signal
and noise, respectively, and σ is the noise level. Then, the signal and noise
subspaces can be separated by applying an eigenvalue decomposition (EVD)
to the data covariance matrix; the eigenvectors of the data covariance matrix
corresponding to the n largest eigenvalues represent the signals from n sources,
and the rest represent noise. Using this decomposition, an estimate of the
signal space and an orthogonal projection to this space can be determined. This
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Figure 3.2. A schematic illustration of the MUSIC principle. The topography vector l1 is pro-
jected to the signal space (grey) with the signal-space projection Ps. As the norm
of Psl1 is essentially smaller than the norm of l1, it is unlikely that l1 is a source
topography. On the other hand, as the norms of Psl2 and l2 match, it is likely that l2
is a source topography.

signal-space projection is then applied to the topographies of the candidate
sources in the forward model, that is, each topography in the ROI is scanned
with the signal-space projection (see Fig. 3.2). Maximum values of the projection
correspond to source locations.

In its simplest form, the scalar MUSIC localizer μM(p) is

μM(p)= ‖Psl(p)‖2

‖l(p)‖2 =
⎧⎨
⎩

= 1 , if p is a source, and

< 1 , otherwise.
(3.3.2)

The signal-space projection Ps is defined as UsUT
s , where Us = U(:,1 : ñ) is

obtained from the eigenvalue decomposition C=UDUT of the data covariance
matrix, and ñ is the initial estimate of the dimension of the signal space, which
should be at least as large as the assumed number of sources (n, as above).

Recursively-applied-and-projected MUSIC (RAP-MUSIC) was introduced to
overcome the difficult problem of finding multiple local maxima from a single
localizer value distribution [79]. Instead, RAP-MUSIC locates sources one-by-
one, so that each source corresponds to the global maximum of one recursive
step. It is based on projecting out the information of the already-found source
estimates by means of an orthogonal projection Qk = I−BkB†

k, where Bk contains
the topographies of the already-found sources, and † denotes the Moore–Penrose
pseudoinverse. Adding the recursive procedure on MUSIC makes the automatic
source estimation easier to implement and may also help in detecting weak
sources, when the information of stronger sources is first projected out.

We observed that the original RAP-MUSIC had a hidden deficiency that pre-
vents from estimating the number of sources correctly, and it needed to be
corrected (Publication IV). The deficiency is due to incomplete out-projection
of the residuals Qkl j, where l j is the unknown true topography of the source j.
These residuals are fundamentally nonzero as the forward model is always some-
what inaccurate, that is, Qkl j is not zero, though Qk l̂ j = 0; l̂ j is the approximate
topography of l j, represented in the computed forward model. This discrepancy
leads in practice to high residual localizer values, for example in the vicinity of
already-found sources, which may degrade the performance of RAP-MUSIC. We
refer to this issue as the “RAP dilemma”, and provide an analysis and solution
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to this problem in Publication IV.

3.3.2 Beamformer

Beamformer (BF) is an adaptive spatial filter that is used for source localization
from EEG/MEG [140, 141]. It is based on forcing the BF filter to pass the
brain activity at one location, while the output power from other locations is
attenuated by a linear constraint. Given the data covariance matrix and the
forward model, a beamformer estimates the source power at all locations of the
scanning grid. The maxima of the filter output correspond (approximately) to
the source locations, and thus, the beamformer can be interpreted also as a
localizer.

In its simplest form, the beamformer localizer [141] is defined as

μBF(p)= 1
l(p)C−1l(p)

, (3.3.3)

where C is the measurement covariance matrix, and l(p) is the topography
of the source candidate at a scanning-grid point p (with a fixed orientation).
Several modifications of the basic formula have been developed. For example,
depth-weighting [121], or different forms of exploiting a priori information about
the underlying sources or the noise [141, 145] can be exploited to obtain more
sophisticated beamformer localizers.

Conventional beamformers assume that the brain-signal sources are uncor-
related, i.e., their time courses are mutually orthogonal. If this assumption is
valid, a beamformer estimates not only the locations of the sources but also
their powers. In other words, it finds the source locations and time-courses
simultaneously. On the contrary, MUSIC estimates only the source locations,
and the time-courses need to be solved separately. However, if the sources are
correlated, beamformer yields erroneous source-power estimates, as we discuss
in Publication VI.

High temporal correlations between sources may also lead to incorrect local-
ization results. To overcome this limitation, modifications of the beamformer
methods that can tolerate source correlations have been developed. The original
“dual-source” beamformer [9] successfully located correlated pairs of sources,
but it came with a high computational cost, seriously limiting the use of the
technique. Further development has been made to speed up the computations by
substituting non-linear optimization procedures with linear means and deriving
closed-form expressions for the algorithms [19, 20, 78]. In Publication V, we
reported a novel MUSIC method that is able to locate both uncorrelated and
highly correlated sources.

In Sekihara and Nagarajan’s book on adaptive spatial filters [121], the follow-
ing formula in the Appendices connects MUSIC and beamformer:

1
lTC−1l

= 1
lTUsdiag ((d1 +σ2)−1, . . . , (dn +σ2)−1)UT

s l+1/σ2‖UnUT
nl‖2

, (3.3.4)
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where the left-hand side is the basic beamformer localizer as in Eq. (3.3.3) [141],
and on the right-hand side, the latter term in the denominator is the noise-space
version of MUSIC [79], which is just the converse of Eq. (3.3.2), where the noise
space Un instead of the signal space Us is used (di are the eigenvalues of the
noiseless data covariance matrix). This shows that the methods are indeed
closely related; sometimes MUSIC is actually called a subspace beamformer.

