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Abstract. Transcutaneous spinal direct current stimulation (tsDCS) is a neu-
romodulation technique used for the rehabilitation of spinal cord disorders and
injuries. Despite its potential effect, the stimulation parameters are not well estab-
lished, and the underlying effects of tsDCS on the neural mechanisms in the spinal
cord remain unknown. A common approach to these problems is the use of com-
puter models to simulate both the electric field in the targeted region and the
neural response to the stimulus. Nevertheless, these models are limited, especially
for tissues in the cervical region. Thus, this paper presents a model of the vol-
ume conductor for the cervical region and optimized simulations using the finite
element method in the solution of the current flow problem induced by the appli-
cation of tsDCS. It was possible to obtain a volume conductor model representing
different tissues: skin, subcutaneous fat, muscle, trachea, esophagus, cartilage,
vertebral ligaments, vertebrae, vertebral arteries, intervertebral discs, duramater,
cerebrospinal fluid, white and gray matter of the spinal cord. Three meshes with
different element densities were produced (low, intermediate, and high resolu-
tion). The lower density mesh showed an electric field with a mean square error
between 6.21% and 2.50% in the spinal cord tissues when compared to the higher
resolution mesh. Therefore, the optimization proposed reached acceptable errors
and allows multiple simulations, using different setups (conductivities, current
intensity, geometric and positions of electrode) with less computational cost (88
min to 17 min for runtime and 4 GB to 800 MB for local storage).
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1 Introduction

Electrical stimulation has been widely employed for therapeutic purposes throughout
history. Late reports (43–48 A.D.) indicate the use of electrical discharges from torpedo
fish in the treatment of headache [1]. Despite the diversity of techniques for stimulation
(e.g., invasive, non-invasive, electrical, magnetic, alternating, and continuous), all of
them are similar in their purpose of altering the functioning of the nervous system.
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In general, techniques using DC stimulation are safe and inexpensive, which allows
for different experimental treatment options in patients with disorder of central nervous
system [2–4]. While stimulation at high intensities can directly evoke neural activation
via action potential (AP), low-intensity stimulation influences neural functioning with-
out the direct generation of APs. Recently, direct current stimulation (DCS) has been
employed in a noninvasiveway to promotemodulatory effects on spinalmotor circuitries
[2]. However, the effects elicited by transcutaneous spinal direct current stimulation
(tsDCS) still being poorly understood [5].

A low-intensity direct current (DC) applied to the skin at a targeted region of the
spinal cord induces an electric field which causes short or long-term functional changes
in the neural pathways [6]. Thus, the main goal of tsDCS in the cervical region is to
modulate the behavior of the local neural circuits and the spinal pathways’ excitability
[6–8].

Due to the nature of the electric field interaction on tissues, different results are
observed depending on the dose, the region of interest, and the positioning and shape
of the electrodes. Also, the conditions of inhomogeneity, anisotropy, and the geometric
complexity of the tissues difficult the analytical solution to the volumeconductor problem
[9, 10]. Therefore, computational modeling of the electrical stimulation of the central
nervous system (computational neurostimulation) is an important tool for understanding
how and which spinal mechanisms are affected by the application of tsDCS, and how it
can be employed to promote the desired changes.

The finite element method (FEM) is one of the main computational modeling tech-
niques employed to predict the current flow and the electric field in different segments
of the spinal cord. It allows considering the different characteristics, properties, and
locations of the tissues and electrodes [6]. Thus, an important advantage of FEM is its
application in problems with high geometric complexity and/or a diversity of electrical
properties.

The partial differential equations (EDP) problems, like presented above, are solved
by FEM, where the solution domain is discretized into several finite elements, uniform
or not, connected by nodes [10]. From this breakdown, usually into tetrahedral elements
for the three-dimensional model, it is possible to compute the electric field in each ele-
ment. The solution can be approximated by numerical methods, considering the material
property in a system of simplified equations. However, in addition to the availability of
the geometric model of the volume conductor, the number of mesh elements is directly
linked to the accuracy of the solution, and this requires more computational capacity
(runtime, memory, and storage) to FEM solver.

Computational models of volume conductors are essential for predicting the setups
needed so that the clinical target of tsDCS can be safely achieved. However, there are
still few studies that use computational modeling of tsDCS application, and those are
focused on the thoracic and lumbar regions of the spinal cord [11, 12], whereas few
works have focused on the cervical region [13, 14]. Perhaps one of the main reasons
is the complexity involved in the construction process or the lack of availability of
volume conductor models of the cervical region. Despite the models provided by the
ViP (Virtual Population) library being accessible and based on real segmentation of
human body tissues [15, 16], they present simplifications in their composition, when
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provided in their open format version, that may affect the desired simulation result in
the region of interest.

