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Abstract

tACS is a non-invasive stimulation technique where oscillating currents are applied to externally mod-
ulate cortical excitability and connectivity in the brain. While tACS seems to have promising results in
altering oscillatory activity, there is a high variability of results between studies and subjects. There is
a need for understanding the physiological mechanisms behind tACS. This study investigated changes
in the tACS-induced electric field as a result of changing the size of stimulation ring electrodes and
changing the phase-lag value between two cortices. A standard SimNIBS pipeline was used for finite
element methods calculations, using Dirichlet and Neumann boundaries. A quasi-static regime is as-
sumed.
In this study, we have found more information on how the electric field induced by tACS responds to
different settings of stimulation. Firstly, the sizes of the center-surround ring electrodes were changed
and simulated. A compromise for a high focality and high strength of the electric field was found in the
ring electrode montage where (Dcircle, Dinner−ring, Douter−ring) = (25, 78, 100) mm. Next, the effect
of a phase-lag value between the cortices was simulated for values of ϕ = 0, ϕ = π, ϕ = 1/2π, and
ϕ = 3/2π. The strength of the induced electric field is dependent on the tACS current that is applied
through the electrodes. Changes in the electric field distribution compared to the ϕ = 0 stimulation,
led to differences located below the stimulation electrodes. When the currents are of opposite polarity,
there is also a difference present at the great longitudinal fissure. The direction of the electric field
gradually changed from perpendicular to the cortex to a more parallel orientation to the cortex for all
phase-lag simulations.
While we gained new insights, the results are limited by their generalizability. With more research,
the generalizability of the results could be expanded and new insights could be made.
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1 Introduction

Transcranial electrical stimulation (tES) is a non-invasive stimulation technique where currents are
applied to the scalp to alter brain function[1]. Studying the physiology of human cognition and the
motor cortices has been difficult due to technological and ethical constraints[2]. tES techniques could
be a solution, as they study physiology in a non-invasive manner. tES compromises a number of dif-
ferent techniques, transcranial alternating current stimulation (tACS) being one of them.

In tACS, oscillating electrical currents are applied to externally modulate cortical excitability and brain
connectivity[3]. Since tACS can interfere with or enhance brain waves depending on the settings of
stimulation, it has been studied as a means of intervention in different neurological and behavioral con-
ditions and diseases[3, 4, 5]. For example, tACS can be effective in altering brain waves and oscillatory
activity characteristics for motor dysfunctions associated with Parkinson’s disease[5]. Furthermore,
tACS has been proven effective in reducing auditory hallucinations in patients with schizophrenia[6].
While the results of tACS seem promising, there is a high variability of these results between studies
and subjects[7].

There is a need for further studies to have an understanding of the physiological mechanisms behind
tACS[8]. With a better understanding, the results of tACS can be predicted more accurately and
variability between subjects can be decreased. The first step in understanding is analyzing how different
stimulation parameters influence the tACS-induced electric field in the cortex. When there is an
understanding of how we can influence the electric field with different parameters, we could predict
and control the effects of tACS.

1.1 The mechanisms and effects of tACS

In tACS oscillating electrical currents are applied to the scalp to induce electric fields in the cortex.
A large part of the applied current will be shunted by the scalp, not reaching the intended area for
stimulation[9]. Thus, a weak alternating current reaches the brain. This current causes the membrane
potential of cortical neurons to move towards hyper- or de-polarization, which increases the chance of
an action potential being generated[4, 10].

tACS can be separated by the timing of its effects: the online effects (during the tACS stimulation) and
the offline effects (after the tACS stimulation)[4]. The online effects are thought to be caused by the
synchronization of brain oscillations to the applied tACS current[11]. The main physiological mech-
anisms that are hypothesized to be responsible for these online effects are entrainment and intrinsic
endogenous resonance[12]. Entrainment is the phenomenon where brain oscillations will synchronize
to the frequency of the tACS current.

While it would be helpful to study the online effects of tACS, this has proven to be difficult. The
effects or tACS could be measured using EEG [13]. However, tACS stimulation causes hard-to-predict
artifacts in the electric signal[14]. The strength of these artifacts is relatively high compared to the
signals measured with EEG, making interpretation of results difficult[14, 15]. Since measuring the on-
line effects is hard due to these artifacts, studying the offline effects of EEG has become the standard.
While there are some studies on fMRI and MEG to investigate the effects of tACS in the brain, EEG
seems the most logical complement[15]. EEG and MEG measurements reflect the electric activity of
neuronal cells[16]. Thus, EEG and MEG study the direct effects of tACS, unlike fMRI. Furthermore,
EEG and MEG have a relatively high temporal resolution compared to fMRI, making them a more
suitable method of measurement[13]. In practice, EEG is used more than MEG since it is cheaper and
easier to access[17].
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High subject variability of offline tACS-induced effects can be caused by the lack of understanding of
the physiological mechanisms[9]. Between studies, the settings of stimulation, such as the intensity of
stimulation and the electrode montage, are changed[8]. More research on which physiological effects
are behind tACS is needed, taking into consideration the different settings of stimulation.
The offline effects of tACS are suggested to be caused by both entrainment and spike-timing-dependent
plasticity (STDP)[18]. There is a debate on whether the effects of entrainment outlast the time of
stimulation and thus be observed when measuring offline effects [19]. STDP is thought to make changes
in the synapses depending on the endogenous frequency of the neural networks. Plastic changes can
occur, for example, if the frequency of tACS is matched to this endogenous frequency of the neural
networks[20, 18]. Thus, STDP could cause synchronization or desynchronization of neuronal activity[2,
21].

1.2 Stimulation parameters of tACS

tACS can be expanded to have multiple sites of stimulation, e.g. dual-site tACS. In dual-site tACS,
electrode montages are placed on two different brain regions, most commonly on two contralateral
regions. Dual-site tACS is thought to be useful in modulating the phases of brain oscillations in two
connected cortical areas[22].

There are different stimulation parameters that can be varied during tACS, e.g. the frequency of
stimulation. Two of these stimulation parameters are the montage of the stimulation electrodes and
the phase-lag between two regions of stimulation.

The electrode montage of tACS
The montage of stimulation electrodes in tACS can influence the effects that are induced[23]. Datta
et al. (2008) tested a variety of different montages, e.g. distant-bipolar, adjacent-bipolar, tripolar,
and (concentric) ring montages. The ring electrode montage (see Figure 1B) resulted in the highest
focality of the electric field[24]. A stronger focalization of the electric field is associated with more
consistent brain activity[23]. In the ring montage, the outer ring acts as a curved electrode and guides
the current in the direction of the region of interest: the current moves from the center electrode to the
outer ring electrode which acts as a boundary for the current. This principle explains the high focality
of the electric field for the ring montage. In a classical montage (see Figure 1A), the expansion of the
electric field is less focal, making it more difficult to target a certain brain area[23].

Figure 1: In Figure 1A, a classical tACS montage can be seen. In Figure 1B, a tACS ring montage can be seen. The
ring montage is characterized by having a circular center electrode surrounded by a larger ring electrode. Figure from

[23].

Studies have shown that changing the properties of electrodes could improve the focality of the electric
field during tACS[9]. While a ring montage results in a relatively high focality of the electric field, it
does so at the expense of having a decreased total current on the cortical surface[24]. Changing the
sizes of the ring electrodes could be proven useful to find a compromise between having a high focality
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and lower total current.

A phase-lag value of tACS
The phase between the different sites is important since the activity and connectivity of the brain
could be altered depending on the value of the phase-lag[25]. Using different phase-lag values between
two regions of the brain seems to induce effects that outlast the time of stimulation. Differences in
connectivity changes were found between an in-phase stimulation (ϕ = 0) and an anti-phase stimu-
lation (ϕ = π)[26]. It seems that neural activity can be influenced phase-specifically by the electric field.

tACS currents are most commonly applied as sinusoids, which in its most basic form looks like:

F = Iosin(2πft+ ϕ)

A phase-lag is a ‘delay’ in the applied sinusoid. The value of ϕ changes and thereby changes the
offset of the current. When we speak of a phase-lag of ϕ = 0, we mean that the offset of the cur-
rent is the same in both stimulation sites. When we speak of a phase-lag of ϕ = π, we mean that the
offset for the current in one stimulation site is 0, while it is π in the other stimulation site (see Figure 2).