3.4 Transcranial magnetic stimulation

TMS stimulates the brain non-invasively with strong and brief magnetic pulses
[5]. A basic TMS stimulator circuit consists of a capacitor, a switch, and the
stimulating coil. Electric charge is loaded to the capacitor; after the switch is
closed, the capacitor is discharged and alternating current flows through the
coil, generating a magnetic field according to Ampère’s law [57]. The magnetic
pulse induces an electric field in the conducting tissue, including the brain,
according to Faraday’s law of induction [57]. The electric field leads to charge
accumulation on cell membranes, which changes the membrane potentials in the
targeted neurons. If the stimulation is strong enough, the underlying neuronal
populations may be depolarized to a level which triggers action potentials. Thus,
TMS transiently changes the electrical state of the brain, which may be seen in
behavioral changes, e.g., muscle movement or transient language deficits [99, 71].
In addition to the behavioral and peripheral electrophysiological methodology
such as electromyography (EMG) [5], the effects of TMS on the brain can be
measured directly and non-invasively from the brain with concurrent EEG
[53, 58, 52], and possibly with MEG [6]. Technical development has allowed the
concurrent combination of TMS and EEG (TMS–EEG), and MEG can be used to
study the effects of TMS offline [53, 52, 54].

TMS can be applied in several different ways, for example, as single pulses, or
with continuous or intermittent repetitive pulses (rTMS) [6]. Single-pulse TMS is
typically used to evoke motor-evoked potentials (MEPs) and other input–output
measures of brain’s reactivity and connectivity, as well as for investigating
brain dynamics in millisecond time resolution [5, 53, 95, 76, 10]. Although
modern TMS methodology allows focal targeting of the stimulated site, TMS
does not only change the electrophysiological state of the small target area;
its effects, lasting for several hundreds of milliseconds, can be detected in
whole-brain-scale neuronal networks, for example, by TMS-evoked potentials
in EEG [53, 76]. Repetitive TMS can, for example, disturb undergoing brain
activity and to interfere with relatively long-lasting processes, such as speaking
[94]. It may be more efficient in situations where the exact time-instant of
the target function is unknown or variable, and where maximal likelihood
of affecting the target function is preferred to chronometry (see, e.g., [94, 22,
37]). When applied according to the globally accepted guidelines, TMS is a
safe technique [113] to transiently change the electrophysiological state of the
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brain in a reproducible manner [70]. The TMS effect is not only dependent
on the stimulation parameters [80], but also on the brain state at the time of
stimulation [123, 122, 85, 147]. We demonstrated the state dependency of TMS
due to different cognitive tasks in Publications II and III.

State-of-the-art TMS systems are accompanied with real-time neuronavigation
[115, 34]. A navigated TMS system (nTMS), based on, e.g., optical tracking,
allows monitoring and controlling of the relative positions of the stimulating
coil and the subject’s head. When combined with a 3-D reconstruction of the
subject’s cortical anatomy obtained from magnetic resonance images (MRIs), the
induced electric field in the cortex can be estimated real-time [52]. The relatively
focal TMS pulse can be targeted to the desired cortical area with excellent
precision and a good accuracy of even 6 mm [115], which enables systematic and
reliable separation of functions that are represented close to each other on the
cortex [35, 99]. The accuracy of nTMS depends, however, on the targeted brain
location, nTMS being more reliable in the sensorimotor areas than in lateral
and prefrontal areas [89].

The main clinical application of nTMS is non-invasive presurgical motor map-
ping [99]. In brain tumor surgery, there are two main goals, (i) to remove as
much tumor as possible, and (ii) to preserve healthy brain tissue, in order to
protect essential functions, such as motor and language processing. A careful
presurgical plan is required to achieve these goals. After non-navigated TMS had
shown sufficient functional resolution to differentiate motor representations of
different hand muscles [152, 66], nTMS developed relatively fast [51, 50], show-
ing ability to block sensations with somatotopical specificity [35]. Navigated
TMS is currently a widely-used clinical tool for locating motor representations
for presurgical planning [99, 100, 25]. In this “nTMS motor mapping”, TMS
is applied to different cortical areas; if stimulation of a targeted area evokes
measurable motor activity, for example, movement or MEPs in a thumb muscle,
this area is marked as motor-related in the individual MRIs of the subject or
patient. Several different cortical representation areas, for example, for hands,
arms, legs, and lips, can be located with nTMS motor mapping [99, 61].

The invasive gold standard for mapping motor and language functions of
patients is direct cortical stimulation (DCS) [97], and nTMS can be considered
its non-invasive version. In DCS, an open surgery is needed in order to map
motor functions with a stimulating electrode placed on the cortex; patients are
typically anesthetized during DCS motor mapping. In language mapping with
DCS, an awake surgery is necessary, so that the patient can perform a language
task during stimulation. In Publication I, we reported—loosely speaking—a
“language analogue” for the nTMS motor mapping.
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3.5 TMS in language research

TMS is able to provide causal brain–language relationships in healthy subjects.
Since the pioneering work of Pascual-Leone, where TMS was used for the first
time to induce speech arrest [94], TMS has become a useful technique to study
the human language function (for a review, see [18]). For example, a link between
motor and language systems has been demonstrated with TMS; stimulation of a
specific motor representation affected processing of action words in a category-
specific manner [108], thus linking primary motor areas to semantic processing.
In a clinical setting, TMS has been suggested as a substitute for the intracarotid
amobarbital test (IAT, or Wada test) in determining hemispheric language
dominance, with variable but promising results [22, 23, 3]. Before the results of
Publication I, however, nTMS had not been applied to the functional mapping of
cortical language areas.

In studies PI–PIII we selected picture naming as the language task during
TMS. This task was chosen because it employs all stages of word production,
and is widely used both in basic research and in clinical settings investigating
language (see, e.g., [125, 36, 98, 16]). Pictures are shown to the subject manually
or with a presentation software, and the subject is asked to name them out
loud as fast as possible. Task performance can be measured with reaction times
and accuracy. TMS interferes the brain’s processing of word production and
can cause delayed responses and naming errors [94]. Naming errors can be
classified, for example, into three categories: phonological paraphasias (e.g.,
banana−→“banaka”), semantic paraphasias (e.g., banana−→“apple”), and no-
response errors (e.g., banana−→“—”) [16].