The objective of this study is to present a simplified volume conductor model that
would represent the human cervical region. Furthermore, we aim to evaluate how the
model optimization interferes with the solution of the problem using FEM.

2 Materials and Methods

2.1 Volume Conductor Model of Cervical Region

The simplifiedmodel proposed in this studywas built fromanatomical data of the cervical
region [16], using the geometric tool from COMSOL (v5.3, Stockholm, Sweden) and
performed in a notebook computer with a 2.21 GHz Intel® Core™ i7-8750H processor,
64 GB DDR4 RAM and 512 GB NVMe storage. For this purpose, the following tissues
were considered: the cervical vertebrae C2 to C7 [16–18]; the white (WM) and gray
(GM) matter of the spinal cord [19]; the cerebrospinal fluid (CSF); the intervertebral
discs [20]; the vertebral arteries [21]; the duramater [22]; the longitudinal, capsular,
supraspinal, interspinal, and flavum ligaments [23, 24]; cartilage of the articular facet
[25]; walls of the esophagus [26] and trachea [27]; musculature [16]; subcutaneous fat
[16]; and skin [16].

Figure 1 shows the modeled vertebra overlayed by the anatomical C5 vertebra of
the Duke V2.0.1 model from the ViP library [16] for comparison. Based on the average
value of the anatomical parameters of the C2 to C7 vertebrae, a single model shows:
body height of 12mm; spinal canal width of 25mm and depth of 17mm; total length and
width of 55 mm and 52 mm, respectively. In addition, each vertebra had both cortical
and trabecular bones modeled [18], where the cortical shell thickness has an average
value of 0.527 mm.

Fig. 1. Model used to represent all vertebrae in the cervical region (gray) and reference model
built from real segment of C5 vertebra (yellow). Views with dimension in mm: transverse (A),
anterior (B), and lateral (C).

Figure 2.A shows eight bidimensional segments of the cervical spinal cord segmented
from diagrams based onNissl images [19] and used to compose the tridimensionalmodel
of the cervical region (Fig. 2.B). The lordosis (curvature) of the cervical region was
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ignored. The initial (C1) and final (C8) segments of the spinal cord have been extended
beyond their intercervical limits, allowing the GM geometry to end in these regions,
avoiding direct contact with the CSF.

Fig. 2. A)Bidimensional segments for eight cervical sections of the spinal cord.B)Tridimensional
model of the cervical region up to segment C5.

The geometric building of the remaining tissues was based on anatomical sizes
(e.g., width, thickness, length, or height) or by approximation using the Duke V2.0.1
model [16]. The average value of the tissue dimensions in each segment of the cervical
region was used in the individual geometry that forms the vertebra assemblies. The
tissues that exhibit a large extension along the longitudinal axis, hold constant anatomical
dimensions. Figure 3 shows the volume conductor model, it is composed of 13 vertebra
assemblies (vertebra, disc, articular facet cartilage, flavum, and capsular ligaments) and
other tissues that composes the cervical region, as presented above. In total, the geometric
model had a volume of 2,953,800 mm3 (2.96 L), with a diameter of 127 mm and height
of 232 mm, presenting a total of 173 domains (geometric entities).

The standard position of the electrodes is given in the anterior (anode) and posterior
(cathode) central region of the volume conductor. The electrode set (anode and cathode),
with parameterizable dimension and positioning, is formed by the electrode (49 × 49 ×
1 mm3), the conductive gel/sponge (50 × 50 × 2.5 mm3), and a representation of wire
conductors (bottom edge of electrode) with a length of 1 mm and a cross-sectional area
of 1 mm2.

2.2 Mesh Parameterization

COMSOL (v5.3, Stockholm, Sweden) has five parameters for generating the FEMmesh
of the geometric model: maximum element size; minimum element size; maximum
element growth rate; curvature factor and resolution of narrow regions. These parameters
can be filled from predefined sets (e.g., Extremely Fine, Fine, Normal, and Extremely
Coarse) or individual values, uniformly or individually applied on the geometric entities
and furthermore, control the mesh resolution (number of elements in the mesh).
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Fig. 3. Volume conductor proposed and its views with some tissues: 3D isometric (A), Transverse
with tissues transparence (B), and 3D isometric with tissues details (C). The electrode (1) is placed
on the anterior region. The viewB shows: the spinal cord, composed by gray andwhitematters, and
evolvedby the cerebrospinal fluid (2); the articular cartilage facet and the capsular ligament (4). The
vertebrae (16) are surrounded by muscle (3) and ligaments (4, 10, 13 and 14). More externally
is the subcutaneous fat (5), rounded by skin (6). There are the: trachea (7), the esophagus (8),
vertebral artery (9), longitudinal ligaments (10), disk (11), duramater (12), flavum ligament (13),
interspinal ligament (14), trabecular bone of vertebrae (15), and the cortical shell vertebrae (16).