Figure 2: An example of what a phase-lag between the sinusoidal currents would look like. The ϕ indicates a delay in
the offset of one of the currents. Figure adapted from [27].

1.3 tACS effects on the electric field

The electric current that passes through the stimulation electrodes generates an electric field. This
electric field alters brain activity and connectivity. The electric field is influenced by the setting of
stimulation parameters during tACS. To understand how the field is influenced by the settings of stim-
ulation, its focality, strength, and direction can be used as a measurement.

The focality of the electric field is a measurement of how much the electric field diverges. A low focality
means that the electric field is more widespread in the cortices, and thus that more brain areas could
be modulated. In order to be able to find a causal relationship between the stimulation effect on the
electric field and the modulation of specific brain areas or waves, it is important to limit the induced
electric field to a region of interest[28].
In tACS, the ‘dose’ refers to the induced electric fields in the cortex[29]. Induced electric fields with a
strength of 0.2 V/m are already expected to modulate neurons. However, an increased focality of the
electric field is often accompanied by a decrease in the electric field strength[28]. It is important to
analyze this strength-focality trade-off, to choose the most efficient tACS stimulation parameters.

Another measure related to the electric field is its direction. The direction of the applied current to
the stimulated region of interest is thought to play an essential role in the effects of tACS[12]. In single
neurons, the direction of the tACS current to the somatodendritic axis of the targeted neurons decides
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if there is hyperpolarization, depolarization, or no polarization[30]. Thus, when the direction of the
applied electric field changes, the properties of the resulting field in the cortex change as there might
be a different subset of neurons that is stimulated[4, 25]. The direction of the applied current to the
orientation of the targeted neurons can alter the effects of tACS significantly[30].

1.4 Quasi-static approximation and FEM for tACS simulation

SimNIBS and Matlab can be used to simulate tDCS, TMS, and tACS. The response of the electric field
on different stimulation parameters during dual-site tACS can be simulated. The finite element method
(FEM) and the quasi-static approximation are used to be able to do tACS simulations in SimNIBS
using the tDCS pipeline (see Chapter 3.1 for an elaboration). How the quasi-static approximation and
FEM can be applied in theory, will be discussed here.

Frequencies used in tACS are relatively low, meaning a quasi-static approximation can be made. We
can assume a quasi-static approximation if [31]:

L/c ≪ τ

With L the diameter of the head, τ = 1/f the time of interest and c = 1/
√
ϵ0µ0

For a frequency F = 20 Hz, the sphere of the head approximated with L = 13 cm, we get:

L/c ≊ 4.310−10 s ≪ 0.05 s

In this case, the quasi-static approximation can be made. This means that the temporal component
and the spatial component can be seen as independent of one another. The temporal variation will
only scale the electric field and does not change the distribution [32].

If a quasi-static regime can be assumed, the transcranial direct current stimulation (tDCS) SimNIBS
pipeline can be used for tACS simulations. Based on the quasi-static approximation, the spatial
component of the electric field can be calculated by solving Laplace’s equation for the electrostatic
potential φ [33, 31]:

∇ · (σ∇φ) = 0

The tDCS model can be regarded as a mixed boundary value problem[31]. The electrostatic potential
ϕ at the location of the electrodes is determined by Dirichlet boundary conditions[33, 34]. The electro-
static potential at the rest of the surface of the head is determined by Neumann boundary conditions
(∇φ = 0) since no current flows from the scalp to the air[35]. With these boundary conditions, FEM
can be used to determine electric field E by numerical differentiation of φ [33]:

E = −∇φ

In the case of tDCS/tACS simulations, electrodes are added to the head model. Therefore, the head
model coordinate system is aligned with the coordinate system for the electrodes[36]. Then, the body
of the electrodes are constructed by filling in tetrahedra. FEM can be used to calculate the electric
field at each element of the head mesh. FEM is generally used to compute solutions of numerical model
equations which are an approximation of the solution to the partial differential equations [37]. In this
case, that means that FEM is used with linear basis functions. The FEM calculations result in an
electric field at each element of the head mesh. The mesh is transformed into a cortical surface using
interpolation, so that visualization is easier.

6



2 Aims of Research

In this study, we aim to investigate changes in the electric field as a result of changing the size of
stimulation ring electrodes and changing the phase-lag value between two cortices, during dual-site
tACS targeted to the primary motor cortices (M1). First, we will evaluate how different ring electrode
sizes affect the electric field by measuring the focality in the cortex and the maximum and average
strength of the electric field in the primary motor cortex. Next, we will study how phase-lag values
of ϕ = 0, ϕ = π, ϕ = 1

2π, and ϕ = 3
2π between cortices affect the electric field by measuring the

focality in the cortex, the maximum and average strength, and the direction of the electric field. We
will simulate the stimulations with different ring electrode sizes and phase-lag values in SimNIBS 2.3.6
and Matlab R2021B. Using the finite element method (FEM), calculated with SimNIBS, an accurate
approximation of the electric fields in the human head is made. Since the frequencies used in tACS
are relatively low, a quasi-static approximation can be made. The focality, the maximum and average
strength, and the direction of the electric field in the primary motor cortices will be studied to evaluate
the response of the electric field to the differences in stimulation parameters.

In summary, the aims of the study are:

• Simulate and evaluate different center-surround ring electrode configurations in tACS.

– Analyse the focality of the induced electric field in the primary motor cortex for different
ring electrode configurations;

– Analyse the maximum and average field strength of the induced field in the primary motor
cortex for different ring electrode configurations;

– Give a recommendation on the best ring electrode montage based on the focality and max-
imum and average strength of the electric field in the simulations.

• Simulate and evaluate the effect of the phase-lag values ϕ = 0, ϕ = π, ϕ = 1
2π, and ϕ = 3

2π
applied between cortices in tACS.

– Analyse the focality of the induced electric field in the primary motor cortex for different
phase-lag values.

– Analyse the maximum and average field strength of the induced field in the primary motor
cortex for different phase-lag values.

– Study the direction of the induced electric field in the primary motor cortex for different
phase-lag values.

– Compare the different induced electric fields in the primary motor cortices for different
phase-lag values.

2.1 Relevance of results

There is a need for understanding the physiological mechanisms behind tACS to better predict its
results. In this study, we will analyze the effect of different stimulation parameters (ring electrode sizes
and phase-lags between cortices) on the properties of the electric field. We aim to better understand
the induced electric field as a result of tACS. This is the first step in better understanding the mecha-
nisms behind tACS.

The results of tACS could be predicted more accurately when the physiological mechanisms are better
understood. It would help in determining the experimental design that is best suited for tACS. Neuro-
scientists could design an optimal tACS configuration, suited for stimulating specific brain oscillations.
Furthermore, the modeling of the induced current could be adopted to predict effects for a specific
patient[30].
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3 Methods

As mentioned in Chapter 2, we aim to study the effect of different ring electrode montages and phase-
lag values on the behavior of the electric field in tACS simulations. First, the different ring electrode
montages are simulated. Based on these results, the best montage will be chosen as a compromise
between a high field focality and a high strength of the electric field. Then, this montage is used for
the simulation of tACS with different phase-lag values. This chapter will cover the methods of these
experiments in more detail.

3.1 General experimental set-up

A standard SimNIBS software pipeline is used for the FEM simulation of tACS. This pipeline segments
T1- and T2-weighted anatomical volumes into five tissue types. The finite element method (FEM) is
used to accurately approach the electric field of the complex geometrical shape of the human head [33,
38]. FEM simulations were performed for the different center-surround ring electrode montages and
phase-lag values using the ICBM125 MRI head model template[39, 40]. In all simulations, we used
a center-surround ring electrode. The center-surround ring electrodes have an inside center electrode
that is surrounded by an outer ring electrode (see Figure 1B). The inside electrodes were placed on
the C3 and C4 EEG electrodes according to the 10/10 EEG system (see Figures 3 and 4), as they are
the locations of the centers of M1 [41]. The thickness of the simulated electrodes (inner and outer) is
5mm in all simulations.

