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Abstract:

Bioelectromagnetism has contributed some of the most commonly used
techniques to human neuroscience such as magnetoencephalography (MEG),
electroencephalography (EEG), transcranial magnetic stimulation (TMS) and
transcranial electric stimulation (TES). The considerable differences in their
technical design and practical use give rise to the impression that these are
quite different techniques altogether. Here, we review, discuss and illustrate the
fundamental principle of reciprocity that provides a common ground for all four
techniques. We show that, more than 150 years after its discovery by Helmholtz
(Helmholtz 1853), reciprocity is important to appreciate the strengths and
limitations of these four classical tools in neuroscience. We build this case by
explaining the concept of reciprocity, presenting a methodological account of
this principle for all four methods and, finally, by illustrating its application in

practical clinical studies.
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Introduction

To study the human brain, scientists often rely on non-invasive methods from
bioelectromagnetism such as Magnetoencephalography (MEG) and
Electroencephalography (EEG) as well as transcranial brain stimulation
techniques. MEG is closely related to EEG and both afford noninvasive,
multichannel measurements of neuronal activity at high temporal resolution in
the order of milliseconds. They are therefore ideally suited to study brain
dynamics. Excellent reviews provide comprehensive introductions to and
overview of MEG and EEG and their applications (for example (Brette and
Destexhe 2012; Baillet 2017; Hari and Puce 2017; Biasiucci and others 2019;
Gross 2019)). Similarly, guidelines for the analysis of MEG and EEG signals
and the report of such analysis results have been published (Gross and others
2013; Keil and others 2014; Hari and others 2018; Pernet and others 2018) and
will not be covered here. Instead, we want to focus on a topic that has received
much less attention so far - namely the theoretical and practical relationship
between MEG/EEG and neurostimulation by means of transcranial electric
(TES) or magnetic (TMS) stimulation.

Theoretically, both sets of techniques are fundamentally linked by the Helmholtz
reciprocity theorem that we will describe in more detail below (Helmholtz 1853;
Rush and DA Driscoll 1969; Nolte 2003; Wolters and others 2004; Vallaghé and
others 2009; S Wagner and others 2016; Ferndndez-Corazza and others 2020).
Through consideration of this theorem, we will see that MEG/EEG on the one
hand and TMS/TES on the other hand are different sides of the same coin as

they are governed by the same physical principles. Practically, as tools in the
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hand of a clinical or cognitive neuroscientist, this close relationship becomes
clear through their complementary roles: MEG/EEG allows the recording of
neural activity whereas TMS/TES allows the manipulation of neural activity. In
their respective roles, all these techniques are ultimately based on the same
physical laws - the Maxwell equations.

In the following sections we will lay out the close relationship between
MEG/EEG and TMS/TES from theoretical principles to their practical
implications. We will start with a short introduction to these methods, then
describe the importance of their close relationship for forward and inverse
modelling (see Box 1 for a definition of these terms) and finally discuss practical

examples for their synergistic use in basic cognitive and clinical applications.

MEG/EEG and TMS/TES

MEG/EEG sensors silently and non-invasively sample with millisecond temporal
resolution the magnetic field or electric potential, respectively, that is caused by
neuronal activity in the brain. The direct relationship between the recorded
signals and the underlying neuronal currents is not affected by intermediate
processes (such as neurovascular coupling) and thereby leads to an
information-rich dynamic representation of large-scale neuronal activity. While

MEG/EEG perform non-invasive recordings of signals generated by neuronal



activity, the aim of TMS/TES is the controlled modulation of neuronal activity by
means of injecting magnetic fields or electric currents into the brain (Antal and
others 2017; Polania and others 2018).

There are several advantages in combining MEG/EEG with neurostimulation
techniques (Bergmann and others 2016; Polania and others 2018). First, it
allows researchers to assess and monitor the effect of neurostimulation on
neural activity, by utilising the full-brain coverage and high temporal and good
spatial resolution that MEG/EEG offers. Second, the neurostimulation setup can
be optimised for specific targets (Fernandez-Corazza and others 2020) and
modulate specific neural activity patterns (such as brain oscillations) to probe
their (causal) relevance for cognitive processes (Herrmann and others 2013;
Thut and others 2017). Third, neurostimulation has significant translational
relevance, particularly for treating neurological and mental health disorders
(Antal and others 2017; Giovanni and others 2017; Tremblay and others 2019).
Here, MEG/EEG and neurostimulation can be combined to help optimise
stimulation protocols, identify mechanisms of action, and to more robustly

assess treatment effects.

MEG and EEG signals can even be simultaneously recorded during TMS/TES
with the current exception of simultaneous TMS/MEG. While EEG recordings
can momentarily be interrupted during phasic TMS, preventing EEG amplifier
saturation (Thut and others 2017; Tremblay and others 2019), this option awaits
the new generation of MEG sensors (see Box 2). Though not as strong as TMS,

TES also generates quite strong artefacts during EEG and MEG recordings but
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modern EEG amplifier and modern SQUID sensors can tolerate currents that
are typically applied (< 4mA) (Marshall and others 2016; Ruhnau and others
2016; Witkowski and others 2016; Herring and others 2019). However,
removing TES/TMS artefacts from the EEG and MEG signals is not trivial
because the amplitude of the artefact is modulated by a number of rhythmic and
non-rhythmic processes, such as heartbeat, respiration, head movement and
changes in electrode impedance (Neuling and others 2017; Noury and Siegel
2018).

Another important consideration for EEG/MEG-TES studies is the optimisation
of the stimulation parameters, including TES electrode location (Sven Wagner
and others 2016; Opitz and others 2018; Fernandez-Corazza and others 2020).
Stimulation of a specific target area or a target network can be improved by the
use of computational models that are based on realistic volume conductor
models (Wagner and others 2014; Huang and others 2017; Fernandez-Corazza
and others 2020) ideally derived from individual anatomical MRIs, CTs etc. (Liu
and others 2018) and/or individual functional measures based on EEG/MEG,
fMRI, PET, NIRS etc. (see Figure 3). Modern multi-channel TES systems offer
further degrees of freedom to control the path, focality and orientation of
induced currents to optimally stimulate a target area (Baltus and others 2018).
This is a promising and active research area driven by the exciting prospect of
combining spatio-temporally detailed electrophysiological recordings with a
versatile neurostimulation technique.

While simultaneous use is not currently possible, TMS has been used in

conjunction with MEG by exploiting longer-lasting stimulation effects (i.e. after
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effects; e.g. (Cao and others 2017)). In these types of studies, TMS is used to
stimulate the target area with an excitatory or inhibitory TMS protocol that is
supposed to lead to sustained changes in neural activity that can persist for
several hours. The behavioural and neural effects can for instance be assessed
by comparing two MEG sessions before and after stimulation (Notzon and
others 2018), an approach that can be used for any neurostimulation technique.
In the next section, we discuss the intricate relationship between MEG/EEG and

TMS/TES from a methodological perspective.

The inverse problem in EEG and MEG: Source analysis

Over the last decades, EEG and MEG source analysis have become a
prominent technique for reconstructing neuronal networks with highest temporal
and appropriate spatial resolution (Baillet and others 2001; Michel and others
2004; Grech and others 2008). The so-called EEG and MEG inverse problem
aims at reconstructing the sources (Murakami and Okada 2006) - predominantly
in the brain grey matter - that are underlying measured potential and field
distributions at the head surface. Already (Helmholtz 1853) showed that, without
any additional prior on the sources, the solution to the inverse problem is not
unique - i.e. an infinite number of source distributions inside the volume
conductor can lead to one and the same electric potential and/or magnetic field
pattern outside the volume conductor. Therefore, EEG and MEG source

localisation methods employ additional constraints on the underlying source
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distribution to yield a unigue inverse solution. A classification of these inversion
methods could be made into focal current modelling, beamforming and
distributed current modelling. In focal current modelling, a small number of
dipolar sources are fitted to the measured EEG and/or MEG data (Scherg and
Von Cramon 1985; Mosher and others 1992; Wolters and others 1999). The
first of the below presented applications exemplifies such a focal current
modelling result (the target black cone in figure 6) at the onset of averaged EEG
and MEG spike activity of an epilepsy patient discussed in more detail below.
When the number of sources is unknown or the current distribution might have
a larger spatial extent, focal current models are not suitable. Spatial filtering or
beamforming methods, as for instance used in the second example to estimate
neural sources during the swallowing act (see figure 6), optimize the estimate at
a single location or a small region while suppressing crosstalk from other areas
(Van Veen and others 1997; Gross and others 2001). In distributed current
models, the current is discretized by a large number of focal elementary
sources having a fixed location and possibly also orientation. This approach,
which has for instance been applied in the source reconstruction of emotional
face processing in the following example 3 (see figure 7), is called current
density reconstruction. Then, a-priori information on the global properties of the
solution is incorporated, for example minimum norm estimation (MNE)
(Hamalainen and Illmoniemi 1994). It should be mentioned that hierarchical
Bayesian modelling forms a superclass of several inversion methods (Rezaei

and others 2020). Importantly, all inverse methods can be used to identify the
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location and orientation of activated neuronal populations that can be defined as

targets for neurostimulation.

The inverse problem in targeted multi-channel brain stimulation

Figure 3: (A) TES electric field for an occipital anode (red circle)
and a frontal cathode (blue circle) computed in a six
compartment  (skin, skull, compacta, skull spongiosa,
cerebrospinal fluid, gray matter and anisotropic white matter)
finite element model. Size-normalized cones are used to present
vector orientation and they are color-coded to present vector field
amplitudes. Sub-sampled versions of the vector field, where only
the middle cone of each 4x4mm block is visualized. According to
reciprocity, the EEG potential difference between the two
electrodes of a dipole source (black arrow) can be determined by
the dot product between the dipole moment and the electric field
vector at the same position, so that scenario (B) would produce a
maximal and (C) a zero potential difference.

