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Background: To address the brain areas and circuits affected by transcranial electrical stimulation (tES),
which had been used widely to treat psychiatric and neurological diseases, the stimulus-induced electric
field in the cortex was calculated using a head model that reflects anatomical information. To obtain
detailed information at the macroscopic and microscopic levels, multi-scale modeling was proposed that
integrates the head model with multi-compartmental models of cortical neurons.
Objective: Our goal was to use multi-scale modeling to describe the relation between the stimulus-
induced electric field and neuronal responses during tES.
Methods: We simulated sub- and supra-threshold neuronal responses to stimulus-induced uniform and
realistic electric fields. For the realistic electric field, multi-scale models that combined the head model
derived from structural MRIs and multi-compartmental models of neurons were constructed. Then, we
simulated the steady-state membrane polarization for sub-threshold stimulation and the excitation
threshold for supra-threshold stimulation by varying the tES montages. The electric field calculated was
decomposed into two orthogonal components, the radial and tangential fields, which were compared to
the neuronal responses.
Results: The stimulus-induced electric field depended strongly on stimulus parameters, and neuronal
excitability showed a higher correlation with the radial field. We demonstrated that neurons exhibited
linear polarization during sub-threshold stimulation depending on the local radial field intensity that
resulted in a significant relation regardless of the tES montage. Supra-threshold stimulation showed a
stronger relation with the radial field, but rather complex patterns of excitation thresholds depending on
neurons’ morphological features.
Conclusion: Our results indicated that cortical neurons are affected greatly by the relative direction of the
stimulus-induced electric field, which may be a necessary step toward a detailed understanding of tES’
potential mechanisms.

© 2018 Elsevier Inc. All rights reserved.

Introduction

intensity tES, which includes transcranial direct current stimulation
(tDCS), allows sub-threshold stimulation that influences sponta-

Noninvasive brain stimulation (NIBS) has been applied widely in
neuromodulation and potential treatment of a variety of neurologic
and psychiatric disorders [1]. Transcranial electrical stimulation
(tES) is among the noninvasive techniques that can modulate
cortical excitability through electrodes attached to the scalp [2].
Like electroconvulsive therapy, tES that induces supra-threshold
stimulation causes neuronal activation directly, while low
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neous neuronal activity. Over the past decade, NIBS has attracted
interest rapidly because of its ability to treat a wide range of psy-
chiatric and neurological disorders [1—3]; however, despite the
growing attention it has received and its increased applications,
uncertainty remains with respect to the brain areas affected and
relevant cellular mechanisms.

Most computational studies have reported the spatial distribu-
tions of the electric field (EF) or current density with anatomical
considerations using a head model derived from magnetic reso-
nance imaging (MRI) to interpolate cellular targets with simulated
EF [4—12]. Researchers have attempted to predict the brain regions
(NIBS influences) that exhibit higher field strength in the cortex.
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The premise of this interpolation approach is that local polarization
in a target area is proportional to the local EF magnitude, referred to
as the quasi-uniform assumption [13], which presumes a uniform
EF within the local area of the cortex relative to the neurons' scale,
because the NIBS stimulator (for example, electrodes for tES) is
situated far from the cortex [14,15]. Another way to relate EF to
neuronal excitability is to calculate the second spatial derivative of
the potential, referred to as the activating function [16,17].
Although these studies have supported the supposition that
stimulus-induced EF is invoked in the neurophysiological response
to tES, the cellular effects depend not only on stimulus parameters,
but also on neurons’ morphological and electrical properties. Thus,
there is a large degree of unpredictability in the relation between EF
and neuronal excitability.

As cellular targets of tES may help provide a more detailed
understanding of underlying mechanisms and determine the
optimal stimulation montage, a multi-scale model was proposed
recently to provide macroscopic and microscopic details by simu-
lating not only the stimulus-induced EF, but neuronal excitability as
well. This model is constructed using the following two-step pro-
cess [18,19]:

1) The head model is used to calculate a realistic NIBS-induced EF.
Rather than constructing the head model, the stimulus-induced
EF can be assumed to be uniform for tES based on the quasi-
uniform assumption [13,15,20].

2) The EF achieved in step 1 is applied to neuronal models to
simulate membrane polarizations.

Therefore, the multi-scale model for tES represents a combina-
tion of the stimulus-induced EF and compartmental models of
cortical neurons. In addition, the multi-scale models that couple
neuronal models with the head model and consider anatomical
information may help extrapolate acute tES neuromodulation
patterns from simulated cellular targets. For example, in a micro-
scopic scale analysis, several fibre pathways were constructed in
the head model via tractography and the activating function along
the fibre was computed to obtain further insight into montage
selection [21—23]. For detailed investigation, researchers have
constructed multi-scale models using morphologically recon-
structed models of cortical neurons virtually within the head model
[19,24—28]. Then, they studied the neural tissue activated, the ef-
fect of different neuron types, and compartmental-specific polari-
zations attributable to stimulus-induced EF. Despite its significant
modeling advances, multi-scale modeling remains an area of
ongoing research because it is technically difficult to combine
neuronal models reconstructed morphologically with the head
model, which has a complex cortical geometry in the infolding and
gyri. Thus, individual neuronal models usually are considered and
are constructed largely in a restricted area in the head model, such
as the motor cortex.

These simulation studies may help predict tES’ effect by
identifying target areas and corresponding neuronal activations
that the physical properties of the stimulator and combinations
of stimulator placements determine [4,29]. Using the advantages
of simulation studies, which allow cost-effective predictions of
large combinations of parameters, researchers can choose an
optimal stimulus montage and even propose a new montage
using simulated EF [4,30]. Further, the spatial accuracy of simu-
lated EF that may be applied in a neuronavigation system is
achieved by increasing the realism of modeling studies, such as
the model geometry and electrical properties [5—7]. Multi-scale
modeling represents a powerful technique to estimate not only

the spatial distribution of stimulus-induced EF, but also cellular
targets’ neuronal responses. However, despite the detailed anal-
ysis of multi-scale modeling approaches at the cellular level, the
relation between the stimulus-induced EF and corresponding
neuronal excitability in multi-scale modeling remains
unaddressed.

Our goal here was to determine the relation between the
stimulus-induced field and neuronal excitability with sub- and
supra-threshold tES stimulation, and then investigate the way the
stimulus-induced EF can be applied to interpret neuronal excit-
ability directly and to understand tES’ outcomes at the cellular level
better. In addition, we investigated neuronal excitability induced by
uniform and realistic EFs to determine whether the neuronal re-
sponses induced by uniform EF could be extended to realistic EF.
The realistic EF was calculated via multi-scale modeling using the
anatomically realistic head model combined with multi-
compartmental models of cortical neurons, details of which were
provided previously [19]. Many studies have investigated the
neuronal excitability under uniform EF both experimentally and
computationally [15,20,31,32]. However, realistic EF may induce
different neuronal responses compared to uniform EF, because the
head model, which includes complex cortical folding, produces
region-specific directional EF. Thereafter, the simulation results
may be fed into a multi-scale model to determine tES’ cellular
targets and underlying mechanisms. We modeled three established
neurons of stellate cells, layer 3 (L3) and layer 5 (L5) pyramidal
neurons (PNs), and stellate cells and L3 PNs were distributed to
cover the entire area of the cortex to generalize the neuronal
excitability to cortical areas other than the motor cortex. Then, by
varying tES montages, we analyzed the neuronal excitability rela-
tive to EF, which is a key component needed for a detailed under-
standing of cortical excitability.