In this experiment, we simulate the application of tACS with a frequency of 20 Hz. In Chapter 1.4,
we have shown that for this frequency a quasi-static approximation can be made. Therefore, we will
use the SimNIBS tDCS pipeline to simulate tACS. We can approximate a tACS simulation with a
current that is a set value, since the distribution of the electric field will not change, only the scaling.
Thus, the tACS simulations are approximated by using a static regime. Since the current in our tACS
simulations is applied as a sinusoid, we can take the value of this sinusoid at an arbitrary point in time,
and take this as a current value.

Figure 3: The general set-up of the center-surround ring
electrodes. The inside electrode of the rings is placed on
C3 and C4 EEG electrode positions. The exact diameter
of both the inside and outside electrodes will be varied
in simulations.

Figure 4: An overview of the different EEG electrode
positions in the 10/10 EEG system. There is a yellow
pinpoint indicating the location of C3 and a blue pinpoint
indicating C4.

Analysis of the electric field was done in the region of interest (ROI): the primary motor cortex. The
coordinates for the maximum activation likelihood estimation (ALE) value of M1 are taken as the
center coordinates of our ROI [42]. For the left hemisphere, these coordinates are peakx = -37, peaky
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= -21, and peakz = 58. For the right hemisphere the coordinates are peakx = 37, peaky = -21,
and peakz = 58 (see Figure 5). A sphere with a radius of 10 mm is ’visualized’ around the center
coordinates. When the average and maximum field strength are calculated, the electric field values
that lie within this sphere are taken into consideration. The values of the electric field outside of this
sphere are considered outside of the ROI, and thus will not be taken into account during analysis. For
the calculations of the focality and the direction of the electric field, the fields in the entire cortex are
taken into account.

Figure 5: The center of our ROIs is indicated with a yellow and a blue pinpoint. In our analysis, the ROI is
approximated as a sphere with a diameter of 10mm around this center.

3.2 Simulation of different ring electrode montages

We simulated different combinations of center-surround ring electrode montages. The diameter of
the inside electrode (Dcircle), the inner diameter of the outside electrode (Dinner−ring), and the outer
diameter of the outside electrode (Douter−ring) can be varied. The different ring electrode montages
that were simulated can be found in Table 1. The different sizes of the electrodes were chosen based
on commercial availability for tACS.
The induced electric fields for a phase-lag ϕ = 0 and ϕ = π were compared in the maximum strength
of the electric field in the ROI, and the focality in the gray matter. The maximum strength of the
electric field in the ROI is measured as the 99.9th percentile in V/m. The field focality is measured as
the area of the gray matter that has a field with ≥ 75% of the 99.9th percentile, in mm3.

3.3 Simulation of different phase-lag values

We simulated different phase-lag values with a ring electrode montage of (Dcircle, Dinner−ring, Douter−ring

= (25, 78, 100) mm. In the analysis of the effect of different ring electrode montages, the best ring
configuration was chosen based on a compromise between a high electric field strength and a high fo-
cality of the electric field (see more in Chapter 4.1.1). In the analysis of the effect of phase-lag values,
ring electrodes are used with Dcircle = 25 mm, Dinner−ring = 78 mm, and Douter−ring = 100 mm. The
phase-lag between the two electrodes on the cortices is varied in the simulations. Phase-lag values of
ϕ = 0, ϕ = 1

2π, ϕ = π, ϕ = 3
2π are simulated and analyzed.

The induced electric fields in the cortex were compared in the maximum and average strength of the
electric field in the ROI, and the focality in the gray matter. The strength and focality of the electric
fields as a result of the different electrode sizes were analyzed in both in-phase and anti-phase. The
maximum strength of the electric field in the ROI is measured as the 99.9th percentile in V/m. The field
focality is measured as the area of the gray matter that has a field with ≥ 75% of the 99.9th percentile,
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Sizes of the simulated ring electrodes
Dcircle Dinner−ring Douter−ring

25 mm 78 mm 100 mm
20 mm 30 mm 75 mm
25 mm 30 mm 75 mm
25 mm 90 mm 110 mm
34 mm 70 mm 100 mm
75 mm 90 mm 100 mm
80 mm 90 mm 110 mm

Figure 6 & Table 1: In Figure 6, names of the different diameters of the ring electrodes are specified. In Table 1, the
different diameters of electrodes that were simulated are given.

in mm3. Furthermore, we plotted the direction of the electric field and examined the images of the
induced electric field in the SimNIBS GUI.

3.3.1 tACS current values for different phase-lag values

tACS currents are most commonly applied as a sinusoidal wave. Since we assume a quasi-static approx-
imation, we will simulate tACS with a current at a certain point in time. When we have a phase-lag of
ϕ = π, the two currents applied to the cortices are in anti-phase. This means that the current values
are always opposite: when the current of one cortex is positive, the other cortex will have the same
absolute strength but will be negative in value. Thus, for a phase-lag of ϕ = π we choose the point in
time where the current values are at a maximum. The used current values can be found in Table 2.

Table 2: The current values that are used for the tACS simulations of different phase-lag values.

Current values for the different phase-lag value simulations
Current value at t1 (A) Current value at t2 (A)
t1 = 0.0185 s t2 = 0.13 s

ϕ = 0 1.09345× 10−3 −0.881678× 10−3

ϕ = 1
2π −1.02682× 10−3 −1.21535× 10−3

t1 = 0.017s t2 = 0.08s
ϕ = 0 1.26649× 10−3 1.121353× 10−3

ϕ = 3
2π 0.80374× 10−3 −0.881678× 10−3

t1 = 0.0125s
ϕ = 0 1.5× 10−3

ϕ = π −1.5× 10−3

For a phase-lag of ϕ = 1
2π and ϕ = 3

2π, the values will not be simply each other’s opposites. The point
in time that is taken, will influence how the two electric fields in the cortices behave together. This
means that the results for the simulations of ϕ = 1

2π and ϕ = 3
2π cannot be generalized to any other

point in time. Therefore, for these simulations, we will study an additional point in time. Although
we cannot make any generalizations, we can see the similarity of the response of the electric field for
two points in time when the phase-lag value is the same. The two points in time that are taken for
both phase-lag values can be found in Table 2. The values for the currents were chosen so that at one
instance of time the currents in both electrodes were positive/negative, while at the other instance in
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time one current is negative and one is positive. Apart from this, the currents were chosen at random
from the graphs of the sinusoids, see Figure 7 and 8. In these figures the markers are placed over the
instances in time that were chosen for analysis. These values correspond with Table 2.

Figure 7: The sinusoidal current functions for the tACS
simulations. The red line is the function for a phase-lag of
ϕ = 0, and the blue line is for a phase=lag of ϕ = 1

2
π. The

magenta markers indicate the chosen currents for t1, and
the green markers indicate the currents for t2 (see Table
2).

Figure 8: The sinusoidal current functions for the tACS
simulations. The red line is the function for a phase-lag of
ϕ = 0, and the blue line is for a phase=lag of ϕ = 3

2
π. The

magenta markers indicate the chosen currents for t1, and
the green markers indicate the currents for t2 (see Table
2).
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4 Results

In this chapter, the results of the study will be discussed. First, an analysis of the electric fields
for different ring electrode montages will be discussed. Then, the ’best’ ring electrode montage will
be chosen. This montage will be used in the rest of the simulations. Next, the electric fields for
the different phase lags between cortices are analyzed. They are first analyzed individually and then
compared to each other. Lastly, we will study the direction of the electric field.

4.1 Simulation of different ring electrode montages

The electric fields in the cortices were visualized and analyzed for the different ring electrode mon-
tages in Table 1. In Table 3, the maximum field strength in the ROI for both hemispheres is given
for the different montages. The highest field strength is achieved with a ring electrode montage of
(Dcircle, Dinner−ring, Douter−ring) = (25, 90, 110). Two other montages that have a relatively high
field strength are (25, 78, 100) and (34, 70, 100). In Table 4, the focality in the cortex is given for
the different montages. The highest focality is achieved with a ring electrode montage of (Dcircle,
Dinner−ring, Douter−ring) = (25, 30, 75). Three other montages that have a relatively high focality are
(20, 30, 75) and, (25, 78, 100), and (34, 70, 100).