3.6 Transcranial alternating current stimulation

Transcranial alternating current stimulation (tACS) is a relatively new tech-
nique, where alternating current is driven between electrodes placed on the
scalp [86, 2]. Part of this current reaches the brain and may modulate ongoing
electrical activity [93]. Unlike TMS, tACS stimulation, resulting in only 0.5 V/m
electric fields at maximum [93], is too weak to generate action potentials. For
comparison, typical TMS-induced electric fields are of the order of 100 V/m [52].
Instead, tACS is considered to modulate the endogenous brain oscillations [135].

Combining tACS to synchronous EEG and/or MEG measurement could be
useful in understanding the functioning principle of tACS and in monitoring its
effects online [6, 135]. To date, however, few studies have managed to record con-
current tACS–EEG or tACS–MEG without the data being irreversibly corrupted
by the large stimulation artifact. In the sensor level, the large stimulation
artifact is masking potential brain-level effects. Therefore, it has been suggested
that using beamformer [141, 146] as a signal processing step could remove
the artifact, and simultaneously, convert the data from the sensor domain to
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the more insightful source domain [126, 82, 153, 83]. Based on recent results
obtained with carefully designed experiments and methodology [82, 153], the ar-
tifacts have been indeed suppressed and the brain signals have been potentially
recovered. However, when the source-level time-courses have been transferred
to the frequency domain, the data have been corrupt [153]. No comprehensive
explanation had been given to this observation. Recently, “non-linearities” in the
measured signals, for example, due to breathing and the heart-beat, have been
suggested to explain the remaining artifacts after beamforming [88]. This propo-
sition is based on the idea that beamformer, being a linear estimator, cannot
tolerate non-linearities in the data, and thus, artifacts may occur. In Publication
VI, we provide another, simpler explanation to this two-fold question: (i) why
the stimulation artifact seems to vanish in source level after beamforming, and
(ii) why it likely disrupts the subsequent (frequency) analysis of the source-level
signals.
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4. Summary of Publications

4.1 PI: Non-invasive language mapping with nTMS

In this study, we designed and implemented an nTMS-based cortical mapping
method for locating language areas, which can be used for example in surgical
planning. Non-navigated TMS had been earlier used to induce language errors
with variable results [94, 18, 151], but navigated TMS had not been utilized in
surgical planning regarding potential language areas. On the other hand, nTMS
had been successfully used in the presurgical mapping of motor areas [99, 100].
Preserving language and motor areas during brain surgery is equally important,
but no method had been able to provide accurate information about the locations
of cortical areas necessary for language non-invasively. Therefore, we decided to
develop a “language analogue” of the nTMS motor mapping paradigm.

We designed a measurement setup, where bursts of rTMS were time-locked
with a picture-naming task, and subject’s performance and the navigation dis-
play showing the stimulated cortical areas were video-recorded. The video
recording of the measurement sessions allows not only the offline analysis of the
naming errors, in particular the subtle ones that are difficult to observe during

Figure 4.1. The pipeline of the nTMS language mapping procedure designed in Study I. A picture
is shown to the subject, followed by a TMS bursts of 5 pulses at 5 Hz frequency. The
subject is asked to name the objects; the undergoing language processing can be
disturbed by the TMS bursts, which may lead to naming errors.
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the measurement, but also evaluating the level of discomfort or distraction of
attention of the subject.

Stimulus-locked TMS bursts were applied with stimulation parameters that
had previously been shown effective for inducing naming errors [22]. In order to
minimize coil heating and subject’s discomfort, we chose to minimize the amount
of stimulation so that it overlapped with the supposed time-window of language
processing in the brain [56, 116] as well as possible (Fig. 4.1). This selection
should also increase the language specificity of the stimulation paradigm.

Navigated TMS was applied with the eXimia NBS 3.2 (Nexstim Plc., Helsinki,
Finland). A custom-made tightly fitting velour strap accompanied with a solid
frame of optical trackers was used for monitoring the head position. The head
tracker allowed undisturbed stimulation of the lateral temporal areas, which
is not possible with typical eyeglasses-type head trackers with bows. Brief test
measurements were carried out prior to the language mapping, to familiarize
the subject with the stimulation, and to decrease the stimulation intensity in
5–10% steps from the initial value if the subject felt discomfort.

Color photographs of common objects were shown to the subjects during the
picture-naming task (see Fig. 4.2A). Naming of all pictures without nTMS was
carried out before the nTMS session. Pictures that were incorrectly or hesitantly
named in this baseline naming were removed. Thus, the nTMS language-
mapping session was always conducted with an individual subject-validated
image stack.

A wide range of perisylvian frontal, temporal, and parietal areas in the left
hemisphere was mapped in order to cover cortical regions that potentially take
part in language processing [16]. Each picture was followed by a train of 5 TMS
pulses at 5 Hz with a figure-of-eight coil, 300 ms after the picture onset. In aver-
age, 359 rTMS trains were given. The subject’s performance was analyzed from
the videos by comparing the naming performance during TMS with the baseline
naming; stimulated cortical areas that corresponded to likely-TMS-induced er-

Figure 4.2. (A) An example of a picture stimulus from the Study I. (B) An example of TMS
language-mapping results from a single subject, overlaid on a 3-D representation of
the subject’s cortex (Study I). A large perisylvian area was mapped; orange markers
show the sites where TMS was applied, and green markers depict the sites where
TMS induced naming errors.
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rors were marked as language-related. The language area distributions were
reconstructed and visualized on an individual 3-D model of subject’s cortex (see
Fig. 4.2B).

Naming errors were induced in all subjects. The results showed that our
nTMS language mapping method was successful in producing naming errors
during picture naming, and the approach allowed straightforward analysis and
visualization of the language-area maps. Thus, the method showed potential
to be useful in presurgical mapping, as well as in basic language research.
The language-localization results matched well with the traditional model of
cortical language organization [26], as IFG and (posterior) STG were repeatedly
classified as language-related. On the other hand, the results also add up to
the accumulating evidence that the traditional language model is insufficient
[55, 16, 118, 90], as the observed language-related areas were distributed also
outside the traditional Broca’s and Wernicke’s areas. There was a significant
variation of the mapping results across subjects, emphasizing the importance
of individual language mapping in, for example, surgical planning of a tumor
patient, in order to preserve language functions while maximizing the tumor
resection [21, 16].