Methods

We developed a multi-scale computational model that com-
bined multi-compartmental neuronal models with different mor-
phologies and two types of simulated EF, uniform and realistic,
calculated using the head model for tES. We then considered sub-
and supra-threshold stimulations by increasing stimulus ampli-
tude, and investigated steady-state membrane polarizations for
sub-threshold stimulation and excitation thresholds that have a
minimum stimulus amplitude necessary to evoke an action po-
tential for supra-threshold stimulation. We considered the hand
knob region as the target area (region of interest: ROI; see
Supplementary Figure S1 for detailed geometry of the ROI) when
we calculated the realistic EF using the head model. Three different
tES montages were considered to induce realistic EF, as shown in
Fig. 1: conventional tES (C-tES) using patch-type electrodes in
which either the center or the edge of an active electrode was
placed on the ROI, and high-definition tES (HD-tES) that used disc-
type electrodes.

Head modeling

An anatomically realistic head model that reflected precise
anatomy was constructed to calculate a realistic EF for NIBS. Surface
meshes consisting of five layers (white matter, gray matter, cere-
brospinal fluid (CSF), skull and scalp) were obtained using an
exemplar dataset of MR images SimNIBS v 1.1 provides [7,33].
Briefly, the example dataset of MR images included four images as
T1-weighted and T2-weighted images with and without fat sup-
pression. Then, following the SimNIBS pipeline, the white and gray
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(a)

Fig. 1. Three different tES montages targeting the hand knob region. We designated the region of interest (ROI) as the hand knob area, as indicated by the red circle and used
three tES montages: C-tES, where the center (a, C-tES) or edge (b, C-tESeqge) of the active electrode was placed on the ROI, and HD-tES (c). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

matters were segmented using FreeSurfer [34,35], and the seg-
mentation of the CSF, skull, and scalp was based on FSL BET and
BETSURF [36]. The initial surface meshes were modified by custom-
written functions in SimNIBS using MeshFix, such that optimal
meshes that modified self-intersections or intersection between
neighboring surfaces were obtained.

We generated two types of electrodes, the patch- and disc-type,
for C-tES and HD-tES, respectively, which were attached to the
scalp surface mesh using a custom-developed code implemented in
MATLAB (2013b, The Mathworks, Inc. Natick, MA, USA) using
iso2mesh [37], in ways similar to those described in Saturnino et al.
[8], as follows:

e First, we determined the nodes that comprised the edge of the
electrode on the scalp and then the neighboring nodes were
shifted to the nodes comprising the electrode edge.

e Second, the nodes comprising the edge and the inner points of
the electrode were duplicated along the normal vector to the
skin surface for the electrode surface mesh.

e Third, we filled the electrode surface mesh using additional

nodes that comprised the electrode.

Finally, we used “surf2mesh” function in iso2mesh [37] based on

TetGen [38] to fill the surface meshes of the head model,

including the electrodes, with tetrahedral meshes that included

approximately 11 million tetrahedrons.

Fig. 1 depicts the three different tES montages. For C-tES, two
5 x 5cm? patch-type electrodes 2 mm thick were modeled with
the active electrode over the ROI (the hand area) and the reference
electrode over the right supraorbital region. In addition, as EF is
higher under the electrodes near the edge [9,39,40], we moved the
active electrode slightly, such that its edge was placed above the
target area in the same location as that of the reference electrode,
referred to as C-tESeqge. For HD-tES, disc-type electrodes
(radius =4 mm; height =1 mm) and CCNY-4 gels (height =2 mm)
were modeled according to the 4 x 1 montage, which included an
active center electrode surrounded by four reference electrodes,
with the distance between the active and reference electrodes set
to 3 cm [5]. The final tetrahedral meshes of the head model had
various element sizes over layers - an average of 1.67 mm?® in the
scalp, 0.07 mm? in the skull, 0.12 mm? in the CSF, 0.11 mm? in the
gray matter, 0.24 mm° in the white matter, 0.78 mm? in the patch-
type electrodes, and 0.16 mm? in the disc-type electrodes. In each
layer of the head model, we assigned isotropic electrical conduc-
tivity obtained from the literature [5,41,42], the values of which are
listed in Table 1. The Laplace equation V-(cVV) = 0 (V: potential
field; o: electrical conductivity) was solved via the finite element
method implemented in COMSOL Multiphysics (v 5.2a, COMSOL,

Inc., Burlington, MA, USA) using the conjugate gradient with pre-
conditioning of an algebraic multigrid (a relative tolerance of
1 x 1078). The boundary conditions were applied to the exposed
surface of the active electrode (V = constant) and the reference
electrode (V=0), and the remaining external boundaries of the
scalp were set as an electrical insulator. Finally, we readjusted the
stimulus amplitude to achieve a constant current stimulation of
1 mA through the active electrode.

Multi-scale modeling using the uniform EF

To determine the neuronal morphology's influence on their
responses evoked by simulated EF, we used an established model of
layer 4 stellate cells and L3 and L5 PNs [43] using the NEURON
simulation software [44]. The neuronal models' electrical proper-
ties were unchanged from the original models and neuronal
models with different morphologies shared the same channel types
and densities. We then lengthened the dendrites by 60% and the
diameter of the soma and geometries of the axon were modified to
accommodate the dimensions of the human motor cortex [45]. We
assumed that layer 4 stellate cells and L3 PNs were located within
the cortex and had the same geometries as the soma (diameter:
29.8 um) and axon (length: 1.313 mm), but not the dendrites. L5
PNs had a long axon (10.1 mm) with a soma diameter of 25 um,
because the axons of L5 PNs stretched across the boundary be-
tween the gray matter and white matter. The neuronal models
consisted of a series of compartments (sections) connected by re-
sistors and one or more segments represented each section. The
neuronal model's internal voltage was defined at the center of each
segment. Thus, we modulated the three-dimensional coordinates
of the center points of each neuronal model and aligned the
neuronal models' coordinates with the y-axis, as shown in Fig. 2.

To generate uniform EF, we developed a three-dimensional
rectangular cuboid model with dimensions of 20mm x
30 mm x 10 mm to cover all neuronal models. We then generated
uniform EF directed radially or tangentially, as depicted in Fig. 2,
and readjusted the stimulus amplitude to establish a constant
uniform EF of 1 mV/mm. All neuronal models were combined
virtually with a cuboid model and each center point of the soma of
each neuronal model was located at the center of the cuboid model.
Then, we calculated the extracellular potential field at each center
point of each compartment of the neuronal models from the
simulated uniform EF, and NEURON's extracellular mechanism was
used to apply uniform EF directed radially or tangentially to the
neuronal models. We simulated a steady-state somatic polarization
by increasing the magnitude of uniform EF from —20 mV/mm to
20mV/mm and determined the excitation threshold for each
neuronal model.
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Table 1
Tissue conductivities.