Additionally, COMSOL (v5.3, Stockholm, Sweden) provides different quality mea-
sures, in which the “Skewness”measure is the default andmost suitable for most types of
meshes. The “Skewness” is a measure of the equiangular skew and has values between 0
and 1, where 1 represents a perfectly regular element, and 0 represents an element with
high or small angles (between edges). While for values under 0.01 is considered very
low, the values above 0.1 are suitable for simulations. Since the accuracy of results is
also associated with mesh quality, COMSOL (v5.3, Stockholm, Sweden) allows us auto-
matically to measure, in the whole volume conductor or individual tissues, the minimum
and average quality during the mesh building process.

From the geometric models, three mesh types were produced with different reso-
lutions (Fig. 4). Mesh 1 was considered the reference for its high resolution and stan-
dard predefinition “Extremely Fine”. The tissues were parameterized individually and
manually for meshes 2 and 3 using the five parameters described above, attending for
the minimum (> 0.01) and average (> 0.1) quality values during the mesh generation
process.
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Fig. 4. Cross-section in the central region of the volume conductor showing the distribution of
tetrahedral elements for high, intermediate, and low-resolution mesh (left to right). The distortion
quality of each element is indicated by the tone level, green for higher and red for lower quality.

For each mesh, it is possible to observe the differences in the elements density of
some tissues, indicated by the delineation pattern formed between the interfaces of the
elements. In mesh 1, there is a higher density of elements per tissue when compared to
meshes 2 and 3. While mesh 2 shows a density reduction in some tissues (e.g., vertebra,
trachea, and esophagus), mesh 3 shows a considerable reduction in the elements density
throughout the tissues when compared to mesh 1.

As shown in Table 1, mesh 3 presented the smallest processing time, the lowest
number of elements, and a small distortion in the total volume. The meshes 2 and 3
maintained theMinimumQuality but slightly reduced theAverageQuality in comparison
with mesh 1. Even though the number of elements in mesh 2 was intermediate, the
processing time was the longest.

Table 1. Processing time (single runtime) and mesh data

Mesh Time (min) Volume
(mm3)

Elements Minimum
Quality

Average
Quality

1 37 2.96 × 106 5.46 × 107 0.02 0.68

2 99 2.96 × 106 4.47 × 107 0.02 0.65

3 11 2.95 × 106 5.85 × 106 0.02 0.65

2.3 Tissue Dielectric Properties

The tsDCS electric field distribution across the neck region was described by Maxwell’s
equations and, considering the static regime of the phenomenon, follows the formula-
tions of electrostatics. The stationary electric potential in the inhomogeneous conductive
volume model was computed using the AC/DC Electric Currents module of the COM-
SOL (v5.3, Stockholm, Sweden) for solving the EDP of the current flow in the volume
conductor, neglecting the neurophysiology of the nervous tissue [29]:

∇ · (−σV ) = 0 (1)

where, V is the electric potential, σ is the electrical conductivity of volume conductor.
The boundary conditions have been configured in COMSOL (v5.3, Stockholm, Sweden)
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to treat all outside boundaries as electrically isolated (except by the surface of electrodes)
and all internal boundaries as continuous between the interfaces. For the electrodes in
bipolar configuration, the applied current was defined as cathode Ic = −2.5 mA and
anode Ia = 2.5 mA. The stationary solver in the conjugate gradient configuration was
used during the simulations and adjusted with a relative tolerance of 10–6.

2.4 Electric Field Analysis

A tsDCS simulation was performed for each mesh, assuming the properties and config-
urations presented in the Sects. 2.1 and 2.2. Data analysis was performed in MATLAB
(R2021a, Massachusetts, USA). The electric field was obtained at the spatial nodes of
the whole volume ofWMandGM tissues, and the averagemagnitude of the electric field
E was estimated in volumetric sections of 0.5 mm. In order, to evaluate the effect of the
mesh resolution on the electric field at the spinal cord, mesh 1 was taken as reference,
and the electric field error of meshes 2 and 3 was estimated with the mean absolute error
(MAE), the mean absolute percentage error (MAPE), and the normalized root mean
square error (NRMSE).

MAE = (1/n)�
∣
∣yi − ŷi

∣
∣ (2)

MAPE = (100/n)�
∣
∣yi − ŷi

∣
∣/yi% (3)

NRMSE = (100/y)
√(

(1/n)�
(

yi − ŷi
)2

)

% (4)

where, n is the number of observations, yi is the observed value, ŷi is the reference value,
and y is the mean of observations.