4.2 PII: Sensitivities of object and action naming to nTMS

As a direct continuation of PI, we tested whether the nTMS language-mapping
method developed in PI results in different maps of cortical language areas
when applied during object and action naming. Action-naming errors have
been associated specifically with parietal language-related areas in invasive
DCS mapping of patients [15, 72], and action naming has been considered more
demanding than object naming [77].

We conducted an nTMS language-mapping measurement in eight healthy
subjects. We used two sets of pictures, one representing common objects (nouns)
and the other representing common actions (verbs). We mapped a wide range of
left-hemispheric perisylvian regions during both object and action naming with
the paradigm introduced in PI (see Fig. 4.1). We analyzed the measurements
offline from the video recordings and observed no-response errors, as well as
phonological and semantic paraphasias [16, 125].

The stimulated cortical target locations corresponding to the observed likely-
TMS-induced errors were marked on the individual cortical reconstruction
of each subject. The cortical anatomy was annotated to anatomical regions
according to an anatomical atlas template from previous studies [71, 101]. The
naming errors were classified by error type and anatomical location manually.

TMS induced more errors during object naming than action naming in seven
out of eight subjects. In general, object naming was more frequently disturbed
by TMS than action naming (93 vs. 33 observed naming errors in all subjects,
p<0.01; see also Figs. 4.3 and 4.4). Overall, the type, number, and location
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Figure 4.3. The nTMS language-mapping results during object and action naming from Study
PII. All TMS-induced naming errors of eight subjects are overlaid on a cortical
surface. Modified from [43] with permission.

Figure 4.4. Summary of different naming errors during (left) object and (right) action nam-
ing from Study PII. Most of the induced naming errors were no-response errors,
particularly in object naming.

of the naming errors varied across subjects. The language mapping results
during the two tasks were distributed to rather similar areas, but object naming
errors were more frequent. Therefore, to avoid false negatives in the nTMS
language mapping, we recommended using object naming. On the other hand,
the results suggest that different stimulus types or tasks can depict different
aspects of language, which could be useful in basic neuroscience of language.
The results also support our previous statement of Publication I that nTMS
language mapping is a useful tool in locating language areas non-invasively.

4.3 PIII: nTMS for studying language organization in bilinguals

In Publication III, we demonstrated how nTMS can be applied in investigating
the neuronal organization of language in bilinguals. More specifically, we studied
whether the language network in the bilateral posterior IFG (pIFG) is shared or
language-specific for the native languages of early bilinguals. This was done by
using brief stimulus-locked rTMS bursts delivered to the left and right pIFG,
and to a likely language-unrelated control site.

We stimulated 15 healthy right-handed adults, while they performed picture-
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Figure 4.5. Publication III showed a language-specific effect to TMS delivered at the left pIFG.
(A) shows the naming onset times (represented by the ex-Gaussian statistical mea-
sure τ) during TMS compared to baseline and (B) compared to the (averaged) control
condition. TMS induced more slow responses when the picture naming was per-
formed in Finnish than in Swedish. * corresponds to p < 0.05, ** to p < 0.01, and ***
p < 0.001. Modified from [33] with permission.

naming tasks in Finnish and in Swedish. The subjects were fluent speakers of
Finnish and Swedish. Naming performance was recorded with a microphone
and naming latencies during target area stimulation were compared to the
baseline (i.e., naming without TMS) and to the latencies during a control site
stimulation. Short bursts of four TMS pulses [37] at 40 Hz were delivered so
that the onset of stimulation was triggered 200 or 300 ms after the picture onset.
Naming latencies were analyzed with an ex-Gaussian approach, which provides
a statistical means to investigate the most delayed responses, i.e., the right-side
tail of the naming latency distribution, represented by a measure τ (see Fig. 4.5)
[150, 42].

In general, the naming performance was rather similar in the native languages
of the bilingual speakers. In particular, there was no difference in the naming
latencies in Finnish or Swedish in the baseline naming task. We observed,
however, a language-specific effect for TMS delivered to the left pIFG at 200 ms
poststimulus (Fig. 4.5). The result indicates that there could be distinct language-
specific neuronal populations in the common language areas, like Broca’s area,
and that these neuronal assemblies can be assessed by causal means in healthy
subjects with navigated TMS.

4.4 PIV: RAP-dilemma removal with a corrected MUSIC-localizer

We had planned to apply the original RAP-MUSIC source-localization method
[79] for our data analysis. However, we observed in a simple EEG test simulation
a hidden deficiency in the algorithm that prevents from estimating the number
of brain-signal sources accurately. In Publication IV, we analyzed this issue
that we refer to as “the RAP dilemma” and provided a solution by designing a
recursive MUSIC localizer, TRAP-MUSIC, which is free from the RAP dilemma.
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Figure 4.6. Localization results of RAP-MUSIC and TRAP-MUSIC in a simulated MEG case
(Publication IV). The residuals due to incomplete out-projection of signals corre-
sponding to already-found sources make the subsequent RAP-MUSIC recursions
messy. These residuals are efficiently cleaned out in the TRAP-MUSIC, thus allowing
classification of the maxima of recursions 1–3 as sources and 4–6 as extra steps.
Picture adopted from [81] with permission.

The recursive process of the original RAP-MUSIC leaves residuals of the
incompletely removed topographies of the already-found sources, leading to
large “left-over” localizer values that often occur in the vicinity of already-found
sources (Fig. 4.6). These left-over values degrade the performance of RAP-
MUSIC, in particular, making the estimation of the number of sources difficult
(for more details, see Sec. 3.3.1 and Publication IV). We showed that the RAP
dilemma can be overcome by applying a sequential dimension reduction—a
truncation—on the estimated signal space. This correction is technically very
straightforward and is implemented without any computational cost, but has
significant consequences in performance.