Brain stimulation techniques

such as TES allow
modulation, i.e. activation or
of neural

inhibition, activity

and functional connectivity
within brain networks. TES,
which subsumes transcranial
direct (tDCS) or alternating
current stimulation (tACS), is a
to

non-invasive method

manipulate brain excitability
via changes in membrane
polarization and to induce
long-lasting (minutes or even
hours) changes in the brain,
depending

on polarity,

duration and intensity of the stimulation (Herrmann and others 2013; Antal and
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others 2017). In classical tDCS, a small current (e.g. 0.5 — 4 mA) is applied to
the human head by at least one electrode (anode) and removed at another
electrode (cathode). Figure 3 (A) shows a simulation of such a classical tDCS
setup. This current can increase or decrease cortical excitability in the regions
of interest, depending on its polarity (Antal and others 2017). Traditional bipolar
tDCS setups assume that so-called “anodal stimulation” increases the
excitability within the underlying cortical area (in Figure 3 (A) the occipital area).
However, recent studies demonstrated that the cortical current flow pattern in
such setups is rather broad with maximal stimulation often in non-target brain
regions and that not only target location is relevant for the optimal stimulation,
but also target orientation (Krieg and others 2013; Schmidt and others 2015;
Sven Wagner and others 2016). Target orientation here refers to the dominant
spatial orientation of neurons in the brain area targeted for neurostimulation.
Injecting currents with tDCS along this dominant direction is important for
maximal stimulation effect. For example, in cortical areas pyramidal neurons are
often oriented perpendicular to the cortical surface. In subcortical brain
structures such as hippocampus and amygdala a preferred orientation of
neurons is often absent rendering the concept of target orientation meaningless.
For example, Mills and others showed the sensitivity to both target location and
orientation using different TMS coil orientations over the hand representation in
primary motor cortex, while recording MEPs at the contralateral hand muscle
(Mills and others 1992). Their results indicate that the direction of current flow is
critical, i.e., not only the position of the coil is important, but also its orientation

relative to the brain and the direction of current flow resulting from it, with the
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largest MEP responses for a coil at about 50 degree to the parasagittal plane,
producing a maximal induced current flowing forward approximately at right
angles to the central sulcus. In a similar experiment using TMS and MEP
coupled with tDCS, Rawiji and others showed that the direction of current flow is
important for tDCS after-effects (Rawji and others 2018). Therefore, a tDCS
stimulation setup as illustrated in Figure 3 (A) would for example generate an
electric field inside the brain that is predominantly oriented parallel to a target
(black arrow) with location and orientation as displayed in scenario (B). Thus,
this specific electrode setting would have a strong excitatory effect on this
specific parallel oriented target. However, for a target with almost identical
location but now orthogonal orientation to the electric field as displayed in (C),
stimulation with this electrode configuration would have almost no effect (i.e. the
dot product between the electric field vector and the target moment would be
almost zero). An appropriate targeting thus means that 1) the injected current
should not only be maximal at the area of interest (intensity) and (2) minimal at
other areas (focality) but also 3) predominantly oriented parallel (excitation) or
anti-parallel (inhibition) to the target orientation (directionality). Because of the
complexity of such targeting and the up-coming multi-channel tDCS (mc-tDCS)
hardware, computer optimization approaches, i.e., novel methods for the
solution of the mc-tDCS inverse problem have become important tools for
targeted brain stimulation (Dmochowski and others 2011; Wagner et al.,
2016a). Recently, a unification of such optimization approaches has been
derived and a focality-intensity trade-off has been shown (Dmochowski and

others 2011; Fernandez-Corazza and others 2020), i.e., optimization methods
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can be sorted on a focality-intensity-scale with focal approaches on one side of
the scale and intensity-based optimization methods on the other side,
illustrating that focality and maximum stimulation intensity at the target cannot
be achieved with one and the same method. Finally, with regard to stimulation
intensity, (Agboada and others 2019) showed that it is non-linearly related to
stimulation outcome, which might be associated with intracellular calcium
increases: Larger stimulation intensity increases calcium levels to induce LTP-
like plasticity, while lower stimulation intensity resulted in LTD-like plasticity.

Please note, that the simple scenario where injecting currents parallel to target
orientation leads to excitation and anti-parallel leads to inhibition holds for tDCS
only. Other stimulation methods and protocols will engage other mechanisms of
action. For example, tACS employs electric stimulation with rapidly alternating
current direction. rTMS applies single pulses in rapid succession. Both methods
are thought to lead to frequency-specific resonance effects that may be used to

change the amplitude of neuronal rhythms (Thut and others 2017).

Reciprocity, the bioelectromagnetic forward problem and head modelling

To improve performance, it can be vital to couple the above-mentioned inverse
and optimization approaches with modern forward modelling methods. The
EEG and TES as well as MEG and TMS forward problems are closely related
through Helmholtz’ reciprocity principle (Helmholtz 1853; Rush and DA Driscoll
1969; Nolte 2003; Wolters and others 2004; Vallaghé and others 2009; S
Wagner and others 2016; Fernandez-Corazza and others 2020), which means

that any accuracy improvement of one of these will reciprocally lead to an
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improvement of the other
one, too. For the
reciprocity of TES and

EEG, this is visualized in

Figure 3 and for the

reciprocity of TMS and

MEG in Figure 4. More

explicitly, (Wagner et al.,
Neurolmage, 2016) were
able to show that the

reciprocity relation offers a

direct link between the TES

Figure 4: TMS induced current density vector field for a circular coil
(A) and a Figure-of-eight coil (B) computed in a tetrahedral multi-
compartment sphere finite element model, visualized on a cutplane
through the model. According to reciprocity, the MEG magnetic flux
for a dipole source (black arrow) at a (circular) magnetometer coll

and EEG forward problems

by analyzing numerical

(C) and the (Figure-of-eight) tangential gradiometer (D) follows results, comparing to
directly from the dot product between the dipole moment and the ) )
field vector at the same position in the volume conductor. analytically derived forward

potentials in simplified volume conductors, estimating computational complexity and
even deriving an algebraic proof valid even for realistic head volume conductor models.
For the magnetic forward problem, such a reciprocity-based relationship has been

worked out by (Nolte, 2003; Vallaghe et al., 2009). Therefore, in the following, we

will merge the bioelectromagnetic forward problems of source analysis on the
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Figure 5: Head model with (A) five tissue compartrrunents skin, skull, cerebrospinal fluid, grey and white
matter. (B,C) Isopotential lines for a mainly tangentially oriented source in somatosensory cortex where
the underlying model in (B) has a ten times higher skull conductivity than in (C). The resulting smaller
distance between potential peak and trough in (B) as compared to (C) are indicated by black arrows. (D)
fractional anisotropy based on diffusion tensor MRI for the white matter compartment. Volume currents for
a thalamic dipole source in the head model with (E) isotropic and (F) 1:10 anisotropic white matter
conductivity anisotropy (reprinted from (Wolters et al., 2006), Copyright, with permission of Elsevier).

one hand and the simulation of non-invasive brain stimulation on the other hand
in our presentation. In contrast to the EEG inverse problem, existence and
uniqueness of the solution to the EEG forward problem have been proven
(Wolters et al., 2007). Depending on the available input data, different forward
modelling approaches have been proposed, from quasi-analytical solutions for
simplified multi-layer sphere head models for EEG (de Munck and Peters 1993)
and overlapping spheres for MEG (Huang and others 1999) to realistically-
shaped head models with one compartment for MEG (Nolte 2003) or three
isotropic compartments (3ClI: skin, skull, brain), for EEG in combination with the

boundary element method (BEM) (Kybic and others 2005) or the finite element

method (FEM) (Piastra and others 2021). Comparisons between different
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forward modelling approaches allow not only validation of one method against
the other, but especially also to determine model error and numerical error as
well as computational performance (Vorwerk and others 2012; Htet and others
2019; Medani and others 2021; Piastra and others 2021). Although 3CI head
models geometrically represent the skull and skin surfaces individually and
accurately and thus already reduce model errors in comparison to simpler multi-
layer sphere models, they are still based on a quite rough homogenization and
approximation of head volume conduction (i.e. electrical conductivities within
the different tissues). First of all, in standard 3CI modelling, most often standard
literature values are used for the electrical conductivity parameters. However,
the specific importance of correct skull conductivity modelling for the bioelectric
forward problems has been shown for EEG (Akalin Acar and others 2016) and
TES (Schmidt and others 2015; Saturnino and others 2019; Vorwerk and others
2019; Antonakakis and others 2020) and it is known that skull conductivity
varies significantly across individuals and can be estimated from non-invasive
neurophysiological data (Saturnino and others 2019; Vorwerk and others 2019;
Antonakakis and others 2020). Figure 5 exemplifies the relevance of accurate
skull conductivity modelling:

A tangentially-oriented source located in the somatosensory cortex of a 5-
compartment head model (A) built of skin, skull, cerebrospinal fluid, grey and
anisotropic white matter (D) would generate EEG isopotential lines on a model
surface as shown in (B) and (C). The only difference between B and C is that
skull conductivity was modelled ten times higher in (B) compared to (C) leading

to much higher surface potentials and a smaller distance between the positive
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potential peak and the negative potential trough in (B) compared to (C), as
indicated by the black arrows. In the context of the EEG inverse problem,
ignoring the variance of individual skull conductivities would thus predominantly
lead to depth localisation errors (as the distance between peak and trough
increases with source depth). Apart from skull conductivity modelling, the
importance of accurate CSF conductivity modelling has also been shown in
simulations (Wagner and others 2014; Piastra and others 2021) but also
experimentally (Rice and others 2013). Figure 5 (E,F) for instance illustrates the
impact of the high CSF conductivity on volume currents as generated by a
thalamic source leading to higher-amplitude volume currents and current
channelling in the CSF compartment and therefore to reduced EEG surface
potential magnitudes (Rice and others 2013; Wagner and others 2014; Piastra
and others 2021). Finally, distinguishing between grey and white matter
conductivity and modelling white matter conductivity anisotropy can further
increase the accuracy in bioelectromagnetic forward modelling (Haueisen and
others 2002; Vorwerk and others 2014). Here, and also already in Figure 3, the
term anisotropy refers to the property of a material (here: white matter) to allow
changes in different directions in contrast to isotropy, i.e. the conductivity
parallel to the white matter tracts is higher than in the two perpendicular
directions. To illustrate white matter conductivity anisotropy volume conduction
effects, the lower row of Figure 5 shows volume currents for a thalamic dipole
source with an isotropic (E) versus a 1:10 anisotropic (perpendicular:parallel to
the white matter tracts) white matter compartment (F), visualized on a coronal

cut through the models. Anisotropic white matter conductivity thus causes return
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currents to flow parallel to the white matter fiber tracts, which can be specifically
observed by the larger influence of the highly-anisotropic pyramidal tracts on
the volume currents as indicated by black boxes in Fig.5 (D,E,F). Note also the
corresponding high fractional anisotropy of the pyramidal tracts from diffusion-
tensor MRI in (D). It can be also concluded that, the deeper the source, the
more it is surrounded by anisotropic white matter tissue and the larger is the
influence of anisotropy on the resulting fields.

Figure 3 shows a simulated TES electric field (EF) for an anode (occipital
electrode) and a cathode (frontal electrode) in a six-compartment anisotropic
(6CA: skin, skull compacta, skull spongiosa, CSF, gray matter and anisotropic
white matter) FEM head model. The Figure demonstrates important TES
effects: First, mainly tangential EF orientations are found in the skin
compartment. Second, EF orientation is mainly radial in the low conducting skull
compartment. Third, the high CSF conductivity and the anisotropic white matter
conductivity influence EF orientations in the compartments inside the inner skull
surface considerably. Finally, EF amplitudes decrease mainly, but not only, with
increasing distance to the stimulation electrodes.

Realistic individualized head models can be constructed using (semi-)
automatic processing pipelines based on T1-weighted- (T1w-), T2w-MRI and
diffusion-weighted-MRI (Nielsen and others 2018; Huang and others 2019;
Antonakakis and others 2020; Medani and others 2021). This allows the use of
realistic individualized head models for sample sizes typically used in cognitive
and clinical neuroscience studies (e.g. (Radecke and others 2020) ) with

reasonable time investment and computing resources. Construction of realistic
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individualized head models and simulation of TMS/TES stimulation is available
in open source tool boxes such as SIMNIBS (Wolters and others 2006) and
ROAST (Huang and others 2019). More specific open source tool boxes are on
the topics of the bioelectromagnetic forward problems such as DUNEuro
(Schrader and others 2021), OpenMEEG (Gramfort and others 2010) and BEM-
FMM (Makarov and others 2021).

In the next section, we present four studies that combine MEG/EEG and

TMS/TES and sample the wide spectrum of their synergistic use.

Applications of combining neurostimulation with MEG/EEG

The number of studies combining high-density EEG/MEG neuroimaging with
targeted TMS/TES brain stimulations increased exponentially in the last
decade. Accordingly, the spectrum of applications in cognitive and clinical
neuroscience has expanded considerably. The following four examples were
picked to provide a glimpse on the range of methods, method combinations and
applications. This specific choice in part reflects the clinical orientation of the
author's research interests and is in no way intended to represent any kind of
superiority over the multitude of excellent studies in the field.

Advances in functional neuroimaging continuously increase our understanding
of pathological alterations in neural circuits that underlie brain disorders. This
advanced knowledge leads to an increased interest in brain stimulation
methods to modulate the identified aberrant neuronal activity patterns.

Reciprocally, clinical treatment effects of brain stimulation can also inform us
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about underlying disease mechanisms and allow us to evaluate causal relations
of stimulated brain areas in distributed networks going beyond purely

correlational associations.

Application of combined tDCS/MEG/EEG for testing potential novel
treatment strategies for pharmaco-resistant focal epilepsy

EEG and MEG source analysis and connectivity investigations can for instance
fundamentally contribute to the understanding of patho-mechanisms underlying
epileptogenesis, seizure generation and seizure propagation (Adebimpe and
others 2016; Aydin and others 2017; Rampp and others 2019). It may thus pave
the way to new treatment options, including non-invasive (e.g. TES) (Yang and
others 2020; Kaufmann and others 2021) and invasive forms like epilepsy

surgery. While for

a) - 1

some patients non-
localized patho-
mechanisms  must
be assumed, others
have a rather

localized

mA/m?2

epileptogenic Figure 6: Individually targeted multi-channel (mc)tDCS for inhibitory stimulation

of a patient with pharmacoresistant epilepsy due to a focal cortical dysplasia
network, with a located close to the Broca area. a) ADMM-optimized mc-tDCS montage for
stimulation of the epileptogenic zone as reconstructed by focal source
modelling from EEG and MEG spike activity (black cone). The electrodes are
colored by the optimized currents ranging from -1 up to +1 mA. The total sum
of the injected currents is equal to 2 mA fulfilling safety constraints. The
to become seizure- optimized mc-tDCS current density distribution visualized b) on the cortical

surface and c) on a zoomed axial MRI view in the target area. The colored

brain surface of the patient represents the distribution of the current densitv

reasonable chance

19


https://sciwheel.com/work/citation?ids=8337131,7619815,4248716&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=8337131,7619815,4248716&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=9278219,11224319&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=9278219,11224319&pre=&pre=&suf=&suf=&sa=0,0

free after circumscribed cortical resections (Wellmer and others 2016).

Individual targeting by optimized multi-channel TES can improve therapeutic
effects and decrease negative side effects. Figure 6 exemplifies an
individualized therapeutic procedure for focal epilepsy: Inverse (focal current,
see above) source modelling of the onset of averaged EEG/MEG spike activity
was used to localize the epileptogenic zone (black cone in top row) of a
pharmacoresistant focal epilepsy patient (Antonakakis and others 2019). A
tDCS optimization with regard to both target location and orientation on the
more focal side of the focality-intensity-continuum (Dmochowski and others
2011; Fernandez-Corazza and others 2020) resulted in a topography of injected
and discharged currents that is visualized in the top row and evokes a focal, but
low-intensity, current density distribution in the brain as shown in the bottom
row. Because such focal stimulation reduces side-effects, it could be applied
more frequently and over a longer time-period. A tDCS optimization aiming at
maximum intensity in the target region would increase effect size, but would
also lead to stronger co-activation of surrounding regions potentially generating
more side effects (Dmochowski and others 2011; Antonakakis and others 2019;
Ferndndez-Corazza and others 2020; Radecke and others 2020). In this
example the combination of high-density EEG and MEG provided excellent
target information serving as a prerequisite for highly focal multi-channel
stimulation targeting (see also Figure 10) and thus illustrates how individualized

tDCS brain stimulation may improve therapeutic outcome.
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Application of combined tDCS/MEG for testing potential new treatment

strategies for dysphagia resulting from cerebral stroke

Swallowing relies on highly complex sensorimotor functions requiring widely
distributed neural network activities (Furlong and others 2004). It is thus not
surprising that disordered swallowing (oropharyngeal dysphagia, OD) is a
frequent complaint post stroke. Spontaneous recovery of OD has been related
to compensatory changes in swallow-relevant areas of the unaffected
hemisphere with enhanced cortical excitability and enlarged motor

representation as surrogate of cortical plasticity.
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In a randomized control trial
Suntrup-Krueger and
colleagues (Suntrup-
Krueger and others 2018)
revealed that excitatory
tDCS stimulation of the
unaffected motor cortical
swallowing network resulted
in greater improvement of
swallowing functions
compared to a sham
stimulation. In fact, verum
tDCS induced significantly

greater improvement in the
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Figure 7: Source distribution of group mean swallowing-associated
activation in the alpha and beta frequency range pre- and post
intervention in the tDCS verum and sham groups. The color bar
indicates power changes relative to the resting stage. Negative
values denote event-related desynchronization of oscillatory activity.
Bottom: Areas with significant increase of swallow-related event-
related desynchronization in the beta frequency range after real
transcranial direct current stimulation (p < 0.05). Based on (Suntrup-
Krueger and others 2018).

primary and secondary clinical outcomes than sham stimulation after four days

of intervention. MEG measures before and after treatment performed in a

subgroup of patients revealed that both groups showed an increase of event

related desynchronization (ERD) in the alpha and beta bands due to standard

therapy (Figure 7, top) but the verum group only revealed add-on effects in the

beta band (Figure 7, bottom). Thus, facilitated reorganization of swallowing
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network activity via excitatory tDCS accelerates rehabilitation of acute post-

stroke dysphagia.