3 Results

As seen in Table 2, the FEM solution for mesh 3 required the shortest runtime, with an
electric field MAE lower than 2% relative to the model using the mesh 1. Even though
there is an increase in MAE with the reduction in mesh size, the NRMSE for the mesh
with the lowest number of elements is lower than 7%. No changes were seen in E for
GM, while WM presented a 0.001 and 0.002 V/m reduction in the E magnitude for
meshes 2 and 3, respectively.

Figure 5 shows the distribution (on the surfaces) and the averagemagnitude of electric
field for the three meshes of the WM and GM. There was a small variation of E with
the mesh resolution, and the average value is higher for WM than GM with the same
modulation pattern (oscillatory amplitude).

Figure 6 shows the MAPE and NRMSE along the longitudinal axis of the WM and
GM. For the MAPE, it is possible to verify changes of less than 2.5% in WM and 1.5%
in GM. For the NRMSE of mesh 2, there is a variation between 2 and 8% in WM but
under 1% for GM, while the model with mesh 3 shows a variation between 3 and 14%
for WM but below 3% in GM. All these values occur except for the extremity regions
(rostral and caudal), which show higher errors due to the greater geometric distortion
relative to the mesh 1 caused by local lower resolution.
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Table 2. Runtime (single run) to solve the model and electric field data.

Mesh Time
(min)

Tissues E
(V/m)

MAE
(V/m)

MAPE
(%)

NRMSE
(%)

1 51 WM 0.356 – – –

GM 0.254 – – –

2 53 WM 0.355 0.002 0.59 2.50

GM 0.254 0.001 0.29 0.68

3 6 WM 0.354 0.007 1.77 6.21

GM 0.254 0.003 1.06 2.05

Fig. 5. The magnitude of the electric field distribution on the surfaces of gray matter (first row,
top) and white matter. Average magnitude of the electric field across volumetric Sects. (0.5 mm)
of the cervical region for the white matter (WM, second row) and gray matter (GM, third row)
for three meshes (blue: mesh 1, red: mesh 2, and orange: mesh 3). Electric field zoomed at the C5
vertebra (second column).
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Fig. 6. Electric field error between the simplifiedmeshes and the referencemesh along the cervical
region for the white matter (left) and gray matter (right). The blue and red lines show the error for
mesh 2 and 3, respectively.

4 Discussion

The goal of our work was to get a simplified model from the cervical region for tsDCS
simulations and to implement a low-cost computational simulation by optimizing of the
FEM solution with minimal errors in the electric field measured in the target tissues.

We simulated the electric field generated by tsDCS application on the surface of the
volume conductor proposed, using three mesh densities for the FEM solution. As the
density of the FEM mesh is directly linked to the computational cost necessary for the
problem solution, the meshes were built with high, intermediate, and low density. The
magnitude of electric field distribution in the meshes of the tissues that form the spinal
cord was evaluated and compared. We could not determine any discrepant differences
in the average electric field values (Table 2) or in the average electric field distribution
between the meshes (Fig. 5). Considering the highest NRMSE, which penalizes larger
errors, the overall error was less than 7% (Table 2), while local errors were under 15%
(Fig. 6). This can be explained by the quality of themeshes that maintained theMinimum
andAverage values above 0.02 and 0.65, respectively. Particularly, theMinimumQuality
was above 0.1 for the target tissues (WM and GM).

The optimization done in mesh 3 allowed a reduction from 88 to 17 min in pro-
cessing time (meshing and FEM solution), and from 4 GB to 800 MB (geometry, mesh,
and FEM solution) in storage. Additionally, it facilitates variation in parameters such
as conductivity, current intensity, and electrode characteristics (e.g., quantity, geomet-
ric form, and dimensions) of the tsDCS setup, since any geometric/parametric change
requires a new mesh building and solution reprocessing. However, the reduction in the
number of elements obtained in mesh 2 did not show the same pattern of reduction in the
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processing time of the mesh and the FEM solution. This can happen due to the order of
tissue processed and the combination of parameter values used during the mesh 2 setup.

Overall, the electric field distribution shown in Fig. 5 has values in the same range
reported by Kuck (max 0.82 V/m) [11] and Fernandes (max 0.5 V/m) [14]. Despite
the limitations that the proposed model may present quantitatively in the results, it is
believed to provide the necessary information for the intended purpose.

5 Conclusions

It was possible to estimate the electric field in the spinal cord induced by tsDCS using
a simplified tissue model of the cervical region. With the parameterization performed
during themesh construction, it was possible to obtain an optimizedmeshwith a reduced
number of elements. The optimized mesh (mesh 3) allowed the runtime for mesh gen-
eration to be reduced by three times, and ten times for processing the solution through
FEM, while keeping the electric field comparable to the highest resolution one (mesh 1)
throughout the entire volume of spinal cord.
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