We showed with simulated EEG and MEG data with varying source configura-
tions, initial estimates for the dimensionality of the signal space, and SNRs that
TRAP-MUSIC estimates the number of the sources significantly more accurately

Figure 4.7. The maximum localizer values of RAP-MUSIC and TRAP-MUSIC as a function of
the recursion step for (A) EEG and (B) MEG; each panel depicts a different number
of recursions (4≤ ñ ≤ 9), and the results are averaged over one thousand simulations
(Publication IV). The true number of sources was three in all simulations, and the
number of recursions was varied. TRAP-MUSIC gave a clear contrast between the
recursions steps corresponding to “true” and “false” sources. This did not happen
with RAP-MUSIC. Picture adopted from [81] with permission.
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than RAP-MUSIC; essentially, it allowed the classification of the true and false
sources when the number of performed recursions is larger than the number of
true sources (Fig. 4.7). In practice, the number of the recursions must always be
overestimated if the exact number of sources is unknown. Finally, we validated
TRAP-MUSIC by applying it on measured MEG data due to monosensory (e.g.,
hand) and multisensory (e.g., hand+visual) stimulation. TRAP-MUSIC located
evoked brain activity correctly to the primary motor and/or visual cortices.

4.5 PV: Locating highly correlated sources from MEG

In Publication V, we designed a source localization method that is robust and
reliable in cases where the temporal correlations between sources may be very
high. The method is based on the out-projection of potentially disturbing source
activity; in a broad sense, the idea is similar to RAP-MUSIC [79] where in-
formation due to already-found sources is projected out while the remaining
sources are estimated, but the application and conceptual details are different.
First, we introduced the non-recursive “double scanning MUSIC”, DS-MUSIC,
and compared it with other non-recursive source localization methods that are
suitable for locating multiple sources. Second, we introduced the recursive ver-
sion, RDS-MUSIC, and compared it with the well-established recursive source
localization method, RAP-MUSIC, in simulations (Fig. 4.8) and in measured
auditory-evoked MEG (Fig. 4.9).

In DS-MUSIC, source localization is conducted by scanning over all pairs
of candidate sources, say, p and q, accompanied with an out-projection of one
source topography at a time. If the localizer is evaluated for the source p, an
orthogonal projection, similar to Qk in Sec. 3.3.1, is constructed for q. The left

Figure 4.8. RDS-MUSIC vs. RAP-MUSIC in a simulated MEG case with a synchronous source
pair (Publication V). The localizer values for recursion steps 1–4 are visualized on
the ROI with a colormap and their global maxima are marked with red circles. White
dots represent the true source locations. As predicted by the theory, RDS-MUSIC was
able to locate both sources, while RAP-MUSIC located only one of them accurately,
and also produced a false source estimate between the true sources.
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Figure 4.9. RDS-MUSIC vs. RAP-MUSIC in a measured MEG case during auditory stimulation
(Publication V), which evokes bilateral synchronous activity to the auditory cortices
[143]. The localizer values are visualized with a ’hot’ colormap scaled from 0.75 up to
one. The global maxima of the localizers, which correspond to the estimated source
locations, are marked with black dots. RDS-MUSIC was able to locate both sources
accurately to the bilateral primary auditory cortices, whereas RAP-MUSIC was not.

and right sides of the data equation (3.3.1) are operated with this out-projection,
which breaks the potential link between sources p and q due to correlation (for
details, see Publication V). If the sources p and q were initially uncorrelated,
the out-projection does not affect the localization. Therefore, DS-MUSIC can
locate both highly correlated and uncorrelated sources.

We simulated MEG data with numerous different source configurations with
varying spatial and temporal characteristics. In particular, we demonstrated
that if MEG data are due to both uncorrelated and synchronous signal sources,
(R)DS-MUSIC is an efficient and robust method for source analysis, performing
better than the compared methods. On the other hand, if the sources were only
due to weakly correlated sources or only synchronous sources, the performance
of (R)DS-MUSIC was satisfactory.

4.6 PVI: Simple explanation for the effects of beamforming on the
tACS artifact in MEG

Stimulating the brain synchronously with tACS during an MEG measurement
could be useful for investigating brain oscillations [126]. Beamforming has been
suggested for removing the large tACS artifact in MEG [153, 82, 83], but the
mechanism for the removal has not been properly described. We briefly showed
by simple linear algebra why a beamformer is “insensitive” to the tACS artifact,
and what may happen when the artifact removal is not perfect.

To explain the phenomenon, we studied the data model in (3.3.1) in the case
of two equally strong temporally correlated sources ’1’ and ’2’. The time-course
vector of source 1 can be decomposed as s1 = s̃1 + s⊥1 where s̃1 = s1sT

2‖s2‖−2s2
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Figure 4.10. Visualizing the signal-loss effect of beamformer in a simple simulation scenario
(Publication VI). (A) shows the model geometry, (B) simulated magnetometer data
due to synchronous sources at a single time point, (C) simulated tACS-equivalent
sources in the ROI, and (D) and (E) show the beamformer localization results for
100% and 98% correlated source time-courses, respectively. In (D–E), high localizer
values (close to one) are visualized with yellow, and low values (close to zero) with
blue. Modified from [74] with permission.

is the orthogonal projection of s1 on s2, and s⊥1 = s1 − s̃1 is perpendicular to s2.
Then, Eq. (3.3.1) gets the form

Y= l1s1 + l2s2 +ε= (
αl1 + l2

)
s2 + l1s⊥1 +ε , (4.6.1)

where α= s1sT
2‖s2‖−2. Because s1 and s2 are strongly correlated, i.e., s1 ≈ s̃1,

then s⊥1 ≈ 0, and the true topographies l1 and l2 do not belong to the signal
space estimated from the measured data covariance matrix. Therefore, the true
source locations are seen poorly by a typical topographical scanning method like
beamformer. From Eq. (4.6.1), we can draw three conclusions: (i) if the sources
are synchronous (i.e., s⊥1 = 0), they can be invisible in a beamformer scan, (ii)
s⊥1 �= 0 defines the “visibility” of the source, so that small s⊥1 �= 0 corresponds to
correlated and s⊥1 = s1 to uncorrelated sources, and (iii) false sources may occur
due to the sum topography.