Table 3: The maximum peaks of the resulting E-field field strength in the case of different ring electrode montages,
for a phase-lag value of ϕ = 0 and ϕ = π, in the ROI in both hemispheres

Maximum field strength for the ring electrode montages
Left hemisphere Right hemisphere

Dimensions of
electrode (mm)

Max. strength for
ϕ = 0 (V/m)

Max. strength for
ϕ = π (V/m)

Max. strength for
ϕ = 0 (V/m)

Max. strength for
ϕ = π (V/m)

20 - 30 - 75 5.59× 10−2 5.83× 10−2 4.67× 10−2 4.14× 10−2

25 - 30 - 75 4.87× 10−2 5.09× 10−2 4.08× 10−2 3.47× 10−2

25 - 78 - 100 1.21× 10−1 1.32× 10−1 1.14× 10−1 1.19× 10−1

25 - 90 - 110 1.37× 10−1 1.51× 10−1 1.29× 10−1 1.37× 10−1

34 - 70 - 100 1.04× 10−1 1.11× 10−1 9.49× 10−2 9.90× 10−2

75 - 90 - 100 6.12× 10−2 7.03× 10−2 5.14× 10−2 6.40× 10−2

80 - 90 - 110 5.29× 10−2 6.11× 10−2 4.24× 10−2 5.51× 10−2

Table 4: The focality of the resulting E-field field strength in the case of different ring electrode montages, for a
phase-lag value of ϕ = 0 and ϕ = π

Focality for the ring electrode montages
Dimensions of
electrode (mm)

Focality in-phase
(mm3)

Focality anti-
phase (mm3)

20 - 30 - 75 5.54× 103 4.89× 103

25 - 30 - 75 5.84× 103 4.99× 103

25 - 78 - 100 1.17× 104 1.16× 104

25 - 90 - 110 1.47× 104 1.47× 104

34 - 75 - 100 1.15× 104 1.15× 104

75 - 90 - 100 1.69× 104 1.98× 104

80 - 90 - 110 1.64× 104 1.98× 104

Of the seven ring electrode montages, three montages will be highlighted in this section. The figures
and an analysis of the other four montages can be found in Appendix A. The three montages in this
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chapter are examples of a compromise between a high electric field strength and a high focality of the
electric field.

Simulation - Ring electrode montage (25, 78, 100)
For the simulation with the electrodes where Dcircle = 25 mm, Dring−in = 78 mm, and Dring−out = 100
mm, the maximum of the electric field strength with the two electrodes in both in-phase and anti-phase
is approximately 0.12 V/m (see Figures 9 and 10). For the in-phase simulation, the maximum electric
field strength is 1.21× 10−1 V/m in the left hemisphere and 1.14× 10−1 V/m in the right hemisphere.
For the anti-phase simulation, the maximum electric field strength is 1.32 × 10−1 V/m in the left
hemisphere and 1.19× 10−1 V/m in the right hemisphere. The focality for the in-phase stimulation is
1.17× 104 mm3, and 1.16× 104 mm3 for the anti-phase stimulation.

Figure 9: The distribution of the E-field when there is a
phase-lag between cortices of 0, with Dcircular = 25 mm,
Dinner = 78 mm, and Douter = 100 mm. The maximum
electric field strength is approximately 0.12 V/m.

Figure 10: The distribution of the E-field when there
is a phase-lag between cortices of π, with Dcircular =
25 mm, Dinner = 78 mm, and Douter = 100 mm. The
maximum electric field strength is approximately 0.12
V/m.

Simulation - Ring electrode montage (25, 90, 110)
For the simulation with the electrodes where Dcircle = 25 mm, Dring−in = 90 mm, and Dring−out = 110
mm, the maximum of the electric field strength with the two electrodes in in-phase and anti-phase
are approximately 0.12 V/m and 0.14 V/m, respectively (see Figures 11 and 12). For the in-phase
simulation, the maximum electric field strength is 1.37×10−1 V/m in the left hemisphere and 1.29×10−1

V/m in the right hemisphere. For the anti-phase simulation, the maximum electric field strength is
1.51 × 10−1 V/m in the left hemisphere and 1.37 × 10−1 V/m in the right hemisphere. The focality
for the in-phase stimulation is 1.47× 104 mm3 and 1.47× 104 mm3 for the anti-phase stimulation.
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Figure 11: The distribution of the E-field when there
is a phase-lag between cortices of 0, with Dcircular =
25 mm, Dinner = 90 mm, and Douter = 110 mm. The
maximum electric field strength is approximately 0.14
V/m.

Figure 12: The distribution of the E-field when there
is a phase-lag between cortices of π, with Dcircular =
25 mm, Dinner = 90 mm, and Douter = 110 mm. The
maximum electric field strength is approximately 0.14
V/m.

Simulation - Ring electrode montage (25, 30, 75)
For the simulation with the electrodes where Dcircle = 25 mm, Dring−in = 30 mm, and Dring−out = 75
mm, the maximum of the electric field strength with the two electrodes in both in-phase and anti-phase
is approximately 0.05 V/m (see Figures 13 and 14). For the in-phase simulation, the maximum electric
field strength is 4.87× 10−2 V/m in the left hemisphere and 4.08× 10−2 V/m in the right hemisphere.
For the anti-phase simulation, the maximum electric field strength is 5.09 × 10−2 V/m in the left
hemisphere and 3.47× 10−2 V/m in the right hemisphere. The focality for the in-phase stimulation is
5.84× 103 mm3 and 4.99× 103 mm3 for the anti-phase stimulation.

Figure 13: The distribution of the E-field when there
is a phase-lag between cortices of 0, with Dcircular =
25 mm, Dinner = 30 mm, and Douter = 75 mm. The
maximum electric field strength is approximately 0.055
V/m.

Figure 14: The distribution of the E-field when there
is a phase-lag between cortices of π, with Dcircular =
25 mm, Dinner = 30 mm, and Douter = 75 mm. The
maximum electric field strength is approximately 0.055
V/m.

4.1.1 Conclusion - Best ring electrode montage

In comparison to the other electrode sizes, the electrode montage with (Dcircle, Dinner−ring, Douter−ring)
= (25, 78, 100) gives a relatively high electric field strength and an intermediate field focality (see Ta-
bles 3 and 4). The electrode montage with (Dcircle, Dinner−ring, Douter−ring) = (25, 90, 110) gives
a relatively high electric field strength and a relatively low field focality, while the electrode montage
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with (Dcircle, Dinner−ring, Douter−ring) = (25, 30, 75) gives a relatively low electric field strength and
a relatively high field focality.

As mentioned in Chapter 1, it is important to have a compromise between a high strength and a high
focality of the electric field. Both the ring electrode montage (25, 78, 100), and (34, 70, 100) have
a relatively high field strength and an intermediate field focality (see Tables 3 and 4). Where the
electrode montage (25, 78, 100) has a higher field strength, the electrode montage (34, 70, 100) has
a (slightly) higher focality. However, the difference in focality is very small when compared to the
difference in other montages. The difference in the field strength is relatively big. Thus, out of the
different ring electrode montages, the montage (25, 78, 100) seems to be the best configuration. The
electric field strength is relatively high, without having a very low focality of the electric field.
This is why, in the simulations of the different phase-lag values between cortices, we will use the ring
electrode montage of (Dcircle, Dinner−ring, Douter−ring) = (25, 78, 100).

4.2 Simulation of different phase-lag values

The electric fields in the cortices were visualized and analyzed for the four different phase-lag values.
In Table 5, the average, maximum, and 99.9th percentile of the electric field strength in the ROI in
both hemispheres are given. In Table 6, the focality of the electric field for the different phase-lag
values is given.