Tissue compartment

Electrical conductivity (S/m)

Scalp

Skull

CSF

Gray matter

White matter

Path-type electrode (the sponge soaked in saline solution)
Disc-type electrode

Gel

0.465
0.01
1.654
0.276
0.126
1.40

5.8 x 107
0.30

Multi-scale modeling using the realistic EF

Details of the multi-scale modeling that combined the
anatomically realistic head model and neuronal models for tES
[28,46] were described previously (shown schematically in Fig. 3).
We modeled L4 stellate cells, and L3 and L5 PNs used in multi-scale
modeling with a uniform EF. Because PNs are known to be oriented
largely perpendicular to the cortical surface [47,48] and L3 PNs
terminate in layer 5/6 within the cortex, the principal axis of L3 PNs
was aligned according to the normal vector of the triangular
element comprising the gray matter surface. To determine the
neuronal models’ morphological effect, we superimposed L4 stel-
late cells onto L3 PNs such that they shared the soma and axon, but
not the dendrites. Thus, we modeled 131,958 L4 stellate cells and L3
PNs, respectively, under each triangular element comprising the
gray matter surface to cover all areas of the cortex. L5 PNs have long
axons that stretch to the white matter and bend in the direction of
the internal capsule after crossing the boundary between the gray
matter and white matter. Thus, L5 PNs were modeled in the
restricted region of the cortex with axons that run straight in the
same direction within the white matter (Fig. 3(b)). Here, we
modeled 2006 L5 PNs in the ROI.

For sub-threshold stimulation, we simulated the steady-state
transmembrane voltage responses to a stimulus-induced poten-
tial field calculated in the head model with a 1mA stimulus
amplitude. The extracellular potential field at each center point of

direction of tangential field

(a) L4 stellate  (b) L3PN (c) L5 PN
~ Qo
=
S
o,
g
y > 5
:_L'!
K X a
\ 4

Fig. 2. Neuronal models with different morphologies: (a) layer 4 (L4) stellate cells;
(b) layer 3 (L3) pyramidal neurons (PNs), and (c) layer 5 (L5) PNs. We introduced a
uniform electric field that flowed parallel (radial)/orthogonal (tangential) to the
somatodendritic axis.

each compartment of the neuronal models was calculated in the
head model and applied to neuronal models to simulate extracel-
lular stimulation. Then, as the PNs polarize in a compartmental-
specific manner [20], in this work we simulated not only somatic
polarizations, but also other compartments’ polarizations (apical
and basilar dendrites, initial segment of the axon, middle and ter-
minal parts of the axon of L4 stellate cells and L3 PNs, axon bends,
and near the gray and white matter boundary for L5 PNs). To
simulate supra-threshold stimulation that could evoke propagation
of an action potential in the neuronal models, the extracellular
potentials were applied in 100 ms monophasic pulses by scaling the
magnitude of the potential field that was calculated in the head
model with a 1 mA stimulus amplitude up to 1000 mA. Thus, we
measured the excitation threshold, which was the minimum
stimulus amplitude needed to evoke action potentials in the
neuronal models.

Data analysis

For the head model, we measured the EF magnitude, which is
considered typically in simulation studies. In addition, the direc-
tional component of the EF that flowed normal (radial field: RF) and
parallel (tangential field: TF) to the cortlcal surface was analyzed
each value was calculated as RF= E -7 and TF= E x 7, where E
is the induced EF and 7 is the normal vector of the closest trian-
gular element of the gray matter surface. We then analyzed the 1)
strength and 2) the fraction of the gray matter ROI exceeding the
threshold (strength) of stimulation as follows [8]:

1) The field magnitude (|EF|, |TF|, and |RF|) was calculated accord-
ing to the 80™ and 90™ percentiles either at the cortex or the
ROL

2) We measured the fraction of the ROI that exceeded the given
strength of stimulation, which was the 80™ or 90™ percentiles of
field magnitude at the cortex. The higher values (near 100%)
indicate that the highest field magnitude occurred in the ROI,
i.e,, the stimulation was focused in the ROIL The lower values
(near 0%) indicate the highest field occurred outside the ROI
(other areas in the cortex).

We calculated the Pearson correlation coefficient (PCC) between
the neuronal models' field magnitude and polarization. For RF,
positive values indicated that the field direction flowed inward and
negative values indicated that it was directed outward from the
superficial to lower cortical layers. Thus, for sub-threshold stimu-
lation, the correlation between RF and the neuronal models’ po-
larization (not absolute value) determined whether positive or
negative RF related to depolarization or hyperpolarization. We
considered the absolute value of neuronal polarization for the
magnitude of EF and TF (|EF|, and |TF|). For supra-threshold stim-
ulation, we calculated the PCC between the field magnitude (|EF|,
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Fig. 3. Schematic showing distribution of L4 stellate cells, and L3 (a), and L5 PNs (b). Note that L5 PNs are distributed in the ROI, while L4 stellate cells and L3 PNs are distributed

over the entire area of the cortex.

|TF|, and |RF|) and excitation thresholds where neuronal models
showed activation under 1000 mA stimulus amplitude.

Results
Uniform EFs' effects on neuronal models’ morphology

We simulated the effects on the neuronal models of uniform EF
directed radially (uniform radial field; uniform RF) and uniform EF
directed tangentially (uniform tangential field; uniform TF: Fig. 2).
The neuronal models’ steady-state polarizations were quantified
for sub-threshold stimulation (—20 mV/mm to 20 mV/mm uniform
fields: Fig. 4) and we found linear polarizations when uniform RF/
TF increased. The membrane polarization throughout each
neuronal model largely was depolarized with anodal stimulation
(positive EF) and hyperpolarized with cathodal stimulation (nega-
tive EF). However, the stellate cells showed opposite polarizations
at the soma, with depolarization with negative RF and hyperpo-
larization with positive RF (Fig. 4(a)). The axon terminals of stellate
cells and L3 PNs were polarized comparably for uniform RF because

(a) soma (b) axon terminal
s 5
£
[ =
k]
g 0
N
& :
g ne : S
20 10 0 10 20 20 -10 0 10 20
Uniform RF (mV/mm) Uniform RF (mV/mm)
(c) soma (d) axon terminal

0.2 0.05
— —e— stellate
£ 0.1 I
\E -4 L5 PN
.% 0 Odges =3
N o
§»0.1 ‘.“,--‘

-0.2 -0.05

-20  -10 0 10 20 -20  -10 0 10 20
Uniform TF (mV/mm) Uniform TF (mV/mm)

Fig. 4. Neuronal polarization with respect to sub-threshold uniform EF. The
steady-state polarizations at the soma and axon terminal of the stellate cells, L3 PNs,
and L5 PNs were simulated according to a uniform EF (uniform RF; a and b) directed
radially, and uniform EF directed tangentially (uniform TF; ¢ and d). The incremental
magnitude of uniform RF/TF polarized the soma and the axon terminal linearly.

their axons have the same electrical properties and morphologies.
Uniform TF polarized the soma and the axon terminal linearly, but
had a nominal influence compared to the radial RF (Fig. 4(c and d)).