The tACS-induced artifact (referred to as “correlated noise” [82]) is seen as
a large, sinusoidal artifact that looks a lot the same as MEG data due to two
separate synchronous sources. By making this analogue between correlated
noise and correlated sources, we conducted a simulated case of two synchronous
sources (Fig. 4.10C) generating MEG data that topographically resemble the
tACS artifact in the sensor space (Fig. 4.10B). If the sources were synchronous
and thus 100% correlated, they became invisible in the beamformer localization
(Fig. 4.10D); in our simulations with a correlation of 0.98, small peaks were
seen at the true source locations in the beamformer localizer, but a stronger
peak was observed between the true sources, which could be misinterpreted
as a source location (Fig. 4.10E). Perfectly synchronous signal generators (due
to brain activity or external electrical stimulation) would likely be invisible in
conventional beamformer. However, any uncorrelatedness in the tACS signal
represented in the measurement data could yield some visibility of the artifact.
As the artifact is huge, e.g., a thousand times larger than the brain signals of
interest, a left-over visibility of one-thousandth of the original artifact could
dominate the brain activity and thus, destroy the signal analysis.
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5. Discussion

Language localization with nTMS

In Publication I, we introduced the nTMS language-mapping paradigm that
applies brief stimulus-locked TMS bursts during picture naming. The method
showed to hold potential in the non-invasive localization of cortical language
areas, and is, to my best knowledge, the very first study introducing a causal non-
invasive mapping tool for language. Navigated-TMS language mapping provides
a map of cortical areas linked to language; this information is useful, e.g., in
surgical planning prior to a tumor resection. The method is the non-invasive
analogue of the invasive gold standard of presurgical mapping, DCS [16, 101],
and it should be a beneficial addition to the toolbox of clinical neuroscientists,
as correlative neuroimaging techniques are often considered insufficient [129,
13, 63]. Prior to TMS language mapping, fMRI was the only widely-available
clinical tool for locating language functions non-invasively [101]. The advantage
of fMRI to TMS (and MEG) is that it can assess deeper brain structures, and
that the fMRI signal is independent of the orientation of the signal sources
[132]. However, fMRI is considered insufficient for language mapping due to
tumor-induced shifts and modulations of the signal near intracerebral lesions
[101, 139, 91]. In addition, its poor temporal resolution is a significant limitation
in language localization, where fast dynamic processes within and between
regions occur [132].

However, the TMS-language-mapping method is not yet complete. It needs to
be optimized further, especially for enhanced specificity. Other research groups
have adopted our paradigm to clinical neuroscience (e.g., [101, 127, 133, 62, 64]).
Picht et al. [101] observed that the method was, when compared to DCS as the
ground truth, very sensitive (90.2%) but unspecific (23.8%) in finding cortical
language areas. Tarapore et al. [133], on the other hand, reported both high
sensitivity (90%) and specificity (98%). This discrepancy between the two results
could be due to the different distance measures they used for the comparison of
the nTMS and DCS results. As TMS not only stimulates the gyri but also the
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superficial parts of the sulcal walls [114, 92, 134, 117], using a gyral-atlas-based
classification of locations as in [101] can lead to higher mismatch in specificity
than the Euclidian-distance-based comparison done in [133] when the nTMS and
DCS sites are classified to adjacent gyri. In addition, and not very surprisingly,
using same timing onset for nTMS and DCS increases the agreement when
comparing the two methods [63]. This does not, however, allow conclusions
about which timing is better in targeting language processing, per se. Our
TMS onset in Publications I–II was selected based on previous results on the
temporal characteristics of language processing [55] in the perisylvian regions,
and is supported by recent studies (e.g., [149]). Another reason for our onset
selection was that we needed to minimize the amount of stimulation, as we did
not have coil cooling available at the time. Due to the limited time of operation,
we also decided to map only the left hemisphere. Current systems, however,
have efficient coil-cooling that allows virtually unlimited time of operation for
nTMS language mapping, adding more freedom to the study design.

As presurgical localization of language functions can rely on negative mapping,
that is, relying on the results about areas that did not evoke naming errors, the
current nTMS language mapping is a powerful tool in a clinical setting [101].
Recent studies reported negative-predictive values, that is, the reliability of
the negative-mapping results, of 83.9% [101] and 99% [133] for nTMS language
mapping compared to invasive DCS. This suggests high clinical value already
with the current nTMS methodology. A recent study [65] and a book chapter [73]
define the current state-of-the-art of nTMS language mapping. They suggest
a common protocol for optimal clinical value, safety, and reproducibility that
allows more reliable comparison of results between research organizations. In
my opinion, this direction is crucial in order to converge to an agreement, and
eventually, reach the best possible code of conduct in this rather new field
of research. By these steps towards a standardized procedure guideline, the
method could gradually reach a sufficient level as a standard clinical procedure,
and potentially, enable replacing the invasive language mapping during awake
craniotomy with non-invasive nTMS language mapping as a part of surgical
planning. This would be particularly useful in minimizing the risks that awake
surgery brings out, as well as to offer an alternative, non-invasive technique
for patients that cannot be measured with DCS. Standardized guidelines for
nTMS language mapping have been requested in a recent consensus paper on
the clinical value of TMS [114].

In addition to the non-invasiveness that could make nTMS a safer and more
convenient substitute for DCS in clinics, nTMS language mapping could po-
tentially provide complementary information in patients. For example, nTMS
may have a better access to functional areas located in the sulcal structures
than DCS. As mentioned above, TMS stimulation is able to reach the walls of
the sulci due to the physical properties of the magnetic stimulation and the
human head. On the other hand, a typical DCS mapping is mainly conducted
for the cortical envelope, thus focusing on the easily visible gyral structures.