This example illustrates that even non-individualized brain stimulation can

modulate highly automatized and complex brain functions such as swallowing,

holding out the prospect of standardized use in

Application of combined tDCS/MEG for
testing potential novel brain stimulation
targets for the treatment of mood and
anxiety disorders

The so-called ventromedial prefrontal cortex
(vmPFC) is one of the most widely reported
structures identified as dysfunctional in mood
and anxiety disorders (Myers-Schulz and
Koenigs 2012). In two independent fMRI and
MEG studies, Junghofer and coworkers
(Junghofer and others 2017) tested effects of
a novel tDCS montage with an extracephalic
reference for optimized vmPFC stimulation
(see top of Figure 8) and showed that
excitatory relative to inhibitory stimulation
amplified processing of pleasant compared

to unpleasant emotional scenes in healthy

participants. In a follow-up study Winker et

clinical practice.
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Figure 8: Excitatory (anodal) repeated transcranial

direct current stimulation (tDCS) of the
ventromedial prefrontal cortex (vmPFC) using an
extracephalic reference led to a relatively
enhanced processing of happy compared to fearful
faces in the visual stream of the right hemisphere
while inhibitory stimulation resulted in the reverse
pattern. Accordingly, excitatory vmPFC stimulation
enhanced the assessment of emotional ambigious
(morphed) facial expressions as happy. Based on
(Winker and others 2018).
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al. (Winker and others 2018) could replicate and generalize these findings to
emotional face processing, as excitatory versus inhibitory vmPFC-tDCS led to
an enhanced processing of happy compared to fearful faces consistent with an
enhanced rating of happiness in ambiguous facial expressions (see bottom of
Figure 8). As excitation of the vmPFC seems to enhance appetitive relative to
aversive stimulus processing, excitatory vmPFC-tDCS might ameliorate biases
away from pleasant and in favor of unpleasant information as typically reported
in patients suffering from mood disorders. The combination of tDCS and MEG
could recently also reveal some novel insights into the potential causal role of
the vmPFC in anxiety as inhibitory vmPFC stimulation induced “anxiety-like”
perceptual and neural patterns of fear generalization (Roesmann & Kroker et
al., in press). This example shows how neurostimulation in combination with
MEG allows to test a presumed causal role of defined target regions for
cognitive and affective processes potentially disturbed in neurological or
psychiatric disorders. Regarding a further aspect of Helmholtz reciprocity, this
example also illustrates how, for special targets, an extracephalic tDCS
reference can circumvent the so called ‘electric reference problem’, which is
again mutually intrinsic for both, electric brain stimulation (tDCS) and electric

recordings of brain signals (EEG).
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Application of simultaneous TMS/EEG to prove an intrinsic dysfunction in
thalamocortical circuits in schizophrenia
Schizophrenia

Global Power ERSP gamma ITC gamma

patients typically

Comparisen

Schizophrenia

show deficits in

100 50 /o 50 100 150

Second Peak (55 ms)

evoked gamma

Schizophrenia

band activity and

Differancas

gamma

synchrony at rest Figure 9: Left: Estimation of electric field intensity generated by TMS on the
cortical surface and an estimate of the gray matter volume affected by TMS.
Center: Timing and location of the reduced global field power of TMS evoked
oscillatory activity in patients. Right: Topographies of reduced event-related

) . spectral perturbation (ERSP) and intertrial coherence values in schizophrenia
varlous COgNItiVEe pasients. Based on (Ferrarelli and others 2008).

and during

tasks (e.g. (Senkowski and Gallinat 2015). By taking advantage of a combined
TMS/high-density EEG protocol, Ferrarelli and coworkers (Ferrarelli and others
2008) aimed at excluding a potential covarying impact of impaired motivation,
attention, or cognitive capacity. In fact, schizophrenia patients revealed aberrant
gamma oscillations within the first 100 msec after TMS at a fronto-central region
of stimulation (see Figure 9, left column) which were significantly reduced in
amplitude and synchronization (central column). Moreover, inverse EEG source
modelling revealed that patients' TMS evoked brain activation did not propagate
away from the stimulated brain region. Since event-related EEG responses to
direct cortical TMS are not affected by motivation, attention, or cognitive
capacity and are not relayed through peripheral afferent pathways, these
findings speak for an intrinsic dysfunction in thalamocortical circuits in

schizophrenic patients. This example illustrates how a combination of
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neurostimulation and MEG/EEG allows a directed exclusion of potential
covariates which is in many cases much more difficult or even impossible using

other, for instance correlational, methods.

Discussion and Conclusion

The above examples gave an impression on how combinations of TMS/TES
with  MEG/EEG can produce synergistic effects. They also illustrated how
different brain stimulation methods can be informed by MEG/EEG and then for
instance be applied in the attempt to test potential novel treatment strategies or
to uncover or prove pathological neural mechanisms. However, despite the
increasingly successful use of targeted brain stimulation, knowledge about the
mechanisms of action of the different brain stimulation methods, about their
dependence on stimulation parameters such as duration, repetition, strength,
frequency and orientation, and about the modulation of stimulation effects by
physiological and psychological states and characteristics is still rather scarce.
Here, we showed that due to Helmholtz’ reciprocity (Helmholtz 1853; Rush and
DA Driscoll 1969; Nolte 2003; Wolters and others 2004; Vallaghé and others
2009; Wagner and others 2016b; Fernandez-Corazza and others 2020), EEG
and TES (Vallaghé and others 2009; (S Wagner and others 2016) as well as
MEG and TMS (Nolte 2003; Vallaghé and others 2009) are methodologically
closely related to each other and the electric and magnetic modalities are
complementary (Dassios and others 2007)). For example, MEG is nearly blind
to neural sources oriented towards the inner skull surface (radial), and these

sources can also not be stimulated by TMS, while EEG is specifically sensitive
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to radial sources (Vorwerk and others 2014; Piastra and others 2021). While for
radial targets standard 4 x 1 TES montages are focally stimulating and are thus
on the focality side of the focality-intensity scale, the second standard of anode
over the target and cathode far away maximizes target intensity and is thus on
the intensity side of the scale (Dmochowski and others 2011; Fernandez-
Corazza and others 2020). MEG has higher sensitivity for tangential sources
(Saturnino and others 2019; Vorwerk and others 2019; Antonakakis and others
2020), which can also be effectively stimulated with TMS (Krieg and others
2013; Schmidt and others 2015; Sven Wagner and others 2016). The
complementary sensitivity profiles of MEG and EEG as well as tDCS and TMS
thus motivate the combination of electric and magnetic modalities (Aydin and
others 2017; Antonakakis and others 2019).

While we here focus mostly on the issue of reciprocity, it should be noted that
long-lasting effects of brain stimulation that are exploited for therapeutic
purposes, might not solely be related to direct modulation of targeted brain
areas, but could also be caused by more general mechanisms, such as
modulations of more distant areas and effects mediated by changes in
neurotransmitters and gene expression (e.g. (Chervyakov and others 2015;
Diana and others 2017)).

Looking into the future, we expect that hardware developments and improved
targeting procedures increase the effectiveness of neurostimulation as
scientists continue to strive to better control and understand the stimulation
effects. It is now well established that modelling of stimulation effects (ideally

with consideration of the individual anatomy) is important. However, stimulation
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effects depend on many factors that need to be considered together. Figure 10
illustrates this point by listing different levels of complexity or accuracy
regarding the prior information about the target region of interest (left; e.qg.
inverse EEG/MEG modeling), the targeting procedure (center; e.g. forward
modeling) and the stimulation devices (right). For example, multi-channel TES
optimization can improve the effectiveness of stimulation, but only if the
individual target location and orientation is well known (e.g. see first above
application example of focal epilepsy). Therefore, in the many situations where
the stimulation target is more regional than focal or can only be roughly
reconstructed, the standard two-patch TES procedure with anode over the
target region and cathode far away (or even extracephalic) is reasonable,
testing with high intensity if the target region has significant radial orientation
components (e.g. see third above application example of vmPFC stimulation).
Therefore, the selection of stimulation devices and stimulation targeting
procedures depend on the available prior information regarding the target.
However, in all cases accurate report of stimulation parameters such as
duration, intensity, coil/electrode location and orientation is important to improve
reproducibility and facilitate meta-analyses.

In summary, the complementary use of MEG/EEG and TMS/TES holds great
potential for improving our understanding of cognitive processes in the brain,
but also for developing new therapeutic approaches for the treatment of

neurological and psychiatric disorders.
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Figure 10: lllustration of a necessary mutual fit of a-priori target information and complexity of stimulation
targeting/devices. If target locations or target networks are just roughly known (e.g. ventral regions of the
prefrontal cortex) standard targeting with basic TEMS devices is perfectly adequate while higher sophistication
might even have detrimental effects. If individual target location and target orientations are very well defined (as in
the above epilepsy example), best available targeting methods and stimulation devices should be applied.
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Boxes:

Box 1: Reciprocity

At the heart of the intimate relationship between MEG/EEG and TMS/TES lies
the reciprocity theorem that dates back to Helmholtz (Helmholtz 1853). While it
is based on fundamental laws of physics and has significant consequences for
the practical use of these techniques, the underlying idea is relatively
straightforward. Here, we introduce this theorem in the context of TES and
EEG. Consider a simple TES scenario where currents are injected and
discharged via two electrode patches over right (anodal red) and left (cathodal
blue) temporal brain areas. Figure 1 shows the calculated distribution of current
intensity and current orientation in the brain, computed in a three-compartment
(skin, skull, brain) head model. Importantly, the same distribution has a second
equally valid interpretation as it represents the sensitivity profile (called
leadfield) of an EEG recording with this particular electrode configuration (just
two electrodes). More precisely, the vector in a certain voxel (described by
position, orientation and magnitude/length) illustrates which potential difference
between the two electrodes would be measured if an assumed neuronal source
with a unit strength of 1 was oriented in the direction of the cone. For a current
of any orientation the projection onto this leadfield vector can be computed to
yield the measured potential. A current oriented perpendicular to the cone
orientation would for instance not generate a measurable difference potential

between the two electrodes (projection equals zero).
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Thus, neural sources in subcortical regions (dark green) are more difficult to

excite via tDCSMACS than

W skin cortical structures which are
W Skull compacta

B Skull spongiosa
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£ Gray matter
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Figure 1: lllustration of the reciprocity theorem. The same vector field
on the one hand represents the current distribution induced by two
TES electrodes (red patch: anode, blue patch: cathode) and on the
other hand the sensitivity profile of these two electrodes to current
sources at any given location. excitable by stronger

electrodes. Although

deeper structures are

currents only, this stimulation would in parallel excite superficial sources to a
much stronger degree unless sophisticated interference techniques are used
(Grossman and others 2017). Similarly, MEG/EEG are less sensitive to activity
from subcortical brain areas (Piastra and others 2021) and the localisation of
these sources is less accurate compared to cortical sources. Another important
reciprocity in particular concerns MEG and TMS: As sources which are
predominantly oriented orthogonal to the scalp (i.e. radial sources) evoke
almost no measurable magnetic fields outside the head, these sources can,
reciprocally, not get excited or inhibited via magnetic stimulation.