Table 5: The maximum and average strength of the resulting E-field in the ROI in the left and right hemispheres,
respectively, for different phase-lag values

Maximum and average electric field strength in the ROI in the right hemisphere
Phase-lag
value

Average field strength
(V/m)

Maximum field strength
(V/m)

99.9th percentile field
strength (V/m)

ϕ = 0 5.66× 10−2 1.193× 10−1 1.135× 10−1

ϕ = π 6.31× 10−2 1.242× 10−1 1.188× 10−1

ϕ = 1
2π 4.59× 10−2 9.04× 10−2 8.65× 10−2

ϕ = 3
2π 4.88× 10−2 1.015× 10−1 9.66× 10−2

Maximum and average electric field strength in the ROI in the left hemisphere
ϕ = 0 6.08× 10−2 1.231× 10−1 1.212× 10−1

ϕ = π 6.93× 10−2 1.334× 10−1 1.316× 10−1

ϕ = 1
2π 4.77× 10−2 9.15× 10−2 9.03× 10−2

ϕ = 3
2π 3.13× 10−2 6.44× 10−2 6.33× 10−2

Table 6: The focality of the electric field in the cortices in the simulations of different phase-lag values

Focality of electric field
Phase-lag value Focality
ϕ = 0 1.17× 104

ϕ = π 1.16× 104

ϕ = 1
2π 1.18× 104

ϕ = 3
2π 7.20× 103

In both hemispheres, the highest average, maximum, and 99.9th percentile of the electric field strength
is achieved with a phase-lag of ϕ = π between the cortices. For the simulations with a phase-lag of
ϕ = 1

2π and ϕ = 3
2π, the maximum strength of the electric field is relatively low compared to anti-phase

simulation (see Table 5). The focality of the electric field is similar for phase-lag values of ϕ = 0, ϕ = π,

15



and ϕ = 1
2π. The focality for a phase-lag value of ϕ = 3

2π is slightly lower (see Table 6).

When ϕ = 0, the average field strength is 5.66 × 10−2 V/m in the right hemisphere and 6.08 × 10−2

V/m in the left hemisphere. When ϕ = π, the average field strength is 6.31 × 10−2 V/m in the right
hemisphere and 6.93× 10−2 V/m in the left hemisphere. In both of the simulations, the field strength
in the left hemisphere is a bit higher than in the right hemisphere.

Figure 15: The distribution of the E-field strength when
there is a phase-lag between cortices of ϕ = 1

2
π. The cur-

rent values for the electrodes are the values at t = 0.0185
s. The maximum electric field strength is approximately
0.085 V/m

Figure 16: The distribution of the E-field strength when
there is a phase-lag between cortices of ϕ = 3

2
π. The cur-

rent values for the electrodes are the values at t = 0.0170
s. The maximum electric field strength is approximately
0.095 V/m

For a phase-lag value of ϕ = 1
2π, the maximum field strength is approximately 0,085 V/m (see Fig-

ure 15). When ϕ = 1
2π, the average field strength is 4.59 × 10−2 V/m in the right hemisphere and

4.77 × 10−2 V/m in the left hemisphere (see Table 5). The focality of the electric field is 1.18 × 104

mm3 (see Table 6). The electric field strength distribution seems similar for the left and the right
hemisphere.
For a phase-lag value of ϕ = 3

2π, the maximum field strength is approximately 0,095 V/m (see Fig-
ure 16). When ϕ = 3

2π, the average field strength is 4.88 × 10−2 V/m in the right hemisphere and
3.13×10−2 V/m in the left hemisphere (see Table 5). The focality of the electric field is 7.20×103 mm3

(see Table 6). The electric field strength in the right hemisphere is higher than in the left hemisphere.
The focality of stimulation seems a little higher in the left hemisphere than in the right hemisphere.
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4.2.1 Difference in electric field strength between simulations

In Figures 17, 18, and 19, the electric field distri-
bution in the simulations of ϕ = π, ϕ = 1

2π, and
ϕ = 3

2π, respectively, are compared to the electric
field distribution of the in-phase simulation. The
figures show the difference in electric field strength
between two different phase-lag simulations. The
difference in electric field strength is the lowest for
ϕ = π. The maximum difference in electric fields is
approximately 0.0155 V/m. The difference in the
electric field strength seems to be centered around
the great longitudinal fissure, in between the two
ring electrode montages (see Figure 17). The dif-
ference in electric field strength is approximately
13% of the total electric field strength for ϕ = 0.
The maximum difference in electric field strength
between the phase-lags ϕ = 0 and ϕ = 1

2 is approx-
imately 0.035 V/m. The difference in electric field
strength seems to be located mostly at the location
of the ring electrode montages.

Figure 17: The difference in electric field strength be-
tween the simulation for ϕ = 0 and ϕ = π. The maximum
of the electric field difference is approximately 0.0155
V/m.

There is also a difference of approximately 0.01 V/m located around the great longitudinal fissure, in
between the two ring electrode montages (see Figure 18). When comparing Figure 9 and 15, we can see
that there is indeed a difference in the maximum electric field strength at the location of the ring elec-
trode montage. In Table 5, we can see that this difference is 1.231×10−1−0.915×10−1 = 0.316×10−1

V/m, which matches Figure 18. The maximum difference is located in the left hemisphere. This differ-
ence in electric field strength is approximately 26% of the maximum field strength in the left hemisphere
for ϕ = 0.

The maximum difference in electric field strength between the phase-lags ϕ = 0 and ϕ = 3
2 is approxi-

mately 0.05 V/m. The difference in electric field strength seems to be located mostly at the location
of the ring electrode montages. The difference seems stronger in the left hemisphere than in the right
hemisphere (see Figure 19). When comparing Figure 9 and 16, we can see that there is indeed a
difference in the maximum electric field strength at the location of the ring electrode montage. It is
also visible that the electric field strength is lower in the left hemisphere, logically creating a bigger
difference when compared to the in-phase stimulation. In Table 5, we can see that this difference is
1.231× 10−1 V/m− 0.644× 10−1 V/m = 0.587× 10−1 V/m, which matches Figure 19. This difference
in electric field strength is approximately 48% of the maximum field strength in the left hemisphere
for ϕ = 0.
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Figure 18: The difference in electric field strength be-
tween the simulation for ϕ = 0 and ϕ = 1

2
π. The current

values for the electrodes with a phase-lag of ϕ = 1
2
π are

the values at t = 0.0185 s. The maximum of the electric
field difference is approximately 0.035 V/m.

Figure 19: The difference in electric field strength be-
tween the simulation for ϕ = 0 and ϕ = 3

2
π. The current

values for the electrodes with a phase-lag of ϕ = 3
2
π are

the values at t = 0.0170 s. The maximum of the electric
field difference is approximately 0.05 V/m.

4.2.2 The direction of the electric field for the phase-lag values

In Figure 20, the direction of the electric field in
the cortex is visualized. For the phase-lag value
of ϕ = 0, the direction of the electric field seems
perpendicular to the cortex for high electric field
strengths. When the electric field strength gets
weaker, the direction of the electric field becomes
more parallel to the cortex.

When studying the direction of the electric field,
one peak in the electric field seems to be located
outside of the main focality of the field. Figure 20
shows an enlarged picture of the electrode above
the right hemisphere. The red circle indicates the
position of the peak that seems to be an outlier.
There do not seem to be any more of these peaks
in either the right or the left hemisphere.

The direction of the electric field was plotted for all
phase-lag values. The figures for a phase-lag of ϕ =
π, ϕ = 1

2π, and ϕ = 3
2π can be found in Appendix

C. In all these figures, the electric field seems to
behave as expected. The peak located outside of
the main focality of the electric field seems to be
present in the simulations of all phase-lag values.

Figure 20: A figure of the simulation where the di-
rection of the electric field is visible. The phase-lag
value for the simulation is ϕ = 0. The electric field
is perpendicular to the cortex in areas where the elec-
tric field strength is high (see the dark-red areas in
the figure). The electric field gradually changes to be
more parallel to the cortex in areas where the electric
field strength is lower (see the green/blue areas). The
red circle in the figure indicates the position of a field
peak in the right hemisphere that seems to lie out of
the main focality of the field.
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4.2.3 Additional points in time for phase-lag values

The simulations for phase-lag values of ϕ = 1
2π and ϕ = 3

2π were also done for different current values,
see Chapter 3). In Tables 7 and 8, the average, maximum, and 99.9th percentile of the electric field
strength is compared for the two instances in time. For the phase-lag of ϕ = 1

2π, the currents for
simulation were taken at t1 = 0.0185 s and t2 = 0.13 s. For the phase-lag of ϕ = 3

2π these time
instances were t1 = 0.017 s and t2 = 0.08 s. In Figures 21 and 22, the electric field distribution in the
two additional time instances can be seen.