32



Discussion

Therefore, nTMS language mapping may be able to map structures that are
not typically investigated with current DCS methodology. Further studies are,
however, needed to evaluate these tentative suggestions.

Language-related areas can be found also outside perisylvian regions, as, for
example, the motor cortex has been shown to be involved in language processing
[106, 108, 39]. Our motivation was, however, to develop a functional mapping
method complementary to the well-established nTMS motor mapping. Therefore,
we were not interested in scanning the (whole) motor cortex with a language
paradigm, as the motor cortex can be reliably and robustly mapped with already-
existing nTMS motor mapping methodology [99, 100, 62].

In Publication II, we demonstrated that object naming was more sensitive
to TMS than action naming when using the protocol from Publication I. The
main implication of the study was that in a clinical setting, it is likely better
to involve an object-naming task in the nTMS-mapping experiment, as it may
decrease the likelihood of false negatives, which have to be avoided especially
when a negative mapping [101] is directing the clinical decision making. The
results of Publications II and III also add up to the accumulating evidence that
the tasks the brain is solving while TMS is applied to the cortex significantly
affect the outcome [147, 122]. This, in my opinion, supports the idea proposed in
[122] that TMS effects on the brain should not only be conceptualized with the
classical “virtual lesion” model introduced in [96]. Recent studies have agreed
with our observation that object naming is more susceptible to stimulation than
action naming (and some other tasks), and thus, probably the most appropriate
choice when combined with clinical nTMS [38, 44], as the operation time in the
clinics is limited.

Recently, a consensus paper about the nTMS-language-mapping paradigm
has been published [65]. After our study, nTMS language mapping has become
relatively widely used and developed further by other research groups, showing
that the method is indeed useful, in particular in surgical planning [101, 133,
127, 13, 63, 59, 64, 138]. At present, there are two commercial nTMS language
mapping systems available [84, 1]. The evolution of the method raises an
optimistic thought that perhaps, in the future, it may become possible to track
the language function with nTMS with a similar granularity as it is already
possible for motor- and somatotopy [99, 35]. To date, language research with
nTMS seems to have already reached a point where it can reveal not only the
coarse classification of cortical language-positive and language-negative areas,
but also more fine-grained insights. For example, nTMS has been recently
applied to study bilingualism, by us in Publication III, and by Tussis et al. [138].

Picture naming covers the main stages of word production [56, 55, 142], thus
being a relatively good approximation of natural speech production when in-
vestigating language. However, it is only an approximation of the complete
lexicalization of thought; the spontaneous free-will based conceptualization that
constitutes of lexicalization, formulation, and articulation [48], is partly biased
by the picture stimuli. Therefore, it could be beneficial to develop more targeted
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language tasks to be incorporated with the nTMS language mapping, at least for
the basic neuroscience of language. In summary, the language task effects the
results, which motivates for both developing task-independent measures [109]
and for designing research paradigms where task-dependency can be exploited
as an advantage [128, 122]. However, when language mapping is adapted to
clinical application conducted in limited time and with limited resources, object
naming seems to be currently the most appropriate task.

I would like to make a final remark on the topic that still to date, most liter-
ature on language research conducted with TMS is from non-navigated TMS
studies, which has likely increased the variability of the results, as the effects of
TMS are known to be sensitive to stimulation parameters, such as anatomical
location and stimulation angle [35, 11, 80]. The paradigm presented in Publi-
cation I, which was developed further in Publications II and III, contributed
to solving this methodological limitation by introducing navigated TMS in lan-
guage research in a way that enables non-invasive cortical language mapping
with anatomical accuracy and precision.

Source localization with MUSIC methods

Multiple brain areas acting together are needed to produce successful mo-
tor/cognitive outcomes even in relatively simple tasks, such as voluntary hand
movement [12], not to mention more challenging cognitive tasks, e.g., speech
[55, 46, 105]. Thus, single-source search methods are often insufficient, and
methods suitable for locating multiple sources should hold great potential in
various applications. We focused on developing methods of the MUSIC family,
as they are computationally efficient and they apply both temporal and spatial/-
physical information of the measurement to solving the inverse problem. One
advantage of MUSIC to its most obvious “competitors”, beamformers, is that
the MUSIC localizer does not require any matrix-inversion operations, unlike
beamformers (see Eqs. (3.3.2) and (3.3.3)). As the inversion of the measurement-
covariance matrix is often a difficult problem, typically including some heuristic
decisions regarding the signal processing, MUSIC could be more robust in this
sense than beamformer. On the other hand, when beamformers estimate both
the locations and powers of the sources simultaneously, MUSIC estimates only
the location during the scanning process, requiring an additional analysis step
for obtaining the source time-courses. Anyway, if the sources are correlated,
beamformer estimates their time-courses incorrectly, as discussed in Publication
VI.

When we started using the original RAP-MUSIC algorithm [79] for our data-
analysis purposes, we noticed that it was not able to provide an accurate estimate
of the number of the underlying brain-signal sources in a simple EEG simulation
with high SNR. Therefore, we decided to investigate the properties of RAP-
MUSIC and noticed that indeed, the RAP dilemma (for details, see Sec. 3.3.1 and

34



Discussion

Publication IV) often prevents the optimal use of the method. The analysis of this
hidden deficiency led to Publication IV. We showed that with a corrected version,
TRAP-MUSIC, the problems of RAP-MUSIC can be overcome. TRAP-MUSIC
successfully estimated multiple sources from measured MEG and performed
better than RAP-MUSIC in numerous EEG and MEG simulations. The main
advantage of TRAP-MUSIC compared to RAP-MUSIC is its ability to provide a
more reliable and robust estimate of the number of the sources. We observed no
difference in the accuracy of estimating the locations of the true sources between
the two methods. The feature of TRAP-MUSIC that removed the RAP dilemma
was implemented in a technically straightforward step within the algorithm, and
thus, the improved performance comes without any additional computational
cost. Computational efficiency is particularly useful in online applications, such
as real-time analysis of closed-loop EEG or TMS–EEG data.