We calculated the excitation threshold that could evoke action
potentials in the neuronal models by increasing the magnitude of
uniform EF. For uniform RF, the threshold was 33 mV/mm, 32 mV/
mm, and 37 mV/mm for the stellate cells, L3 PNs, and L5 PNs,
respectively. The threshold was significantly higher for uniform TF:
138 mV/mm, 91 mV/mm, and 135 mV/mm for stellate cells, L3 PNs,
and L5 PNs, respectively, because of uniform TF's reduced effects on
neuronal polarizations. Under uniform EF, we found variability in
neuronal polarizations and excitation thresholds invoked
throughout each neuronal model with respect to the direction of EF,
and speculated that it is important to use realistic EF calculations
relative to the neurons' orientation that underpin modeling multi-
scale models using the anatomically realistic head model.

Sub-threshold tES’ effects on neuronal polarizations

Fig. 5 depicts the distributions of field strength and somatic
polarization of stellate cells and L3 PNs on the cortical surface for
the three different montages of sub-threshold tES. For sub-
threshold stimulation, we applied a 1mA stimulus amplitude
through the active electrode. For C-tES and C-tESedge, which used
the patch-type electrodes, we observed diffused cortical field
strength and higher field strength in areas distinct from the active
electrode. High TF areas were restricted largely to the top of the
gyrus, while high RF was focused on the wall of the gyrus in the
areas beyond the electrodes’ placement. The C-tESedge, Wwhich was
proposed to improve the field strength in the ROI through the edge
effect, showed greater magnitudes of EF and TF in the ROI
compared to those in C-tES (Supplementary Figure 1). In addition,
|EF| and |TF| were focused on the top of the gyrus in C-tESeqge, but
on the wall of the gyrus in C-tES. However, the RF distribution in
both C-tES and C-tESeqge showed a comparable magnitude focused
on the top of the gyrus. Although the three montages selected
targeted the ROI (the hand area), HD-tES showed higher focality in
the ROI than did C-tES and C-tESegge. The RF spatial distributions
showed patterns consistent with L3 PNs’ polarization, such that
there were positive (negative) values of RF-related depolarization
(hyperpolarization) in L3 PNs, while stellate cells showed opposite
polarization patterns to those of the RF spatial distributions that
resulted in depolarization for negative RF, and hyperpolarization
for positive RF.

We then calculated the PCC to investigate the relation between
the field strength and the neuronal models' somatic polarization
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Fig. 5. The spatial extent of EFs (V/m) and somatic polarization (mV) of stellate cells and L3 PNs induced by the three different tES montages. The spatial distributions of the
magnitude of EF and TF (|EF| and |TF|). For the RF distribution, red (blue) indicates the inward (outward) direction from the superficial to lower cortical layers. In addition, the spatial
extent of somatic polarizations (soma pol.) of stellate cells and L3 PNs distributed on the cortex are shown. The color scale of the cortical surface view is adjusted according to the
bottom value (red) of the range bar for better visualization. The top value (black) of the range bar indicates the maximum value of the field magnitude and somatic polarization. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 6). While both uniform RF and TF polarized neurons linearly
(Fig. 4), only realistic RF showed a higher correlation with neuronal
polarizations regardless of the neuronal morphologies and the tES
montages used. Consistent with previous findings for stellate cells,
that uniform RF resulted in hyperpolarization in positive field
strength and depolarization in negative field strength, stellate cells
were correlated negatively with RF. When we focused on the cor-
relation between somatic polarization and |EF|, which has been
exploited widely in simulation studies, C-tES and C-tESeqge showed

negligible values of PCC in the ROI because of the diffused cortical
EF that was concentrated in areas far from it, while in contrast, HD-
tES showed higher PCCs because of the focalized field distributions.
In the ROI, |TF| in C-tES and C-tESegge Was correlated negatively
with neurons’ somatic polarization, because higher RF and TF areas
did not overlap in the ROI (Supplementary Figure S2) and somatic
polarization had a higher correlation with RF.

Regardless of neuronal morphologies, somatic polarization
throughout each neuron showed higher correlations with RF and all
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Fig. 6. The correlation coefficient between EFs and somatic polarization of neurons tES produced. We calculated the PCCs between field strength and somatic polarization of
stellate cells (a and b), L3 PNs (c and d), and L5 PNs (e) distributed over the entire area of the cortex (a and c) or on the ROI (b, d, and e). Note that the RF's value approximates +1,
indicating a higher (positive or negative) correlation between RF and somatic polarization of stellate cells, and L3 and L5 PNs.

the compartments of neurons (including dendrites and the axon)
were related consistently and profoundly to RF. According to neu-
rons' compartmental-specific polarizations, we observed apical
dendritic hyperpolarization associated with depolarization of
basilar dendrites, in which the RF was correlated negatively with
apical dendrites and positively with basilar dendrites. The absolute
value of PCC between RF and polarization was approximately 0.80
or more in all compartments of stellate cells and L3 PNs, regardless
of the montage, and thus all compartments showed a higher rela-
tion with RE. In contrast, L5 PNs showed compartmental-specific
correlation. Thus, RF's effect on L5 PNs decreased far from the
soma and the field strength on the cortical surface did not affect the
terminal part of the axon (Supplementary Figure S3).

Generally, a higher strength EF is observed with greater distance
between electrodes [49,50]. Consistently, we observed that using
pad electrodes produced higher field strength in the cortex
compared to that in HD-tES (Table 2). For example, C-tES and C-

tESedge sShowed consistent field strength throughout the cortex that
was 9 times higher |EF|go, than that in HD-tES. However, when we
focused on the ROI, these discrepancies between C-tES and HD-tES
decreased, such that they showed comparable RF strength and
somatic polarization. This reflected higher focality in HD-tES, while
C-tES resulted in a diffused field distribution and higher field
strength at sites distinct from electrodes. Consistently, L5 PNs
showed slightly higher 80™ and 90t percentiles of somatic polar-
ization in the ROI in C-tES and C-tESeqge than in HD-tES. Further, C-
tESeqge showed a greater EF magnitude in the ROI compared to C-
tES, but the strength of RF was comparable between C-tESedge and
C-tES, such that they induced a similar polarization strength in
neurons in the ROL