Table 7: The maximum and average strength of the resulting E-field in the ROI in the left and right hemispheres,
respectively, for different time instances for a phase-lag value of ϕ = 1

2
π.

Maximum and average electric field strength in the ROI for a phase-lag value of ϕ = 1
2π.

Hemisphere Time (s) Average E-field (V/m) Max. E-field (V/m) 99.9th p. E-field (V/m)
left 0.0185 0.0459 0.0904 0.0865
right 0.0185 0.0477 0.0915 0.0903
left 0.13 0.0326 0.0696 0.0661
right 0.13 0.0501 0.1008 0.0992

Simulation of the phase-lag ϕ = 1
2π with a different current

For the simulation with a phase-lag value of ϕ = 1
2π, at t = 0.13 s, the maximum electric field strength

is approximately 0.095 V/m (see Figure 21). The average electric field strength is 3.26 × 10−2 V/m
in the left hemisphere and 5.01× 10−2 V/m in the right hemisphere. The focality of the electric field
is 7.38× 103 mm3. The average, maximum, and 99.9th percentile of the electric field for t = 0.0185 s
and t = 0.13 s are not the same.
When comparing the figures for ϕ = 1

2π at t = 0.0185 s (Figure 15) and t = 0.13 s (Figure 21), we see
that the maximum of the electric field strength in the right hemisphere is a bit higher for the current
at t = 0.13 s. The maximum electric field strength in the left hemisphere is a bit lower for the current
at t = 0.13 s. While at t = 0.0185 s the electric field distribution is similar for both hemispheres, we
see a difference for t = 0.13 s. The electric field strength in the right hemisphere is lower than in the
right hemisphere.

Table 8: The maximum and average strength of the resulting E-field in the ROI in the left and right hemispheres,
respectively, for different phase-lag values. for different time instances for a phase-lag value of ϕ = 3

2
π.

Maximum and average electric field strength in the ROI for a phase-lag value of ϕ = 3
2π.

Hemisphere Time (s) Average E-field (V/m) Max. E-field (V/m) 99.9th p. E-field (V/m)
left 0.017 0.0488 0.1050 0.0966
right 0.017 0.0313 0.0644 0.0633
left 0.08 0.0528 0.1091 0.1040
right 0.08 0.0239 0.0500 0.0491
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Figure 21: The distribution of the E-field strength when
there is a phase-lag value of ϕ = 1

2
π. The current values

for the electrodes are the values at t = 0.13 s. The max-
imum electric field strength is approximately 0.095 V/m

Figure 22: The distribution of the E-field strength when
there is a phase-lag value of ϕ = 3

2
π. The current values

for the electrodes are the values at t = 0.08s. The maxi-
mum electric field strength is approximately 0.085 V/m

Simulation of the phase-lag ϕ = 3
2π with a different current

For the simulation with a phase-lag value of ϕ = 3
2π, at t = 0.08 s, the maximum electric field strength

is approximately 0.085 V/m (see Figure 22). The average electric field strength is 5.28× 10−2 V/m in
the left hemisphere and 2.39× 10−2 V/m in the right hemisphere. The focality of the electric field is
9.32× 103 mm3. The average, maximum, and 99.9th percentile of the electric field for t = 0.017 s and
t = 0.08 s are also not the same.

When comparing the figures for ϕ = 3
2π at t = 0.017 s (Figure 16) and t = 0.08 s (Figure 22), we see

that the maximum of the electric field strength in the right hemisphere is a bit higher for the current at
t = 0.017 s. The maximum electric field strength in the left hemisphere is a bit higher for the current
at t = 0.08 s. While at t = 0.0185 s the electric field distribution is similar for both hemispheres, we
see a difference for t = 0.13 s. The electric field strength in the right hemisphere is lower than in the
right hemisphere.

For the simulations with ϕ = 1
2π and ϕ = 3

2π, different currents are applied between simulations at
different instances of time (see Chapter 3.1.1). The relation between the maximum strength of the
electric field and the applied tACS currents was investigated. In Figures (..), the two parameters are
plotted against each other. It is visible, that the maximum strength of the electric field increases when
the applied tACS current increases. This seems to be true for both hemispheres. However, when we
compare in which hemisphere the peak of the electric field strength is located, to in which hemisphere
we have applied the highest current, we find a contradictory result. For ϕ = 1

2π at t = 0.13 s and
ϕ = 3

2π at both time instances, the maximum electric field strength is located in the same hemisphere
as the highest applied current. However, for ϕ = 1

2π at t = 0.0185 s, this is not the case, see Table 9. In
this table, we can see that the difference in tACS currents between both hemispheres is approximately
a factor 3.6 smaller than the smallest difference in currents for the other simulations.
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Table 9: Comparison of the hemisphere with the highest applied tACS currents and the hemisphere where the maximum
field strength is located

Locations of the highest tACS current and hemisphere with the maximum E-field strength
Phase-lag value tACS current (A) Hemisphere with E-fieldmax Abs(∆C) (A)
ϕ = 1

2π 1.09345× 10−3 Left 0.06663× 10−3

ϕ = 1
2π −1.211353× 10−3 Right 0.46275× 10−3

ϕ = 3
2π 1.26649× 10−3 Left 0.239683× 10−3

ϕ = 3
2π 1.121353× 10−3 Right 0.239683× 10−3

Figure 23: The values for the applied (absolute) tACS
currents in the left hemisphere (x-axis) plotted against the
peak E-field strength (y-axis). The blue circles indicate
the different applied currents. The blue line is a plotted
polynomial of degree 1. The maximum E-field strength
increases as the applied current increases.

Figure 24: The values for the applied (absolute) tACS
currents in the right hemisphere (x-axis) plotted against
the peak E-field strength (y-axis). The blue circles in-
dicate the different applied currents. The blue line is a
plotted polynomial of degree 1. The maximum E-field
strength increases as the applied current increases.

Comparison to the in-phase simulation and analysis of direction of field
The simulations with ϕ = 1

2π and ϕ = 3
2π were also compared to the in-phase simulation. Figure 34

and 35 (see Appendix B) show the difference in electric field strength between the in-phase simulation
and the ϕ = 1

2π and ϕ = 3
2π simulations, respectively.

The maximum difference in electric field strength between the phase-lags ϕ = 0 and ϕ = 1
2 at t = 0.13 s

is approximately 0.045 V/m. The difference in electric field strength seems to be located mostly below
location of the ring electrode montages. The difference seems stronger in the right hemisphere than in
the left hemisphere (see Figure 34). The current applied to the right hemisphere was −0.88167× 10−3

A, while the current applied to the left hemisphere was −1.21353 × 10−3 A. When comparing the
figures with the electric field distribution for ϕ = 0 and ϕ = 1

2π (Figure 9 and 21), we can see that
there is indeed a difference in the maximum electric field strength below the ring electrode montage.
It is also visible that the electric field strength is lower in the right hemisphere, logically creating a
bigger difference when compared to the in-phase stimulation. In Tables 5 and 7, we can see that the
difference in maximum field strength is given by 1.193×10−1 V/m−0.696×10−1 V/m = 0.535×10−1

V/m, which matches Figure 34. This difference is approximately 58% of the peak strength in the right
hemisphere for ϕ = 0.

The maximum difference in electric field strength between the phase-lags ϕ = 0 and ϕ = 3
2 at t = 0.08

s is approximately 0.045 V/m. Also here, the difference in electric field strength is located below the
ring electrodes. The difference seems stronger in the left hemisphere than in the right hemisphere (see
Figure 35). The current applied to the left hemisphere was 1.21353×10−3 A, while the current applied
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to the left hemisphere was −0.881678 × 10−3 A. When we compare the electric field distribution of
ϕ = 0 to the one of ϕ = 3

2π (Figure 9 and 22), we see that the location of the difference in electric field
is below the ring electrode. There is a difference of approximately 0.01 V/m located around the great
longitudinal fissure, in between the two ring electrode montages. In Tables 5 and 7, we can see that
this difference is 1.231 × 10−1 V/m − 0.500 × 10−1 V/m = 0.731 × 10−1 V/m, which matches Figure
35. This difference is approximately 60% of the peak strength in the left hemisphere.