The concept of reciprocity is related to the concepts of forward and inverse
problems that are equally relevant for the remainder of this manuscript. The

forward problem in the context of EEG/MEG refers to the problem of estimating
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the potentials or/and magnetic fields at electrode or/and sensor locations on
or/and outside the head for a dipole at a specific location in the brain with a
given orientation. The inverse problem refers to the problem of estimating the
current source distribution in the brain that gives rise to a given potential or/and
magnetic field pattern on or/and outside the head. It was already noted by
Helmholtz that the solution to the EEG/MEG inverse problem is not unique - i.e.
an infinite number of current distributions can lead to the same potential or/and
magnetic field pattern. Therefore, EEG/MEG source localisation methods

employ additional constraints to yield a single solution.

Box 2
OPMs: New MEG technology
Optically pumped magnetometers (OPMs) have been developed recently and
represent a promising alternative to traditional SQUID-based MEG systems
(Labyt and others 2019) OPMs do not rely on superconductivity to operate and
therefore do not require liquid helium. As a consequence, OPM-based MEG
systems are easier and cheaper to maintain. A typical design uses a photodiode
to measure the intensity of laser light after it has passed through a gas filled
glass cell (Boto and others 2018). Light
transmission is sensitive to changes in the ambient magnetic field which can be
detected by the photodiode. The sensitivity of OPMs has significantly increased

in recent years and is now similar to the sensitivity of SQUID sensors. The size
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of OPM sensors could also be significantly reduced and therefore can now be
integrated in mobile systems - similar to EEG (see
Figure 2). Importantly, OPMs benefit from the
reduced distance between sensors and the brain
_ leading to a comparable performance of current

OPM systems (with less than 50 sensors) to

SQUID systems with more than 100 sensors (Hill

Figure 2: Example of a 50-channel
OPM system (Figure courtesy of Matt  gnd others 2020; livanainen and others 2020).

Brookes).
Despite their obvious advantages OPMs are limited by a relatively low signal
bandwidth (about 150 Hz compared to several kHz for SQUIDS) and several

technical challenges (such as crosstalk between neighbouring sensors) which

need to be addressed for high-density whole-scalp OPM systems.

33


https://sciwheel.com/work/citation?ids=10395256,9211273&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=10395256,9211273&pre=&pre=&suf=&suf=&sa=0,0

Bibliography

Adebimpe A, Aarabi A, Bourel-Ponchel E, Mahmoudzadeh M, Wallois F. 2016. EEG
Resting State Functional Connectivity Analysis in Children with Benign Epilepsy
with Centrotemporal Spikes. Front. Neurosci. 10:143.

Agboada D, Mosayebi Samani M, Jamil A, Kuo M-F, Nitsche MA. 2019. Expanding the
parameter space of anodal transcranial direct current stimulation of the primary
motor cortex. Sci. Rep. 9:18185.

Akalin Acar Z, Acar CE, Makeig S. 2016. Simultaneous head tissue conductivity and EEG
source location estimation. Neuroimage 124:168-180.

Antal A, Alekseichuk |, Bikson M, Brockmaller J, Brunoni AR, Chen R, and others. 2017.
Low intensity transcranial electric stimulation: Safety, ethical, legal regulatory and
application guidelines. Clin. Neurophysiol. 128:1774-1809.

Antonakakis M, Rampp S, Kellinghaus C, Wolters CH, Moeddel G. 2019. Individualized
Targeting and Optimization of Multi-channel Transcranial Direct Current
Stimulation in Drug-Resistant Epilepsy. In: 2019 IEEE 19th International
Conference on Bioinformatics and Bioengineering (BIBE). IEEE. pp. 871-876.

Antonakakis M, Schrader S, Aydin U, Khan A, Gross J, Zervakis M, and others. 2020.
Inter-Subject Variability of Skull Conductivity and Thickness in Calibrated Realistic
Head Models. Neuroimage 223:117353.

Aydin U, Rampp S, Wollbrink A, Kugel H, Cho JH, Knésche TR, and others. 2017.
Zoomed MRI Guided by Combined EEG/MEG Source Analysis: A Multimodal
Approach for Optimizing Presurgical Epilepsy Work-up and its Application in a
Multi-focal Epilepsy Patient Case Study. Brain Topogr. 30:417-433.

Baillet S, Mosher JC, Leahy RM. 2001. Electromagnetic brain mapping. IEEE Signal
Process. Mag. 18:14-30.

Baillet S. 2017. Magnetoencephalography for brain electrophysiology and imaging.
Nat. Neurosci. 20:327-3309.

Baltus A, Wagner S, Wolters CH, Herrmann CS. 2018. Optimized auditory transcranial
alternating current stimulation improves individual auditory temporal resolution.
Brain Stimulat. 11:118-124.

Bergmann TO, Karabanov A, Hartwigsen G, Thielscher A, Siebner HR. 2016. Combining
non-invasive transcranial brain stimulation with neuroimaging and
electrophysiology: Current approaches and future perspectives. Neuroimage
140:4-19.

34


https://sciwheel.com/work/bibliography
https://sciwheel.com/work/bibliography/4248716
https://sciwheel.com/work/bibliography/4248716
https://sciwheel.com/work/bibliography/4248716
https://sciwheel.com/work/bibliography/11156173
https://sciwheel.com/work/bibliography/11156173
https://sciwheel.com/work/bibliography/11156173
https://sciwheel.com/work/bibliography/2015248
https://sciwheel.com/work/bibliography/2015248
https://sciwheel.com/work/bibliography/3960212
https://sciwheel.com/work/bibliography/3960212
https://sciwheel.com/work/bibliography/3960212
https://sciwheel.com/work/bibliography/10528031
https://sciwheel.com/work/bibliography/10528031
https://sciwheel.com/work/bibliography/10528031
https://sciwheel.com/work/bibliography/10528031
https://sciwheel.com/work/bibliography/10432106
https://sciwheel.com/work/bibliography/10432106
https://sciwheel.com/work/bibliography/10432106
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/8337131
https://sciwheel.com/work/bibliography/647343
https://sciwheel.com/work/bibliography/647343
https://sciwheel.com/work/bibliography/3203690
https://sciwheel.com/work/bibliography/3203690
https://sciwheel.com/work/bibliography/4941915
https://sciwheel.com/work/bibliography/4941915
https://sciwheel.com/work/bibliography/4941915
https://sciwheel.com/work/bibliography/3611733
https://sciwheel.com/work/bibliography/3611733
https://sciwheel.com/work/bibliography/3611733
https://sciwheel.com/work/bibliography/3611733

Biasiucci A, Franceschiello B, Murray MM. 2019. Electroencephalography. Curr. Biol.
29:R80—-R85.

Boto E, Holmes N, Leggett J, Roberts G, Shah V, Meyer SS, and others. 2018. Moving
magnetoencephalography towards real-world applications with a wearable
system. Nature 555:657-661.

Brette R, Destexhe A eds. 2012. Handbook of neural activity measurement. Cambridge:
Cambridge University Press

Cao L, Veniero D, Thut G, Gross J. 2017. Role of the cerebellum in adaptation to
delayed action effects. Curr. Biol. 27:2442-2451.e3.

Chervyakov AV, Chernyavsky AY, Sinitsyn DO, Piradov MA. 2015. Possible mechanisms
underlying the therapeutic effects of transcranial magnetic stimulation. Front.
Hum. Neurosci. 9:303.

Dassios G, Fokas AS, Hadjiloizi D. 2007. On the complementarity of
electroencephalography and magnetoencephalography. Inverse Probl. 23:2541-
2549.

Diana M, Raij T, Melis M, Nummenmaa A, Leggio L, Bonci A. 2017. Rehabilitating the
addicted brain with transcranial magnetic stimulation. Nat. Rev. Neurosci. 18:685—
693.

Dmochowski JP, Datta A, Bikson M, Su Y, Parra LC. 2011. Optimized multi-electrode
stimulation increases focality and intensity at target. J. Neural Eng. 8:046011.

Fernandez-Corazza M, Turovets S, Muravchik CH. 2020. Unification of optimal
targeting methods in transcranial electrical stimulation. Neuroimage 209:116403.

Furlong PL, Hobson AR, Aziz Q, Barnes GR, Singh KD, Hillebrand A, and others. 2004.
Dissociating the spatio-temporal characteristics of cortical neuronal activity
associated with human volitional swallowing in the healthy adult brain.
Neuroimage 22:1447-1455.

Giovanni A, Capone F, di Biase L, Ferreri F, Florio L, Guerra A, and others. 2017.
Oscillatory activities in neurological disorders of elderly: biomarkers to target for
neuromodulation. Front. Aging Neurosci. 9:189.