The higher value of the fraction of the gray matter ROI that
exceeded the threshold, which indicated the higher field was
focused in the ROI, was confirmed for HD-tES (Table 3). HD-tES
showed a perfect concentration of EF in the ROI (EFgg, = 100%)
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Table 2
Stimulation intensity. The three different tES montages’ effects on the 80™" and 90" percentiles of the field strength (V/m) and somatic polarization of stellate cells and L3 PNs
(uv).
C-tES C-tESeqge HD-tES
Cortex ROI Cortex ROI Cortex ROI
Field strength (V/m) |EF|ootn 0.18 0.14 0.18 0.19 0.02 0.14
|EF|goth 0.15 0.13 0.16 0.17 0.01 0.13
[RFlooth 0.12 0.10 0.12 0.09 0.01 0.06
|RF|soth 0.08 0.06 0.09 0.08 0.005 0.04
somatic polarization (nV) |stellate pol|gotn 8.00 8.20 8.40 9.20 0.70 6.50
stellate pol|sogn 6.00 6.80 6.60 8.00 0.40 430
|L3 PN pol|goth 7.10 7.90 7.60 8.40 0.60 6.60
|L3 PN pol|soth 5.30 6.80 5.80 7.00 0.30 4.20
|L5 PN pol|goth — 8.30 - 9.20 - 6.50
IL5 PN pol|sotn - 7.10 - 7.80 - 4.40

and the value in RF and neurons’ somatic polarization was higher
compared to that in C-tES and C-tESeqge. Further, C-tESegge Showed
higher EF concentration in the ROI, but comparable RF focality and
neuronal somatic polarization, than did C-tES, consistent with the
field strength findings that C-tESeqge produced higher EF strength,
but a similar strength for RF and somatic polarization in the ROL

Supra-threshold tES’ effects on neuronal polarizations

We calculated the excitation thresholds for stellate cells and L3
PNs on the cortical surface by increasing stimulus amplitude,
which increased the extracellular potential fields calculated for
sub-threshold tES to 1000 mA. As Fig. 7 shows, the excited areas
that showed lower thresholds matched the spatial extent of EF in
Fig. 5 generally across the different tES montages. However,
although stellate cells and L3 PNs had the same electrical prop-
erties and axons, but different dendrite morphology, they showed
different threshold patterns. Under uniform RF, stellate cells and
L3 PNs showed comparable thresholds, but when we applied
realistic EF, L3 PNs showed much lower thresholds with larger
cortical activation areas than did stellate cells. In the ROI, most L3
PNs were stimulated regardless of the tES montages, while stellate
cells were targeted by HD-tES well compared to C-tES and C-
tESedge.

To focus further on the ROI, we analyzed the distributions of the
stellate cells’, L3 PNs', and L5 PNs' thresholds in the ROI (Fig. 8). As
expected by the spatial extent of the thresholds in Fig. 7, stellate
cells showed higher threshold distributions in the ROI than did L3
and L5 PNs. In addition, C-tESegge, which was proposed to target ROI
efficiently, showed lower threshold distributions for stellate cells
and L3 PNs compared to C-tES, consistent with the higher somatic
polarization at C-tESeqge than at C-tES (Table 2). However, L5 PNs
induced the lowest threshold distributions in C-tES, largely because
RF C-tES induced flowed perpendicular to the top of the gyrus in
the ROI (Supplementary Figure S2) and this RF direction matched
with the axon of L5 PNs after crossing the boundary between the
gray and white matters (Fig. 3(b)). In addition, because L5 PNs in

Table 3

The fraction of the gray matter ROI exceeding the stimulation threshold. The ROI
that exceeded the 80™ and 90™ percentiles of field strength in the gray matter
overall was calculated for field strength (|EF| and |RF|) and somatic polarizations
(stell and L3 represent stellate cells and L3 PNs, respectively). When higher field
strength or somatic polarization was focalized in the ROI, the value was 100%.

EFgotn  EFgoth  RFooth  RFgorn  Stelloorn  stellsoth  L3goth  L3soth

C-tES 0.58  4.49 1.20 7.92 11.84 24.66 18.09 29.67
C-tESeqge 1595 31.70 285 10.00 16.42 3334 15.06 3145
HD-tES  99.85 100.00 66.67 8036 75.67 85.78 77.19 87.86

the white matter in the ROI have axons with paths that extend in
the same direction, they were activated by a relatively lower
stimulus amplitude compared to other neuronal models, regardless
of the tES montage. This underscores the neuronal morphologies'
importance relative to the induced EF and realistic EF's effects on
neuronal models.

We calculated PCCs to compare field strengths and neurons'
excitation thresholds (Fig. 9), and while RF showed a greater as-
sociation with those thresholds, it had a relatively insignificant
effect on neurons' activation compared to the results of neuronal
polarization sub-threshold tES induced (Fig. 6). Although a greater
relation between RF and neurons’ thresholds was observed in
general, stellate cells had a negligible PCC with RF during C-tES
(Fig. 9(a)). A higher PCC with RF was observed in L3 PNs compared
to stellate cells, and the PCC with RF increased in the ROI
compared to the cortex. Interestingly, L5 PNs showed a negligible
correlation with field strengths in the ROI (Fig. 9(e)), possibly
attributable to the fixed direction of L5 PNs axons in the white
matter.

Discussion

Prior modeling studies have demonstrated stimulus-induced EF
that characterizes the cellular targets of brain stimulation and even
have proposed optimal montages with anatomical considerations
[5—7,51]. Recently, details of neuronal activation were simulated by
incorporating multi-compartmental models of cortical neurons via
multi-scale modeling [19,24,25]. However, macroscopic and
microscopic analyses with multi-scale modeling are scarce because
of modeling complexities, and the way in which stimulus-induced
EF modulates neuronal excitability is not understood fully. There-
fore, we investigated realistic EF's effect on neuronal excitability
and measured the correlations between the stimulus-induced EF
and neurons' polarization and excitation thresholds in silico.
Further, we examined the utility of multi-scale modeling using
realistic EF despite its intricate modeling processes.

Here, we constructed multi-scale models for tES to relate target
areas extrapolated by stimulus-induced EF to cellular targets ob-
tained through the multi-scale models, because the precise target
region that can be achieved by increasing modeling accuracy may
lead to a better understanding of tES’ influence. In particular, we
simulated both sub- and supra-threshold stimulations, because
sub-threshold stimulation is known to modulate ongoing neuronal
processing, while supra-threshold stimulation affects cortical
neurons' activation directly [20,52,53]. We then demonstrated the
way in which stimulus-induced EF influenced neurons’ polarization
and activations, which might provide a better understanding of
which factors contribute to the modulation of PNs in both sub- and
supra-threshold stimulations.
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Fig. 7. Spatial extent of excitation threshold (mA) of stellate cells and L3 PNs induced by the three different tES montages. The threshold distribution of stellate cells (a, b, and
c) and L3 PNs (d, e, and f) induced by C-tES (a and d), C-tESeqge (b and e), and HD-tES (c and f). The color scale for the stellate cells is adjusted for better visualization. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Validity of multi-scale models

The results reported here assumed that realistic EF was
nonuniform EF on the scale of single neurons. To determine
whether realistic EF calculated using the head model was not

C-ES CESeqge HD-tES
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Fig. 8. Excitation thresholds of neurons in the ROI induced by the three different
tES montages. To investigate tES' effects on the ROI, we focused on the thresholds of
stellate cells (stell: red), L3 PNs (L3: blue), and L5 PNs (L5: black) in the ROI and then
analyzed the median and the first to third quartiles spanning the central rectangles,
where whiskers indicate maximum and minimum values. All pairs between neuron
types and tES montages differed significantly (t-test, p <0.001). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)

uniform EF with variable field orientation, we calculated the
directional derivative of |EF| using the head models as follows:

EF(x + hit) — EF(x)
h b

n
Vil EFI=VIEF- 1~

lim
h
where n is the neurons' principal direction, which is identical to
their normal direction to the cortical surface. We approximated the
directional derivative of |EF| as the rate at which the EF changed
from a point at the dendrites' tip to a point on the axon terminal of
L3 PNs; the point at the dendrites’ tip was defined as that where a
point aligns in the neurons' principal direction. Thus, the direc-
tional derivative of |EF| was calculated on the scale of L3 PNs. If the
realistic EF calculated had a uniform field, then the value of the
directional derivative of |EF| would be 0. As Supplementary
Figure S4 shows, during sub-threshold stimulation, we found a
higher directional derivative of |EF| distributed broadly over a large
brain area in both C-tES and C-tESeqge, and focalized distributions of
a higher directional derivative of [EF| in HD-tDCS. This implied that
the realistic EF calculated here was a nonuniform field on the scale

of single neurons.