It is challenging to conclude about the general superiority of one method to
another. However, in Publication IV, we compared RAP-MUSIC and TRAP-
MUSIC in a wide range of different simulation scenarios and they support
our theoretical analysis of the RAP-dilemma. As the difference between RAP-
and TRAP-MUSIC is not only benchmarked with simulations but also has
a solid theoretical foundation, TRAP-MUSIC should be a good substitute for
RAP-MUSIC.

As mentioned above, TRAP-MUSIC should be useful in any application where
RAP-MUSIC could be considered. However, RAP- and TRAP-MUSIC, as well
as many conventional beamformers, are insufficient for estimating highly cor-
related brain-signal sources. Therefore, we designed a novel “double-scanning”
MUSIC (DS-MUSIC), inspired by the “dual-source” [9] and “dual-core” [19]
beamformers, for locating highly correlated and synchronous sources. Although
these methods share the general idea of scanning over pair-wise combinations
of sources, the techniques are fundamentally different. We also expanded DS-
MUSIC to a recursive version, RDS-MUSIC, to overcome the difficult peak-
detection problem present in non-recursive methods like MUSIC and basic
beamformer. We designed (R)DS-MUSIC so that it does not require the sources
to be mutually highly correlated, allowing it to be used when there is no prior
information about the source correlations. This is an important feature, as many
techniques suitable for correlated/synchronous sources do not perform optimally
if the data are also due to some uncorrelated sources, as shown in Publication V.

As a side result to (R)DS-MUSIC, Publication V offers a simulation-based
comparison of the conventional MUSIC and beamformer methods. To my best
knowledge, MUSIC and BF have not been compared extensively before. It has
been stated that, on the one hand, beamformer outperforms MUSIC [144], or,
on the other hand, MUSIC outperforms beamformer [120]. The final verdict
depends most likely on the application and the way the comparison is conducted,
which could be the case in studies included in this Thesis as well. However, we
focused to make the comparisons unbiased and used a wide range of different
simulation settings. We compared both non-recursive MUSIC and beamformer
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methods and recursive MUSIC and beamformers methods with each other in
simulations with varying key parameters, such as source locations, number of
sources, correlation conditions, and SNRs. We used a sophisticated forward-
modeling scheme in the simulations to ensure that there was a realistic level of
uncertainties, that is, modeling errors, in the forward model that was used to
locate the true sources. The results of Publication V do not support the anecdotal
suggestion that MUSIC would be more robust to correlations than beamformer
[110]. With higher correlations, beamformer actually performed slightly better
than MUSIC, although DS-MUSIC was the most robust method, offering high
success rates in all simulation cases (see Publication V for details).

In Publication VI, we expanded the linear formalism of Publication V that
describes the visibility of correlated sources in a topographical scanning, to
correlated artifact sources (or, “correlated noise”, as referred to in [82]). We made
the analogy of the tACS-evoked stimulation artifacts to temporally correlated
equivalent sources, and showed that this model can be used to explain why
beamformer is insensitive to signals sources that are represented as correlated
signals in the sensors. The model can also help in describing the effects of
residual visibility of the artifacts. These residuals may make the artifacts visible
to beamformer, and thus, a beamformer cannot remove the artifact successfully.
This note should be taken into account when analyzing concurrent tACS–MEG
or tACS–EEG data after beamforming. In addition, the results of Publications V
and VI implicate that if one considers applying beamformer methods that are
designed for estimating correlated or synchronous sources (e.g., dual-core [20]
or dual-source beamformer [9]), they are most likely also sensitive to the tACS
artifact, and thus, cannot remove the artifact.

Future directions

The inverse methods developed in this Thesis were designed and tested in the
time domain. However, there is no reason to limit their use to time-courses only,
as they can be straightforwardly adopted to the analysis of brain activity in
the frequency domain. For example, they could be used to study brain activity
at frequencies of interest [107, 27]. In addition, they could become useful
in studying cortical connectivity; by only substituting the covariance matrix
with the coherence matrix [29, 87], the novel MUSIC methods could bring new
insights into brain interactions at specific frequencies [87, 75]. One can hope
that we will soon see wider use of source localization techniques also combined
with electrophysiological effects evoked by non-invasive brain stimulation.

Novel TMS technology is emerging. For example, with recently developed
TMS systems, stimulus targeting without moving the coil has become possible
[60]. In the near future, these new techniques allow studying the human
brain in completely new ways, for example, enabling automatic mapping of
motor representations [60]. A system with fully electronic control of the pulse
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targeting within a relatively wide area without moving the coil could help in
making nTMS language mapping automatic, i.e., without the operator moving
the coil between the stimulation trials. Furthermore, if the orientation of the
gyral/sulcal geometry can be given to the control algorithm, it could optimize
the stimulation orientation according to the local anatomy at the target site. To
date, one limitation of the nTMS language-mapping method is that the coil is
hand-held and moved between the pulse trains, making optimal coil posture
difficult to obtain. As the novel methodology allows electronic control of the
stimulating pulse form as well [60], this property could perhaps be exploited
in minimizing the muscle contraction due to stimulation, as the muscle fibers
and cortical neurons likely have different temporal reactivity to stimulation.
Minimized TMS-evoked facial muscle contraction during language mapping
would not only enable longer, more comfortable, and more anteriorly targeted
stimulation, but also make TMS–EEG in investigating perisylvian brain regions
less contaminated by the large muscle artifacts [54]. Combining TMS and
EEG synchronously in investigating language could potentially bring insights
into the TMS effects on language processing in the brain, as well as into the
cortical language processing itself. To date, however, the extremely high TMS-
evoked muscle artifacts due to fascial-muscle stimulation have prevented us
from investigating lateral temporal brain areas with TMS–EEG. These muscle
artifacts are considered as the last major technical challenge for synchronous
TMS–EEG of lateral cortical targets, such as language areas [54]. Combining
revolutionary TMS systems with the best possible experimental designs and
data-analysis methods hopefully allows us to take a closer look at the roots of
language processing by causal means with combined brain stimulation and EEG
in the near future.
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