Gramfort A, Papadopoulo T, Olivi E, Clerc M. 2010. OpenMEEG: opensource software
for quasistatic bioelectromagnetics. Biomed. Eng. Online 9:45.

Grech R, Cassar T, Muscat J, Camilleri KP, Fabri SG, Zervakis M, and others. 2008.
Review on solving the inverse problem in EEG source analysis. J. Neuroeng.
Rehabil. 5:25.

Grossman N, Bono D, Dedic N, Kodandaramaiah SB, Rudenko A, Suk H-J, and others.

35


https://sciwheel.com/work/bibliography/6415869
https://sciwheel.com/work/bibliography/6415869
https://sciwheel.com/work/bibliography/4974183
https://sciwheel.com/work/bibliography/4974183
https://sciwheel.com/work/bibliography/4974183
https://sciwheel.com/work/bibliography/10364241
https://sciwheel.com/work/bibliography/10364241
https://sciwheel.com/work/bibliography/4839673
https://sciwheel.com/work/bibliography/4839673
https://sciwheel.com/work/bibliography/463642
https://sciwheel.com/work/bibliography/463642
https://sciwheel.com/work/bibliography/463642
https://sciwheel.com/work/bibliography/10684705
https://sciwheel.com/work/bibliography/10684705
https://sciwheel.com/work/bibliography/10684705
https://sciwheel.com/work/bibliography/4337484
https://sciwheel.com/work/bibliography/4337484
https://sciwheel.com/work/bibliography/4337484
https://sciwheel.com/work/bibliography/740371
https://sciwheel.com/work/bibliography/740371
https://sciwheel.com/work/bibliography/10528694
https://sciwheel.com/work/bibliography/10528694
https://sciwheel.com/work/bibliography/10683992
https://sciwheel.com/work/bibliography/10683992
https://sciwheel.com/work/bibliography/10683992
https://sciwheel.com/work/bibliography/10683992
https://sciwheel.com/work/bibliography/5643581
https://sciwheel.com/work/bibliography/5643581
https://sciwheel.com/work/bibliography/5643581
https://sciwheel.com/work/bibliography/561954
https://sciwheel.com/work/bibliography/561954
https://sciwheel.com/work/bibliography/71178
https://sciwheel.com/work/bibliography/71178
https://sciwheel.com/work/bibliography/71178
https://sciwheel.com/work/bibliography/3741639

2017. Noninvasive deep brain stimulation via temporally interfering electric fields.
Cell 169:1029-1041.e16.

Gross J, Baillet S, Barnes GR, Henson RN, Hillebrand A, Jensen O, and others. 2013.
Good practice for conducting and reporting MEG research. Neuroimage 65:349—
363.

Gross J, Kujala J, Hamalainen M, Timmermann L, Schnitzler A, Salmelin R. 2001.
Dynamic imaging of coherent sources: Studying neural interactions in the human
brain. Proc Natl Acad Sci USA 98:694—699.

Gross J. 2019. Magnetoencephalography in cognitive neuroscience: A primer. Neuron
104:189-204.

Hamaéldinen MS, llmoniemi RJ. 1994. Interpreting magnetic fields of the brain:
minimum norm estimates. Med. Biol. Eng. Comput. 32:35-42.

Hari R, Baillet S, Barnes G, Burgess R, Forss N, Gross J, and others. 2018. IFCN-endorsed
practical guidelines for clinical magnetoencephalography (MEG). Clin.
Neurophysiol. 129:1720-1747.

Hari R, Puce A. 2017. MEG-EEG Primer. Oxford University Press

Haueisen J, Tuch DS, Ramon C, Schimpf PH, Wedeen VJ, George JS, and others. 2002.
The influence of brain tissue anisotropy on human EEG and MEG. Neuroimage
15:159-166.

Helmholtz H. 1853. Ueber einige Gesetze der Vertheilung elektrischer Strome in
korperlichen Leitern, mit Anwendung auf die thierisch-elektrischen Versuche
(Schluss.). Ann. Phys. Chem. 165:353-377.

Herring JD, Esterer S, Marshall TR, Jensen O, Bergmann TO. 2019. Low-frequency
alternating current stimulation rhythmically suppresses gamma-band oscillations
and impairs perceptual performance. Neuroimage 184:440-449.

Herrmann CS, Rach S, Neuling T, Striiber D. 2013. Transcranial alternating current
stimulation: a review of the underlying mechanisms and modulation of cognitive
processes. Front. Hum. Neurosci. 7:279.

Hill RM, Boto E, Rea M, Holmes N, Leggett J, Coles LA, and others. 2020. Multi-channel
whole-head OPM-MEG: Helmet design and a comparison with a conventional
system. Neuroimage 219:116995.

Htet AT, Saturnino GB, Burnham EH, Noetscher GM, Nummenmaa A, Makarov SN.
2019. Comparative performance of the finite element method and the boundary
element fast multipole method for problems mimicking transcranial magnetic
stimulation (TMS). J. Neural Eng. 16:024001.

36


https://sciwheel.com/work/bibliography/3741639
https://sciwheel.com/work/bibliography/3741639
https://sciwheel.com/work/bibliography/3887955
https://sciwheel.com/work/bibliography/3887955
https://sciwheel.com/work/bibliography/3887955
https://sciwheel.com/work/bibliography/375979
https://sciwheel.com/work/bibliography/375979
https://sciwheel.com/work/bibliography/375979
https://sciwheel.com/work/bibliography/7667023
https://sciwheel.com/work/bibliography/7667023
https://sciwheel.com/work/bibliography/9633273
https://sciwheel.com/work/bibliography/9633273
https://sciwheel.com/work/bibliography/5612688
https://sciwheel.com/work/bibliography/5612688
https://sciwheel.com/work/bibliography/5612688
https://sciwheel.com/work/bibliography/6278066
https://sciwheel.com/work/bibliography/7728557
https://sciwheel.com/work/bibliography/7728557
https://sciwheel.com/work/bibliography/7728557
https://sciwheel.com/work/bibliography/10481324
https://sciwheel.com/work/bibliography/10481324
https://sciwheel.com/work/bibliography/10481324
https://sciwheel.com/work/bibliography/5852108
https://sciwheel.com/work/bibliography/5852108
https://sciwheel.com/work/bibliography/5852108
https://sciwheel.com/work/bibliography/1803688
https://sciwheel.com/work/bibliography/1803688
https://sciwheel.com/work/bibliography/1803688
https://sciwheel.com/work/bibliography/9211273
https://sciwheel.com/work/bibliography/9211273
https://sciwheel.com/work/bibliography/9211273
https://sciwheel.com/work/bibliography/10533570
https://sciwheel.com/work/bibliography/10533570
https://sciwheel.com/work/bibliography/10533570
https://sciwheel.com/work/bibliography/10533570

Huang MX, Mosher JC, Leahy RM. 1999. A sensor-weighted overlapping-sphere head
model and exhaustive head model comparison for MEG. Phys. Med. Biol. 44:423—
440.

Huang Y, Datta A, Bikson M, Parra LC. 2019. Realistic volumetric-approach to simulate
transcranial electric stimulation-ROAST-a fully automated open-source pipeline. J.
Neural Eng. 16:056006.

Huang Y, Liu AA, Lafon B, Friedman D, Dayan M, Wang X, and others. 2017.
Measurements and models of electric fields in the in vivo human brain during
transcranial electric stimulation. elife 6.

livanainen J, Zetter R, Parkkonen L. 2020. Potential of on-scalp MEG: Robust detection
of human visual gamma-band responses. Hum. Brain Mapp. 41:150-161.

Junghofer M, Winker C, Rehbein MA, Sabatinelli D. 2017. Noninvasive stimulation of
the ventromedial prefrontal cortex enhances pleasant scene processing. Cereb.
Cortex 27:3449-3456.

Kaufmann E, Hordt M, Lauseker M, Palm U, Noachtar S. 2021. Acute effects of spaced
cathodal transcranial direct current stimulation in drug resistant focal epilepsies.
Clin. Neurophysiol. 132:1444-1451.

Keil A, Debener S, Gratton G, Junghofer M, Kappenman ES, Luck SJ, and others. 2014,
Committee report: publication guidelines and recommendations for studies using
electroencephalography and magnetoencephalography. Psychophysiology 51:1—
21.

Krieg TD, Salinas FS, Narayana S, Fox PT, Mogul DJ. 2013. PET-based confirmation of
orientation sensitivity of TMS-induced cortical activation in humans. Brain
Stimulat. 6:898-904.

Kybic J, Clerc M, Abboud T, Faugeras O, Keriven R, Papadopoulo T. 2005. A common
formalism for the Integral formulations of the forward EEG problem. IEEE Trans.
Med. Imaging 24:12-28.

Labyt E, Corsi M-C, Fourcault W, Palacios Laloy A, Bertrand F, Lenouvel F, and others.
2019. Magnetoencephalography with optically pumped 4he magnetometers at
ambient temperature. IEEE Trans. Med. Imaging 38:90-98.

Liu A, Voroslakos M, Kronberg G, Henin S, Krause MR, Huang Y, and others. 2018.
Immediate neurophysiological effects of transcranial electrical stimulation. Nat.
Commun. 9:5092.

Makarov SN, Hamalainen M, Okada Y, Noetscher GM, Ahveninen J, Nummenmaa A.
2021. Boundary element fast multipole method for enhanced modeling of
neurophysiological recordings. IEEE Trans Biomed Eng 68:308—-318.