For supra-threshold stimulation, we presented the L3 PNs'
excitation threshold using the head model, assuming that the
realistic EF calculated was uniform on the scale of neurons, to
facilitate comparison between excitation thresholds under uniform
and realistic EFs; Fig. 7 presents the excitation threshold for real-
istic EF and Supplementary Figure S5 depicts the excitation
threshold under the uniform EF condition. Excitation thresholds of
L3 PNs under the uniform EF condition were determined by the
minimum stimulus amplitude that local |RF| and |TF| reached the
constant excitation thresholds’ value for uniform RF (32 mV/mm)
and uniform TF (91 mV/mm). Excitation thresholds of L3 PNs under
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Fig. 9. Correlation coefficients between EFs and the excitation thresholds of neurons tES produced. We calculated the PCCs between field strengths (|EF|, |TF| and |RF|) and the
excitation thresholds of stellate cells (a and b), L3 PNs (¢ and d), and L5 PNs (e) distributed over the entire area of the cortex (a and c) or on the ROI (b, d, and e). As higher field
strengths induced generally lower thresholds, the correlations between field strength and thresholds largely were negative.

the uniform EF condition (Supplementary Figure S5) showed dis-
tributions comparable to those of realistic |RF| and |TF| (Fig. 5), and
resulted in uniform RF condition inducing higher activations
focused on the lip of the gyrus, and lower excitation thresholds for
uniform TF condition focused on the top of the gyrus for tES and
tESeqge. Compared to the excitation threshold with realistic EF
(Fig. 7), which showed different patterns between stellate cells and
L3 PNs according to their different dendritic morphologies, the
excitation threshold under the uniform EF condition
(Supplementary Figure S5) showed consistent patterns for stellate
cells and L3 PNs that resulted in higher correlations with field
distributions (>0.80). Collectively, we demonstrated the validity of
multi-scale models by observing the non-uniform realistic EF on
the scale of single neurons using the head models under sub- and
supra-threshold stimulations.

Cortical excitability induced by sub-threshold stimulation

In this study, we attempted to address sub-threshold stimula-
tion's effect on cortical excitability using both uniform and realistic

EFs in multi-scale models. For realistic EF, we constructed three
different tES montages coupled with stellate cells, L3 PNs, and L5
PNs, and then analyzed the relation between stimulus-induced EF
and neurons' polarization during sub-threshold tES using the PCC.
We constructed large-scale models for stellate cells and L3 PNs that
were distributed on the cortex that allowed us to determine the
correlation between neurons' polarization and field strength.
Under uniform EF, increasing the magnitude of RF and TF
modulated neuronal polarization linearly, and, compared to TF, RF
affected neuronal polarization profoundly (Fig. 4). However, for
realistic EF neurons' somatic polarization showed no significant
correlation with EF and TF, and the only higher correlations were
between neurons' polarization and RF, regardless of the tES
montage (Fig. 6). As expected, as neurons oriented radially to the
cortical surface conformed to the RF direction, we observed com-
parable patterns between RF and neurons' polarizations. This im-
plies the importance of neuronal orientation relative to the field
induced, consistent with previous findings that EF flowing to the
somatodendritic axis contributes to neuronal polarization prefer-
entially [15,54]. Interestingly, although only part of L5 PNs' axons
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within the gray matter were modeled in the direction radial to the
cortical surface, they showed a stronger relation with RF and their
somatic polarization compared to EF and TF. In an exploratory
manner, we calculated the PCC between RF and the polarization of
stellate cells and L3 PNs' specific compartments (soma, initial
segment of the axon, middle, and terminal parts of the axon) and
found higher PCCs (nearly 0.90) in all compartments selected. This
indicated that RF affected stellate cells and L3 PNs profoundly and
we could extrapolate their polarization using RF. We then consid-
ered L5 PNs, which have a long axon that stretches to the white
matter and a different axonal orientation to stellate cells and L3 PNs
in the ROI The correlation between RF and somatic polarization of
L5 PNs also was greater than 0.85; this effect decreased in the axons
located far from the soma, and showed no correlation with the
terminal part of the axon. To gain some insight about the way in
which the induced field might relate to the terminal part of the
axon, we determined the correlation between polarization at the L5
PNs’ axon terminal and the EF that is parallel to the axon terminal
locally, and found significant correlations of approximately 0.97 in
all montages selected. This suggests that, under sub-threshold
stimulation, all PN compartments might polarize linearly with
respect to local EF, which is consistent with the quasi-uniform
assumption [13].

The stellate cells and L3 PNs had the same electrical properties
and axon, although not dendritic morphology, and they showed
different patterns of membrane polarization under the same
stimulus-induced EF, as shown in Fig. 4 for uniform EF and Fig. 5 for
realistic EF. In general, positive EF is attributed to membrane de-
polarization, while negative EF induces membrane hyperpolar-
ization [55,56]. This fed well into the polarization of L3 PNs and L5
PNs, as Figs. 4 and 5 show. However, stellate cells showed opposite
polarization that resulted in decreased/increased excitability with
positive/negative EF, and this variation in membrane polarization is
consistent with Yi et al.’s findings [32], who studied the effects of
PNs' morphologic features induced by sub- and supra-threshold
uniform EFs. They described the asymmetric dendrites as effec-
tive sinks (dendrites close to the positive field) and sources (den-
drites close to the negative field) EF caused, and thus, L3 PNs and L5
PNs had more sources and fewer sinks with positive RF that
resulted in somatic depolarization. In contrast, stellate cells had
fewer sources and more sinks with positive RF and thus, responded
to it negatively. Through these simulations, we could speculate the
effect neurons' morphologic features on their responses during
sub-threshold stimulation.

TF is known to polarize neurons that extend parallel to the
cortical surface and to have a minor influence on modulation of
PNs' somatic polarization [20,57]. We found consistently low cor-
relations between TF and neurons' somatic polarization (Fig. 6), and
further, all of the neurons' compartments correlated weakly with
TF. On the top of the gyrus in the ROI, negative TF was observed
with C-tDCS and HD-tDCS, but a positive field strength was found
with C-tDCSeqge (Supplementary Figure S2). Thus, according to the
degree to which neuronal polarization depends on field direction,
neurons oriented parallel to the cortical surface, for example, bas-
ket cells, might show higher polarization for C-tDCSegge 0n the top
of the gyrus in the ROI, and result in reversed polarization profiles
for C-tDCS and HD-tDCS depending on the electrode's location,
consistent with TF patterns.