For the simulations with the phase-lag values of ϕ = 1
2π and ϕ = 3

2π, we also plotted the direction of
the electric field. Figure 39 and 40 show the direction of the electric field for ϕ = 1

2π, t = 0.13 s and
ϕ = 3

2π, t = 0.08 s, respectively. The figures can be found in Appendix C. The electric field behaves as
expected in both simulations. Also in these simulations, the peak located outside of the main focality
in the right hemisphere is present.

5 Conclusion

In this study, we have analyzed the changes in the dual-site tACS-induced electric fields, as a re-
sult of changing the size of stimulation ring electrodes and the phase-lag values between the primary
motor cortices. As a result of changing the size of stimulation ring electrodes, the induced electric
fields differed in the focality and strength of the electric field. A compromise for a high focality and
high strength of the electric field was found in the ring electrode montage where (Dcircle, Dinner−ring,
Douter−ring) = (25, 78, 100). The maximum electric field strength for a simulation with for a phase-lag
of ϕ = 0 in the left hemisphere is 1.21×10−1 V/m, and 1.14×10−1V/m for the right hemisphere. For a
phase-lag of ϕ = π the maximum field strength is 1.32×10−1 in the left hemisphere and 1.19×10−1 in
the right hemisphere. The focality of the electric field is 1.17× 103mm3 for ϕ = 0 and 1.16× 103mm3

for ϕ = π. Of the different ring electrode montages that were tested, this montage seems to give us
the best compromise between the focality and strength of the electric field.

The focality and strength of the electric field are also influenced by changing the phase-lag values
between cortices. When a phase-lag of ϕ = 1

2π or ϕ = 3
2π is applied, the maximum field strength and

focality are a little lower than for the in- and anti-phase stimulation. For the phase-lag values of ϕ = 1
2π

and ϕ = 3
2π, applied tACS currents for two instances in time were analyzed. In these simulations, there

was a distinct difference in field strength and focality between the two hemispheres. This difference is
likely due to the difference in the applied tACS current. In both hemispheres, the maximum electric
field strength is higher when the applied tACS current increases. However, at ϕ = 1

2π at t = 0.0185
s the maximum of the electric field is located in the left hemisphere, while the highest tACS current
is applied to the right hemisphere. This is contradictory to the other results. However, the difference
in the applied tACS currents between the hemispheres is smaller than for the other simulations. This
decrease in difference and the fluctuations between hemispheres due to anatomical differences could be
responsible for this unexpected result.

By comparing the simulations of the different time instances and difference phase-lag values, we can
see that when the currents are chosen to be both negative or both positive, there is no difference in
stimulation at the great longitudinal fissure. However, when one of the currents is negative and one is
positive, this difference seems to be present. In the stimulations with ϕ = 1

2π at t = 0.13 s and ϕ = 3
2π

at t = 0.08 s, the same absolute tACS current values are used. However, for ϕ = 1
2π both currents have

a negative value, while for ϕ = 3
2π one current has a positive value, and the other current a negative

value. The peaks of the E-field are similar for the two simulations, while the difference in electric field
strength (compared to ϕ = 0) at the great longitudinal fissure is only present for ϕ = 3

2π at t = 0.08 s.
This could be comparable to the anti-phase stimulation, where one current is positive and one negative
and the difference around the great longitudinal fissure is also present.
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The direction of the electric field gradually changed from perpendicular to the cortex to a more par-
allel orientation to the cortex for all phase-lag simulations. A peak outside of the ROI was found for
all phase-lag simulations, at approximately the same position. However, the volume of this peak is
considered insignificant compared to the volume of the main peak of the electric field.

In this study, we have found more information on how the electric field induced by tACS responds
to different settings of stimulation. We have analyzed the different ring electrode montages to find
an optimized compromise within the scope of this experiment. Furthermore, we have studied how
the electric field changes when we apply different phase lags between cortices. With all this data, we
understand the behavior of the electric field a little better. For example, we have seen a change in the
maximum electric field strength as a result of changing the phase lags in our simulation. Thus, we now
know a bit more about how we can influence electric fields induced by tACS. We also have a better
idea of what research needs to be done to increase this understanding and expand on this research
protocol.

23



6 Discussion

In this study, we gained more insight into the settings of stimulation that can influence the electric
field induced by tACS. While we gained new insights, the results are limited by their generalizability.
With more research, the generalizability of the results could be expanded and new insights could be
made. Here, we will discuss the implications and limitations of our research and discuss possibilities
for further research.

Firstly, this study could be expanded by studying the relation between the resulting electric field
characteristics in additional ways. Due to the time constraints for this study, a choice for studying
certain characteristics was made. Using the data from SimNIBS and Matlab used in this paper, some
characteristics could be studied in more detail. For example, the direction of the induced electric field
as a comparison between different phase-lag values could be studied.

For the phase-lag values of ϕ = 1
2π and ϕ = 3

2π, we studied two instances of time. In Chapter 3.3.1, we
explained that studying one point in time for these phase-lag values would lead to results that cannot
be generalized. The tACS current is applied as a sinusoidal wave, meaning that after every period, the
current wave repeats. However, within the period there is no repetition as there is only a single wave.
Thus, when we choose an arbitrary point in time t1 and an arbitrary point in time t2, they will have a
different current value. Therefore, within the period of the wave, we cannot generalize over points of
time. Our results are therefore only valid for the chosen phase-lag at the exact points of time that we
have chosen. While we have studied induced electric field when we choose a point in time where both
currents are positive or negative, or one is positive and one negative, we cannot accurately predict the
electric field in different instances of time. Further research is needed to study more instances of time
and see if the results could be generalized.

In the simulations, the ROI was located by choosing the MNI coordinates for M1 based on the activa-
tion likelihood estimation (ALE) of M1[42]. The ROI is approximated by taking the MNI coordinate
as the center of our ROI and having a sphere with a diameter of 10 mm around the center of the ROI
to define its boundaries. However, the shape of the ROI as defined in our study does not cover the full
area of M1. In Figure 25, we can see that the primary motor cortex covers a more long-stretched area.
While our results do tell us about the strength within part of M1, the results cannot be generalized
to the entire M1. Future research could include a more accurate representation of the area of M1 for
analysis. This could, for example, be done by defining the ROI in an atlas.

Figure 25: In the figure the primary motor cortex is indicated in purple. M1 covers a narrow, and long area in the
frontal lobe of the brain. Figure from [43].
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For all simulations, there is a difference in electric field strength and focality between the left and
right hemispheres. This difference could be explained by the asymmetry of the human brain[39]. All
human brains have an asymmetry to a certain degree, and the head model used in the simulation is
expected to reflect these differences. Templates with symmetric head models are available, however,
we believe it to be useful to simulate with an asymmetric head model. While brain anatomy varies per
subject, generally, functional brain asymmetry has been observed [44]. Thus, the asymmetry in the
model presents us with more realistic data, than a symmetrical model would. However, more research
on how this asymmetry influences the difference in the electric fields of both hemispheres during tACS
should be done.