37


https://sciwheel.com/work/bibliography/1236754
https://sciwheel.com/work/bibliography/1236754
https://sciwheel.com/work/bibliography/1236754
https://sciwheel.com/work/bibliography/10533502
https://sciwheel.com/work/bibliography/10533502
https://sciwheel.com/work/bibliography/10533502
https://sciwheel.com/work/bibliography/3111594
https://sciwheel.com/work/bibliography/3111594
https://sciwheel.com/work/bibliography/3111594
https://sciwheel.com/work/bibliography/10395256
https://sciwheel.com/work/bibliography/10395256
https://sciwheel.com/work/bibliography/3571660
https://sciwheel.com/work/bibliography/3571660
https://sciwheel.com/work/bibliography/3571660
https://sciwheel.com/work/bibliography/11224319
https://sciwheel.com/work/bibliography/11224319
https://sciwheel.com/work/bibliography/11224319
https://sciwheel.com/work/bibliography/1040786
https://sciwheel.com/work/bibliography/1040786
https://sciwheel.com/work/bibliography/1040786
https://sciwheel.com/work/bibliography/1040786
https://sciwheel.com/work/bibliography/1856486
https://sciwheel.com/work/bibliography/1856486
https://sciwheel.com/work/bibliography/1856486
https://sciwheel.com/work/bibliography/561958
https://sciwheel.com/work/bibliography/561958
https://sciwheel.com/work/bibliography/561958
https://sciwheel.com/work/bibliography/8337173
https://sciwheel.com/work/bibliography/8337173
https://sciwheel.com/work/bibliography/8337173
https://sciwheel.com/work/bibliography/6116207
https://sciwheel.com/work/bibliography/6116207
https://sciwheel.com/work/bibliography/6116207
https://sciwheel.com/work/bibliography/11747358
https://sciwheel.com/work/bibliography/11747358
https://sciwheel.com/work/bibliography/11747358

Marshall TR, Esterer S, Herring JD, Bergmann TO, Jensen O. 2016. On the relationship
between cortical excitability and visual oscillatory responses - A concurrent tDCS-
MEG study. Neuroimage 140:41-49.

Medani T, Garcia-Prieto J, Tadel F, Schrader S, Antonakakis M, Joshi AA, and others.
2021. Realistic head modeling of electromagnetic brain activity: an integrated
Brainstorm-DUNEuro pipeline from MRI data to the FEM solutions. In: Bosmans H,
Zhao W, Yu L, editors. Medical Imaging 2021: Physics of Medical Imaging. SPIE. p.
135.

Michel CM, Murray MM, Lantz G, Gonzalez S, Spinelli L, Grave de Peralta R. 2004. EEG
source imaging. Clin. Neurophysiol. 115:2195-2222.

Mills KR, Boniface SJ, Schubert M. 1992. Magnetic brain stimulation with a double coil:
the importance of coil orientation. Electroencephalogr. Clin. Neurophysiol. 85:17—
21.

Mosher JC, Lewis PS, Leahy RM. 1992. Multiple dipole modeling and localization from
spatio-temporal MEG data. IEEE Trans Biomed Eng 39:541-557.

de Munck JC, Peters MJ. 1993. A fast method to compute the potential in the
multisphere model. IEEE Trans Biomed Eng 40:1166-1174.

Murakami S, Okada Y. 2006. Contributions of principal neocortical neurons to
magnetoencephalography and electroencephalography signals. J Physiol (Lond)
575:925-936.

Myers-Schulz B, Koenigs M. 2012. Functional anatomy of ventromedial prefrontal
cortex: implications for mood and anxiety disorders. Mol. Psychiatry 17:132-141.

Neuling T, Ruhnau P, Weisz N, Herrmann CS, Demarchi G. 2017. Faith and oscillations
recovered: On analyzing EEG/MEG signals during tACS. Neuroimage 147:960-963.

Nielsen JD, Madsen KH, Puonti O, Siebner HR, Bauer C, Madsen CG, and others. 2018.
Automatic skull segmentation from MR images for realistic volume conductor
models of the head: Assessment of the state-of-the-art. Neuroimage 174:587—-
598.

Nolte G. 2003. The magnetic lead field theorem in the quasi-static approximation and
its use for magnetoencephalography forward calculation in realistic volume
conductors. Phys. Med. Biol. 48:3637-3652.

Notzon S, Steinberg C, Zwanzger P, Junghofer M. 2018. Modulating emotion
perception: opposing effects of inhibitory and excitatory prefrontal cortex
stimulation. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 3:329-336.

Noury N, Siegel M. 2018. Analyzing EEG and MEG signals recorded during tES, a reply.
Neuroimage 167:53-61.

38


https://sciwheel.com/work/bibliography/6176978
https://sciwheel.com/work/bibliography/6176978
https://sciwheel.com/work/bibliography/6176978
https://sciwheel.com/work/bibliography/10528118
https://sciwheel.com/work/bibliography/10528118
https://sciwheel.com/work/bibliography/10528118
https://sciwheel.com/work/bibliography/10528118
https://sciwheel.com/work/bibliography/10528118
https://sciwheel.com/work/bibliography/71174
https://sciwheel.com/work/bibliography/71174
https://sciwheel.com/work/bibliography/1856489
https://sciwheel.com/work/bibliography/1856489
https://sciwheel.com/work/bibliography/1856489
https://sciwheel.com/work/bibliography/1237715
https://sciwheel.com/work/bibliography/1237715
https://sciwheel.com/work/bibliography/10533362
https://sciwheel.com/work/bibliography/10533362
https://sciwheel.com/work/bibliography/6136507
https://sciwheel.com/work/bibliography/6136507
https://sciwheel.com/work/bibliography/6136507
https://sciwheel.com/work/bibliography/286334
https://sciwheel.com/work/bibliography/286334
https://sciwheel.com/work/bibliography/4941990
https://sciwheel.com/work/bibliography/4941990
https://sciwheel.com/work/bibliography/6178469
https://sciwheel.com/work/bibliography/6178469
https://sciwheel.com/work/bibliography/6178469
https://sciwheel.com/work/bibliography/6178469
https://sciwheel.com/work/bibliography/6526065
https://sciwheel.com/work/bibliography/6526065
https://sciwheel.com/work/bibliography/6526065
https://sciwheel.com/work/bibliography/9161827
https://sciwheel.com/work/bibliography/9161827
https://sciwheel.com/work/bibliography/9161827
https://sciwheel.com/work/bibliography/4523453
https://sciwheel.com/work/bibliography/4523453

Opitz A, Yeagle E, Thielscher A, Schroeder C, Mehta AD, Milham MP. 2018. On the
importance of precise electrode placement for targeted transcranial electric
stimulation. Neuroimage 181:560-567.

Pernet CR, Garrido M, Gramfort A, Maurits N, Michel C, Pang E, and others. 2018. Best
Practices in Data Analysis and Sharing in Neuroimaging using MEEG.

Piastra MC, NiRing A, Vorwerk J, Clerc M, Engwer C, Wolters CH. 2021. A
comprehensive study on electroencephalography and magnetoencephalography
sensitivity to cortical and subcortical sources. Hum. Brain Mapp. 42:978-992.

Polania R, Nitsche MA, Ruff CC. 2018. Studying and modifying brain function with non-
invasive brain stimulation. Nat. Neurosci. 21:174-187.

Radecke JO, Khan A, Engel AK, Wolters CH, Schneider TR. 2020. Individual Targeting
Increases Control Over Inter-Individual Variability in Simulated Transcranial
Electric Fields. IEEE Access 8:182610-182624.

Rampp S, Stefan H, Wu X, Kaltenhduser M, Maess B, Schmitt FC, and others. 2019.
Magnetoencephalography for epileptic focus localization in a series of 1000 cases.
Brain 142:3059-3071.

Rawiji V, Ciocca M, Zacharia A, Soares D, Truong D, Bikson M, and others. 2018. tDCS
changes in motor excitability are specific to orientation of current flow. Brain
Stimulat. 11:289-298.

Rezaei A, Antonakakis M, Piastra M, Wolters CH, Pursiainen S. 2020. Parametrizing the
Conditionally Gaussian Prior Model for Source Localization with Reference to the
P20/N20 Component of Median Nerve SEP/SEF. Brain Sci. 10.

Rice JK, Rorden C, Little JS, Parra LC. 2013. Subject position affects EEG magnitudes.
Neuroimage 64:476—-484.

Ruhnau P, Neuling T, Fusca M, Herrmann CS, Demarchi G, Weisz N. 2016. Eyes wide
shut: Transcranial alternating current stimulation drives alpha rhythm in a state
dependent manner. Sci. Rep. 6:27138.

Rush, S., & Driscoll, D. A. (1969). EEG electrode sensitivity-an application of
reciprocity. IEEE transactions on biomedical engineering, (1), 15-22.

Saturnino GB, Thielscher A, Madsen KH, Knésche TR, Weise K. 2019. A principled
approach to conductivity uncertainty analysis in electric field calculations.
Neuroimage 188:821-834.

Scherg M, Von Cramon D. 1985. Two bilateral sources of the late AEP as identified by a
spatio-temporal dipole model. Electroencephalography and Clinical
Neurophysiology/Evoked Potentials Section 62:32—-44.