Cortical excitability induced by supra-threshold stimulation

We found that the neurons’ polarization was correlated with RF
intensity under sub-threshold uniform and realistic EFs, and
simulated neurons showed a constant threshold under uniform EF.
In this study, we attempted to determine whether RF intensity can

predict neuronal excitability by supra-threshold stimulation when
we applied realistic EF, consistent with sub-threshold stimulation.
Therefore, we assumed a negative correlation between field
strengths and thresholds, and thus, lower intensity RF might
require a higher threshold, while higher RF intensity might requires
a lower threshold to activate neurons.

With sub-threshold stimulation, there was a nearly perfect
correlation between RF and neuronal polarization, but the relation
between RF and neurons' activation during supra-threshold stim-
ulation was unclear, although RF showed the highest correlation
with neurons' activation compared to EF and TF (Fig. 9). In addition,
while sub-threshold stimulation uniform EF induced could be re-
flected in the realistic EF's results, supra-threshold stimulation that
induced neuronal activation by realistic EF was correlated negli-
gibly with neuronal responses under uniform EF. We suggest that
realistic EF altered neurons' activation nonlinearly because of its
different orientation relative to neurons. For example, L3 PNs had
lower thresholds than did L5 PNs with uniform EF, but when we
applied realistic EF, L5 PNs showed much lower thresholds in the
ROI than did L3 PNs. As the field direction in the ROI matched part
of the L5 PNs' axon, L5 PNs exhibited lower threshold distributions
accordingly. A myriad of stimulus-induced field directions was
observed in other non-motor brain areas or by varying tES mon-
tages, and the threshold distributions of L3 PNs and L5 PNs might
be reversed depending upon the field direction. Further, under
uniform EF, we found that the field direction affected the excitation
thresholds significantly, such that TF induced neuron thresholds
approximately 3—4 times higher than did RF. These simulations
suggested that the EF's orientation relative to neurons plays a
crucial role in determining their activation. Accordingly, neurons
simulated through multi-scale modeling using realistic EF might
have different thresholds, because the intensity and orientation of
realistic EF varied according to the stimulus-induced EF attributable
to the complex geometry of the head model and the different
electrode montages, and thus led to a relatively lower correlation
between neuronal thresholds and field magnitude (Fig. 9). There-
fore, the use of multi-scale models using realistic EF may be
favorable to investigate cellular targets of stimulation and detail
neuronal responses supra-threshold stimulation induces, as
regional-specific directional fields determined neuronal responses.

Neurons' morphological features affect the relation between
neuronal activations and field strengths. When we compared the
stellate cells and L3 PNs, which have different dendrite morphol-
ogies, they exhibited different threshold distributions (Fig. 8) and
relations with field strengths (Fig. 9), while with sub-threshold
stimulation, the stellate cells and L3 PNs had comparable, but in-
verse, polarization patterns with higher correlations. The variation
in neuronal responses was not constrained to that between cell
types, but occurred within cell types as well; Radman et al. [20]
showed neuronal responses induced by sub- and supra-threshold
uniform EFs in vitro and considered the cell types (inter neurons,
and layer 2/3 and layer 5/6 PNs) distinct morphologic features. They
found sub-threshold uniform EF polarized somatic membrane po-
tentials linearly and different firing thresholds between and within
cell types with supra-threshold stimulation. Yi et al. [32] reported
the importance of neurons’ morphologies in determining their re-
sponses by constructing PNs with a simple structure and realistic
morphology with uniform EF in silico. Wu et al. [58] simulated
electromagnetic stimulation with highly detailed morphological
features of L2/3 and L5 PNs and also tested an idealized axon, which
had the same morphology as that in our proposed models, by
replacing the realistic axons of PNs. Through these existing obser-
vations, neuronal morphologies have been confirmed to play
crucial roles in determining neuronal responses. While our
modeling study incorporated stimulus-induced realistic EF, we
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modeled limited morphological features of PNs. Therefore, further
investigation of various morphological features of neuronal models
should be considered in multi-scale models.

Limitations

Neuronal modeling limitations

In our model, we simulated neuronal excitability via neuronal
models having dendrites and axons with different morphologies,
and investigated the way these morphological features affected
tES-induced neuronal responses. We found that stellate cells' and
L3 PNs' different dendrite morphologies induced not only different
polarizations during sub-threshold, but also different threshold
patterns during supra-threshold stimulation. In addition to
dendrite morphologies, the axon morphology affected neuronal
responses profoundly, such that we found significantly lower
threshold distributions of L5 PNs compared to those of stellate cells
and L3 PNs, which have relatively short axons. The axon
morphology of L5 PNs constructed in our model was designed by
considering previous multi-scale models that combined neuronal
models with the extruded slab model, which has a simple cortical
geometry, for invasive cortical stimulation [45,59—61]. Deter-
mining the actual direction of the axons inside the white matter can
be performed by tract estimation using diffusion tensor imaging
(DTI). Previous modeling studies have constructed nerve models
using the tractography-based modeling approach and then calcu-
lated EF's spatial gradient (the activating function) for magnetic
stimulation [21,22,62] and tDCS [50]. Further, De Geeter et al. [24]
proposed compartmentalized tractography-based nerve models
composed of single dendrites, the soma, and the myelinated axon.
While tractography-based nerve models provide elaborate axon
architectures, they consider the activating function along the tracts
using simple neuronal models. In addition, the dominant direction
of L5 PNs' axons in the hand knob of the precentral gyrus in our
model was very similar to that in the tractography-based nerve
model [21,22], and matched tES-induced EF that flowed largely
perpendicular to the gyrus (ROI). Thus, L5 PNs had lower threshold
distributions than did other types of neurons. To achieve more
precise information on axonal architecture and investigate neural
excitability beyond superficial areas, further work should incor-
porate realistic neuronal morphologies using tractography.

Most multi-scale modeling studies, not just this study, have
presented neuronal models that projected PNs that were oriented
radially [19], because these are the most abundant neurons in the
cerebral cortex and their activation evokes descending volleys,
including in the corticospinal tract [63—65]. Only a few studies
using the extruded slab model, which has only a simple geometry,
have considered not only PNs, but also horizontal neurons in
invasive cortical stimulation [59—61] and magnetic stimulation
[26,66]. The extruded slab model presents the precentral gyrus, two
adjacent sulci, and two neighboring gyri, and models by extruding a
2D cross-section of the model into 3D. Because of the model's
simplified geometry, horizontal neurons may be modeled tangen-
tially to the interface between the gray matter and white matter
with respect to the 2D cross-section of the model. However, we
presented PNs' responses induced by tES, as the constructed head
model has a complex cortical geometry in the sulci and gyri, and we
had limited information about the architectures of non-pyramidal
cells. As stimulus-induced EF that flows longitudinally along the
axon excites neurons preferentially, we expected that TF might
show a relation with horizontal neurons. Although neuronal
orientation relative to the induced EF may underpin the utility of
tES, we found that neuronal responses depended on various pa-
rameters, such as the neurons' morphology and location and
stimulus intensity (sub- or supra-threshold). Therefore, myriad

types of neurons within and across excitatory and inhibitory neu-
rons in the cortex should be considered in further modeling studies
to obtain a better understanding of neuromodulation's biophysical
mechanisms.