Individual brain anatomy might be the cause of variability in the strength and focality of the electric
field induced by tES [45]. With our current model, we cannot study the exact influence of changing
settings of stimulation on the tACS-induced electric field. However, if more knowledge of the physi-
ological mechanisms behind tACS is gained, we could use models like these to accurately predict the
results of tACS. To account for individual brain anatomy, MRI scans of a patient can be used to create
a personalized head model for tACS preparation. While the individualizing of tACS modeling might
be quite time-consuming and costly, with an eye on the future it could be beneficial to do further
research on this.
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Appendix A - Results of simulation of different ring electrode montages

Simulation - Ring electrode montage (20, 30, 75)
For the simulation with the electrodes where Dcircle = 20mm mm, Dring−in = 30 mm, and Dring−out =
75 mm, the maximum of the electric field strength with the two electrodes in both in-phase and anti-
phase is approximately 0.06 V/m (see Figures 26 and 27). For the in-phase simulation, the maximum
electric field strength is 5.59 × 10−2 V/m in the left hemisphere and 4.67 × 10−2 V/m in the right
hemisphere. For the anti-phase simulation, the maximum electric field strength is 5.83 × 10−2 V/m
in the left hemisphere and 4.14 × 10−2 V/m in the right hemisphere. The focality for the in-phase
stimulation is 5.54×103 mm3 and 4.89×103 mm3 for the anti-phase stimulation. In comparison to the
other electrode sizes, this electrode gives a relatively low electric field strength and a relatively high
field focality (see Tables 3 and 4).

Figure 26: The distribution of the E-field when there
is a phase-lag between cortices of 0, with Dcircular =
20 mm, Dinner = 30 mm, and Douter = 75 mm. The
maximum electric field strength is approximately 0.06
V/m.

Figure 27: The distribution of the E-field when there
is a phase-lag between cortices of π, with Dcircular =
20 mm, Dinner = 30 mm, and Douter = 75 mm. The
maximum electric field strength is approximately 0.06
V/m.

Simulation - Ring electrode montage (34, 70, 100)
For the simulation with the electrodes where Dcircle = 34 mm, Dring−in = 70 mm, and Dring−out = 100
mm, the maximum of the electric field strength with the two electrodes in both in-phase and anti-
phase is approximately 0.06 V/m (see Figures 28 and 29). For the in-phase simulation, the maximum
electric field strength is 1.04 × 10−1 V/m in the left hemisphere and 9.49 × 10−2 V/m in the right
hemisphere. For the anti-phase simulation, the maximum electric field strength is 1.11 × 10−1 V/m
in the left hemisphere and 9.90 × 10−2 V/m in the right hemisphere. The focality for the in-phase
stimulation is 1.15 × 104 mm3 and 1.15 × 104 mm3 for the anti-phase stimulation. In comparison to
the other electrode sizes, this electrode gives a relatively high electric field strength and a relatively
low field focality (see Tables 3 and 4).

30



Figure 28: The distribution of the E-field when there
is a phase-lag between cortices of 0, with Dcircular = 34
mm, Dinner = 70 mm, and Douter = 100 mm. The max-
imum electric field strength is approximately 0.1 V/m.

Figure 29: The distribution of the E-field when there
is a phase-lag between cortices of π, with Dcircular = 34
mm, Dinner = 70 mm, and Douter = 100 mm. The max-
imum electric field strength is approximately 0.1 V/m.

Simulation - Ring electrode montage (75, 90, 100)
For the simulation with the electrodes where Dcircle = 75 mm, Dring−in = 90 mm, and Dring−out = 100
mm, the maximum of the electric field strength with the two electrodes in both in-phase and anti-
phase is approximately 0.07 V/m (see Figures 30 and 31). For the in-phase simulation, the maximum
electric field strength is 6.12 × 10−2 V/m in the left hemisphere and 5.14 × 10−2 V/m in the right
hemisphere. For the anti-phase simulation, the maximum electric field strength is 7.03 × 10−2 V/m
in the left hemisphere and 6.40 × 10−2 V/m in the right hemisphere. The focality for the in-phase
stimulation is 1.69 × 104 mm3 and 1.98 × 104 mm3 for the anti-phase stimulation. In comparison to
the other electrode sizes, this electrode gives a relatively low electric field strength and a relatively low
field focality (see Tables 3 and 4).

Figure 30: The distribution of the E-field when there
is a phase-lag between cortices of 0, with Dcircular =
75 mm, Dinner = 90 mm, and Douter = 100 mm. The
maximum electric field strength is approximately 0.07
V/m.

Figure 31: The distribution of the E-field when there
is a phase-lag between cortices of π, with Dcircular =
75 mm, Dinner = 90 mm, and Douter = 100 mm. The
maximum electric field strength is approximately 0.07
V/m.

Simulation - Ring electrode montage (80, 90, 110)
For the simulation with the electrodes where Dcircle = 80 mm, Dring−in = 90 mm, and Dring−out = 110
mm, the maximum of the electric field strength with the two electrodes in both in-phase and anti-
phase is approximately 0.06 V/m (see Figures 32 and 31). For the in-phase simulation, the maximum
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electric field strength is 5.29 × 10−2 V/m in the left hemisphere and 4.24 × 10−2 V/m in the right
hemisphere. For the anti-phase simulation, the maximum electric field strength is 6.11 × 10−2 V/m
in the left hemisphere and 5.51 × 10−2 V/m in the right hemisphere. The focality for the in-phase
stimulation is 1.64 × 104 mm3 and 1.98 × 104 mm3 for the anti-phase stimulation. In comparison to
the other electrode sizes, this electrode gives a relatively low electric field strength and a relatively low
field focality (see Tables 3 and 4).

Figure 32: The distribution of the E-field when there
is a phase-lag between cortices of 0, with Dcircular =
80 mm, Dinner = 90 mm, and Douter = 110 mm. The
maximum electric field strength is approximately 0.06
V/m.

Figure 33: The distribution of the E-field when there
is a phase-lag between cortices of π, with Dcircular =
80 mm, Dinner = 90 mm, and Douter = 110 mm. The
maximum electric field strength is approximately 0.06
V/m.
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Appendix B - Difference in electric field strength for phase-lag value
simulations

Figure 34: The difference in electric field strength be-
tween the simulation for ϕ = 0 and ϕ = 1

2
π. The current

values for the electrodes with a phase-lag of ϕ = 1
2
π are

the values at t = 0.13 s. The maximum of the electric
field difference is approximately 0.045 V/m.

Figure 35: The difference in electric field strength be-
tween the simulation for ϕ = 0 and ϕ = 3

2
π. The current

values for the electrodes with a phase-lag of ϕ = 3
2
π are

the values at t = 0.08 s. The maximum of the electric
field difference is approximately 0.05 V/m.
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Appendix C - The direction of the electric field: additional figures

Figure 36: A figure of the simulation where the direc-
tion of the electric field is visible. The phase-lag value for
the simulation is ϕ = π. The electric field is perpendicu-
lar to the cortex in areas where the electric field strength
is high (see the dark-red areas in the figure). The electric
field gradually changes to be more parallel to the cortex
in areas where the electric field strength is lower (see the
green/blue areas).

Figure 37: A figure of the simulation where the direc-
tion of the electric field is visible. The phase-lag value
for the simulation is ϕ = 1

2
π. The current value is taken

at t = 0.0185 s. The electric field is perpendicular to the
cortex in areas where the electric field strength is high
(see the dark-red areas in the figure). The electric field
gradually changes to be more parallel to the cortex in
areas where the electric field strength is lower (see the
green/blue areas).

Figure 38: A figure of the simulation where the direc-
tion of the electric field is visible. The phase-lag value
for the simulation is ϕ = 3

2
π. The currentn value is taken

at t = 0.017 s. The electric field is perpendicular to the
cortex in areas where the electric field strength is high
(see the dark-red areas in the figure). The electric field
gradually changes to be more parallel to the cortex in
areas where the electric field strength is lower (see the
green/blue areas).

Figure 39: A figure of the simulation where the direc-
tion of the electric field is visible. The phase-lag value
for the simulation is ϕ = 1

2
π. The current value is taken

at t = 0.13 s. The electric field is perpendicular to the
cortex in areas where the electric field strength is high
(see the dark-red areas in the figure). The electric field
gradually changes to be more parallel to the cortex in
areas where the electric field strength is lower (see the
green/blue areas).
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Figure 40: A figure of the simulation where the direc-
tion of the electric field is visible. The phase-lag value
for the simulation is ϕ = 3

2
. The current value is taken

at t = 0.08 s The electric field is perpendicular to the
cortex in areas where the electric field strength is high
(see the dark-red areas in the figure). The electric field
gradually changes to be more parallel to the cortex in
areas where the electric field strength is lower (see the
green/blue areas).
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