39


https://sciwheel.com/work/bibliography/6281337
https://sciwheel.com/work/bibliography/6281337
https://sciwheel.com/work/bibliography/6281337
https://sciwheel.com/work/bibliography/6334968
https://sciwheel.com/work/bibliography/6334968
https://sciwheel.com/work/bibliography/10065889
https://sciwheel.com/work/bibliography/10065889
https://sciwheel.com/work/bibliography/10065889
https://sciwheel.com/work/bibliography/4807934
https://sciwheel.com/work/bibliography/4807934
https://sciwheel.com/work/bibliography/10432114
https://sciwheel.com/work/bibliography/10432114
https://sciwheel.com/work/bibliography/10432114
https://sciwheel.com/work/bibliography/7619815
https://sciwheel.com/work/bibliography/7619815
https://sciwheel.com/work/bibliography/7619815
https://sciwheel.com/work/bibliography/5643374
https://sciwheel.com/work/bibliography/5643374
https://sciwheel.com/work/bibliography/5643374
https://sciwheel.com/work/bibliography/10432116
https://sciwheel.com/work/bibliography/10432116
https://sciwheel.com/work/bibliography/10432116
https://sciwheel.com/work/bibliography/1517133
https://sciwheel.com/work/bibliography/1517133
https://sciwheel.com/work/bibliography/4942017
https://sciwheel.com/work/bibliography/4942017
https://sciwheel.com/work/bibliography/4942017
https://sciwheel.com/work/bibliography/10533505
https://sciwheel.com/work/bibliography/10533505
https://sciwheel.com/work/bibliography/10533505
https://sciwheel.com/work/bibliography/10533606
https://sciwheel.com/work/bibliography/10533606
https://sciwheel.com/work/bibliography/10533606

Schmidt C, Wagner S, Burger M, Rienen U van, Wolters CH. 2015. Impact of uncertain
head tissue conductivity in the optimization of transcranial direct current
stimulation for an auditory target. J. Neural Eng. 12:046028.

Schrader S, Westhoff A, Piastra MC, Miinalainen T, Pursiainen S, Vorwerk J, and others.
2021. DUNEuro-A software toolbox for forward modeling in bioelectromagnetism.
PLoS ONE 16:e0252431.

Senkowski D, Gallinat J. 2015. Dysfunctional prefrontal gamma-band oscillations reflect
working memory and other cognitive deficits in schizophrenia. Biol. Psychiatry
77:1010-1019.

Suntrup-Krueger S, Ringmaier C, Muhle P, Wollbrink A, Kemmling A, Hanning U, and
others. 2018. Randomized trial of transcranial direct current stimulation for
poststroke dysphagia. Ann. Neurol. 83:328-340.

Thut G, Bergmann TO, Frohlich F, Soekadar SR, Brittain J-S, Valero-Cabré A, and others.
2017. Guiding transcranial brain stimulation by EEG/MEG to interact with ongoing
brain activity and associated functions: A position paper. Clin. Neurophysiol.
128:843-857.

Tremblay S, Rogasch NC, Premoli |, Blumberger DM, Casarotto S, Chen R, and others.
2019. Clinical utility and prospective of TMS-EEG. Clin. Neurophysiol. 130:802—
844.

Vallaghé S, Papadopoulo T, Clerc M. 2009. The adjoint method for general EEG and
MEG sensor-based lead field equations. Phys. Med. Biol. 54:135-147.

Van Veen BD, van Drongelen W, Yuchtman M, Suzuki A. 1997. Localization of brain
electrical activity via linearly constrained minimum variance spatial filtering. IEEE
Trans Biomed Eng 44:867-880.

Vorwerk J, Aydin U, Wolters CH, Butson CR. 2019. Influence of head tissue conductivity
uncertainties on EEG dipole reconstruction. Front. Neurosci. 13:531.

Vorwerk J, Cho J-H, Rampp S, Hamer H, Knésche TR, Wolters CH. 2014. A guideline for
head volume conductor modeling in EEG and MEG. Neuroimage 100:590-607.

Vorwerk J, Clerc M, Burger M, Wolters CH. 2012. Comparison of boundary element and
finite element approaches to the EEG forward problem. Biomed Tech (Berl) 57
Suppl 1.

Wagner Sven, Burger M, Wolters CH. 2016. An Optimization Approach for Well-
Targeted Transcranial Direct Current Stimulation. SIAM J. Appl. Math. 76:2154—
2174.

40


https://sciwheel.com/work/bibliography/6176782
https://sciwheel.com/work/bibliography/6176782
https://sciwheel.com/work/bibliography/6176782
https://sciwheel.com/work/bibliography/11747356
https://sciwheel.com/work/bibliography/11747356
https://sciwheel.com/work/bibliography/11747356
https://sciwheel.com/work/bibliography/1475484
https://sciwheel.com/work/bibliography/1475484
https://sciwheel.com/work/bibliography/1475484
https://sciwheel.com/work/bibliography/6177968
https://sciwheel.com/work/bibliography/6177968
https://sciwheel.com/work/bibliography/6177968
https://sciwheel.com/work/bibliography/3514045
https://sciwheel.com/work/bibliography/3514045
https://sciwheel.com/work/bibliography/3514045
https://sciwheel.com/work/bibliography/3514045
https://sciwheel.com/work/bibliography/6476437
https://sciwheel.com/work/bibliography/6476437
https://sciwheel.com/work/bibliography/6476437
https://sciwheel.com/work/bibliography/10533554
https://sciwheel.com/work/bibliography/10533554
https://sciwheel.com/work/bibliography/1237853
https://sciwheel.com/work/bibliography/1237853
https://sciwheel.com/work/bibliography/1237853
https://sciwheel.com/work/bibliography/10533509
https://sciwheel.com/work/bibliography/10533509
https://sciwheel.com/work/bibliography/6272156
https://sciwheel.com/work/bibliography/6272156
https://sciwheel.com/work/bibliography/4761547
https://sciwheel.com/work/bibliography/4761547
https://sciwheel.com/work/bibliography/4761547
https://sciwheel.com/work/bibliography/6789095
https://sciwheel.com/work/bibliography/6789095
https://sciwheel.com/work/bibliography/6789095

Wagner S, Lucka F, Vorwerk J, Herrmann CS, Nolte G, Burger M, and others. 2016.
Using reciprocity for relating the simulation of transcranial current stimulation to
the EEG forward problem. Neuroimage 140:163-173.

Wagner S, Rampersad SM, Aydin U, Vorwerk J, Oostendorp TF, Neuling T, and others.
2014. Investigation of tDCS volume conduction effects in a highly realistic head
model. J. Neural Eng. 11:016002.

Wellmer J, Parpaley Y, Rampp S, Popkirov S, Kugel H, Aydin U, and others. 2016. Lesion
guided stereotactic radiofrequency thermocoagulation for palliative, in selected
cases curative epilepsy surgery. Epilepsy Res. 121:39-46.

Winker C, Rehbein MA, Sabatinelli D, Dohn M, Maitzen J, Wolters CH, and others.
2018. Noninvasive stimulation of the ventromedial prefrontal cortex modulates
emotional face processing. Neuroimage 175:388-401.

Witkowski M, Garcia-Cossio E, Chander BS, Braun C, Birbaumer N, Robinson SE, and
others. 2016. Mapping entrained brain oscillations during transcranial alternating
current stimulation (tACS). Neuroimage 140:89-98.

Wolters CH, Anwander A, Tricoche X, Weinstein D, Koch MA, MacLeod RS. 2006.
Influence of tissue conductivity anisotropy on EEG/MEG field and return current
computation in a realistic head model: a simulation and visualization study using
high-resolution finite element modeling. Neuroimage 30:813-826.

Wolters CH, Beckmann RF, Riendcker A, Buchner H. 1999. Comparing regularized and
non-regularized nonlinear dipole fit methods: a study in a simulated sulcus
structure. Brain Topogr. 12:3-18.

Wolters CH, Grasedyck L, Hackbusch W. 2004. Efficient computation of lead field bases
and influence matrix for the FEM-based EEG and MEG inverse problem. Inverse
Probl. 20:1099-1116.

Wolters, C.H., Kostler, H., Mdller, C., Hardtlein, J., Grasedyck, L., Hackbusch, W. 2007.
Numerical mathematics of the subtraction approach for the modeling of a current
dipole in EEG source reconstruction using finite element head models. SIAM J. on
Scientific Computing, 30(1):24-45.

Yang D, Wang Q, Xu C, Fang F, Fan J, Li L, and others. 2020. Transcranial direct current
stimulation reduces seizure frequency in patients with refractory focal epilepsy: A
randomized, double-blind, sham-controlled, and three-arm parallel multicenter
study. Brain Stimulat. 13:109-116.

41


https://sciwheel.com/work/bibliography/6177273
https://sciwheel.com/work/bibliography/6177273
https://sciwheel.com/work/bibliography/6177273
https://sciwheel.com/work/bibliography/6177962
https://sciwheel.com/work/bibliography/6177962
https://sciwheel.com/work/bibliography/6177962
https://sciwheel.com/work/bibliography/1647979
https://sciwheel.com/work/bibliography/1647979
https://sciwheel.com/work/bibliography/1647979
https://sciwheel.com/work/bibliography/6178276
https://sciwheel.com/work/bibliography/6178276
https://sciwheel.com/work/bibliography/6178276
https://sciwheel.com/work/bibliography/3045399
https://sciwheel.com/work/bibliography/3045399
https://sciwheel.com/work/bibliography/3045399
https://sciwheel.com/work/bibliography/4997879
https://sciwheel.com/work/bibliography/4997879
https://sciwheel.com/work/bibliography/4997879
https://sciwheel.com/work/bibliography/4997879
https://sciwheel.com/work/bibliography/10534812
https://sciwheel.com/work/bibliography/10534812
https://sciwheel.com/work/bibliography/10534812
https://sciwheel.com/work/bibliography/10542529
https://sciwheel.com/work/bibliography/10542529
https://sciwheel.com/work/bibliography/10542529
https://sciwheel.com/work/bibliography/9278219
https://sciwheel.com/work/bibliography/9278219
https://sciwheel.com/work/bibliography/9278219
https://sciwheel.com/work/bibliography/9278219