Cooperation on the part of large populations of neurons is
necessary in brain functions, such as sensory processing and motor
control, and NIBS is able to modulate such neuronal activities ac-
cording to evidence derived from specific neural networks [1,67].
To acquire a better understanding of cortical responses, several
studies have attempted to reproduce indirect wave deflections
trans-synaptic neuron activation induced by developing network
models that were able to reproduce epidurally-recorded responses
(indirect waves) to magnetic stimulation [68,69]. In contrast, the
multi-scale models proposed are limited to exploring electrical
stimulation effects on single cells. However, we measured neurons'
polarization related to complex patterns of EF that varied according
to large combinations of tES parameters. Further, this model could
be exploited to investigate the effects of neurons’ relative orienta-
tion on stimulus-induced EF, which might be an important factor in
determining neuronal responses [70,71]. Moreover, although the
multi-scale modeling proposed described only the responses of
individual PNs, detailed information at the macroscopic and
microscopic levels can be integrated synergistically for further
large-scale network models. Thus, while we considered the effects
of field direction and strength on neuronal responses, the modu-
lation that depends on ongoing neuronal activity and their firing
patterns should be determined with various stimulus parameters in
the future (e.g., stimulus pulse shape and frequency).

Head modeling limitations

We proposed multi-scale models using the head model based on
MRI, because this model provides realistic EF distributions that
reflect precise underlying anatomy. As the realistic head model can
provide accurate analysis, researchers have investigated the influ-
ence of the detail of the head model's tissue compartments by
including the skull spongiosa or anisotropic white matter's con-
ductivity [6,72,73]. The inclusion of the skull spongiosa changed the
EF's orientation, and the white matter anisotropy had limited in-
fluence on the EF distributions on the superficial cortical areas, but
a greater influence on stimulus-induced current flow oriented
parallel to the fiber bundles in the white matter. Therefore, as we
found significant dependency of simulated neuronal responses on
field orientations, future work should incorporate the detailed head
model, especially that with realistic modeling of the skull.

In this study, we constructed the head model via tetrahedral
mesh using iso2mesh [37] and Tetgen [38], which has an advantage
in its representation of the smooth surface, but is constrained to the
closed surface. The realistic head model, which allows intersections
between layers and smooth surfaces, can be achieved through the
isoparametric geometry-adapted hexahedral finite element
approach, resulted in negligible differences in numerical errors
with increased modeling accuracy compared to the tetrahedral
approach [6,74,75]. As model errors will have a significant influence
on the accurate simulation of the EFs [76], sufficiently accurate
modeling for realistic EF calculation may be quite beneficial in
predicting tES precisely in computational studies.

tES demonstrated variable effects because of the presence of
inter-individual differences, and anatomical variation is among the
factors that modulate the magnitude of the stimulus-induced field
[67,77—81]. Simulation studies that use a head model constructed
via MRI are the most cost-effective way to determine NIBS' effect
depending on anatomical variation, because simulated EF can es-
timate the target areas NIBS affects that reflect individual head
model distortion [4,7,22]. For example, Opitz et al. [22] constructed
individualized head models for five subjects and then analyzed
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simulated field distributions and physiological responses, specif-
ically motor evoked potentials (MEPs), in response to single pulse
magnetic stimulation for each subject. They found that magnetic
coil orientation with respect to anatomical characteristics of the
hand knob affected physiological responses and a correlation be-
tween EF strength and MEP amplitudes in the target area. Edwards
et al. [78] reported variation in motor excitability with tDCS that
resulted in significant inter-individual differences in simulated EF
strength and MEP outcomes. These results implied the usefulness
of simulation studies to determine customized and individualized
parameters of NIBS using individual head models. In addition,
Laakso et al. [81] simulated tDCS that targeted the hand area using
24 individual head models and found EF concentrated generally in
the perimeter of the ROI and large variation in EF distributions
across the models. While the results in this study cannot be
generalized, as we used an anatomical head model, we demon-
strated the utility of multi-scale modeling during sub- and supra-
threshold stimulations. Thus, like Laakso's study, further multi-
scale modeling using numerous numbers of individual head
models might help improve our understanding of tES at the
neuronal level by providing not only individual responses, but also
average responses.

Future studies using multi-scale modeling

Most NIBS investigations have focused on the motor cortex
because of the clear measurement of outcomes, such as MEP, and
thus, other cortical areas have not been investigated fully to date.
Although we investigated responses in the motor cortex here, the
large-scale modeling of stellate cells and L3 PNs proposed is
applicable to targets throughout the cortex, and thus, future studies
of non-motor brain areas might help determine NIBS’ optimal pa-
rameters and potential mechanisms.

Computational studies on tES are designed to determine target
brain areas under a myriad of potential montages and we proposed
a multi-scale model to predict target brain areas at the neuronal
level more precisely. Precise modeling in tES helps achieve accurate
calculations of not only realistic EF, but also current injection pat-
terns that optimize tES to maximize the strength and focality of
stimulation at the target areas [51,82]. Further, as the reciprocity
principle offers a relation between the electroencephalography
(EEG) and tES forward modeling approaches [74], the EEG forward
problem, which computes the potentials from neural sources at
recording electrodes (sensors), was used to determine the optimal
current injection patterns required for tES to target neural sources
inferred from the EEG [10,11]. These optimization problems in tES
were proposed via tES-induced EF using the head model, while we
identified the relation between EF and neuronal responses during
sub- and supra-threshold stimulations using the multi-scale model.
This study suggests that the use of a multi-scale model to deter-
mine tES’ target areas and thus further analysis of tES forward
problems using multi-scale modeling might be helpful in deter-
mining optimal tES montages.

Conclusion

We examined the potential relation between the field strength
(EF magnitude and its directional components; radial field (RF), and
tangential field (TF)) and neuronal responses sub- and supra-
threshold stimulations induced using the multi-scale models pro-
posed for tES. We found that RF flowing parallel to the somato-
dendritic axis affected neurons' polarizations strongly; sub-
threshold RF polarized neurons linearly both under uniform and
realistic EFs, while supra-threshold stimulation yielded rather
complex patterns of excitation thresholds depending upon the type
of neuron. Our results suggested that the stimulus-induced EF's

relative direction with respect to cortical neurons and their
morphological features are major factors in cortical modulation.
Thus, investigation of the directional EF along cortical neurons (for
example, RF) may be valuable in future studies of sub-threshold
stimulation. In addition, the multi-scale model proposed enables
further analysis of compartmental-specific neuronal responses that
might help improve inferences about tES's physiological mecha-
nisms [57]. Therefore, multi-scale modeling might offer an
improved understanding of tES associated with large combinations
of stimulus parameters at the macroscopic and microscopic levels.
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