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ABSTRACT

Background: Transcutaneous auricular Vagus Nerve Stimulation (taVNS) applies low-intensity electrical
current to the ear with the intention of activating the auricular branch of the Vagus nerve. The sensitivity
and selectivity of stimulation applied to the ear depends on current flow pattern produced by a given
electrode montage (size and placement).
Objective: We compare different electrodes designs for taVNS considering both the predicted peak
electric fields (sensitivity) and their spatial distribution (selectivity).
Methods: Based on optimized high-resolution (0.47 mm) T1 and T2 weighted MRI, we developed an
anatomical model of the left ear and the surrounding head tissues including brain, CSF/meninges, skull,
muscle, blood vessels, fat, cartilage, and skin. The ear was further segmented into 6 regions of interest
(ROI) based on various nerve densities: cavum concha, cymba concha, crus of helix, tragus, antitragus,
and earlobe. A range of taVNS electrode montages were reproduced spanning varied electrodes sizes and
placements over the tragus, cymba concha, earlobe, cavum concha, and crus of helix. Electric field across
the ear (from superficial skin to cartilage) for each montage at 1 mA or 2 mA taVNS, assuming an
activation threshold of 6.15 V/m, 12.3 V/m or 24.6 V/m was predicted using a Finite element method
(FEM). Finally, considering every ROI, we calculated the sensitivity and selectivity of each montage.
Results: Current flow patterns through the ear were highly specific to the electrode montage. Electric
field was maximal at the ear regions directly under the electrodes, and for a given total current, increases
with decreasing electrode size. Depending on the applied current and nerves threshold, activation may
also occur in the regions between multiple anterior surface electrodes. Each considered montage was
selective for one or two regions of interest. For example, electrodes across the tragus restricted signifi-
cant electric field to the tragus. Stimulation across the earlobe restricted significant electric field to the
earlobe and the antitragus. Because of this relative selectivity, use of control ear montages in experi-
mental studies, support testing of targeting. Relative targeting was robust across assumptions of acti-
vation threshold and tissue properties.
Discussion: Computational models provide additional insight on how details in electrode shape and
placement impact sensitivity (how much current is needed) and selectivity (spatial distribution), thereby
supporting analysis of existing approaches and optimization of new devices. Our result suggest taVNS
current patterns and relative target are robust across individuals, though (variance in) axon morphology
was not represented.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The vagus nerve (VN) is the longest cranial nerve in the human
body and is highly involved in the regulation of multiple brain and
organ systems, making it a target for a wide range of therapies [1].
The auricular branch of the vagus nerve (ABVN), an offshoot branch
of the main bundle of the vagus that innervates the ear, has become
a compelling stimulation target. Notwithstanding the ear is inner-
vated by additional peripheral and cranial nerves besides the vagus
and the nerve densities varies across the ear structures [2], the
ABVN presents an easily accessible and well-tolerated means to
activate the vagus nerve.

Transcutaneous auricular Vagus Nerve Stimulation (taVNS) is a
noninvasive technology that applies low-intensity pulsed electrical
current to the ear, activating the ABVN in a deployable and well-
tolerated manner [3,4]. Various electrode placement techniques
and electrode sizes across the ear are implemented in taVNS with
the intention to activate specific nerves, as well as experimental
electrode-position control sites to demonstrate specificity. taVNS
sensitivity and selectivity are governed by current flow pattern
produced by the selected electrode montage (size and placement),
with functional outcomes depending further on axon morphology,
biophysics, and connectivity. Despite expanding interest in taVNS,
the merits of varied electrode montages remain under-specified
[5—7].

Current flow modelling of the electrical field generated by
various taVNS electrode placements is thus a required step toward
understanding of montage-specific subcutaneous nerve activation
in the ear. Samoudi et al. [8] and Kuhn et al. [9] developed
computational models of percutaneous (needle electrode) auricular
Vagus Nerve Stimulation using a two-compartment (tissue and
blood vessels) ear model, including explicit nerve stimulation
modeling. Here, we develop the first high-resolution multi-
compartment MRI-derived transcutaneous (non-invasive elec-
trode) ear stimulation model to predict current flow, considering
surface electrode size and position, and predicted electric field
across different ROIs. Under a Creative Commons Attribution 4.0
International (CC BY 4.0) license, MRI scans, mask STL files, mesh
file, and exemplary simulation files were made available for free
download from https://data.mendeley.com/(https://doi.org/10.
17632 /ydx4d365rw.1). This facilitates further comparison across
montages for sensitivity and selectivity.

2. Methods

2.1. General high-resolution MRI-derived ear model construction
and solutions method

We performed a high-resolution T1 and T2 weighted magneti-
zation prepared gradient echo (MPRAGE) MRI scanning of a single
healthy adult female's (age: 30 yrs) head using a 3-T Siemens
Prisma scanner (Siemens Healthineers, Germany). High resolution
(0.47 mm) head scans, highlighting left ear, were acquired using
ZOOMit technology (a high-resolution zoomed FOV technique
allowing high contrast and less artifact imaging for a region of in-
terest) and an anatomical model of the left ear and the surrounding
head tissues including brain/grey-matter, CSF/meninges, skull,
muscle, blood vessels, fat, cartilage, and skin were developed using
a series of automatic algorithms and manual morphological seg-
mentation filters in Simpleware ScanlP (Synopsys, CA, USA). The ear
was further manually segmented into 6 regions of interest (ROI)
based on nerve densities as cavum concha, cymba concha, crus of
helix, tragus, antitragus, and earlobe (Fig. 1B2). These ROIs were
selected for the following reasons: (1) correspondence to canonical
anatomical divisions of the ear, (2) nominal targets or control sites
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for taVNS, and (3) representation of the ABVN and other nerves
within the auricle vary across these regions [6,10—12]. We repro-
duced a range of taVNS devices (electrode montages) including
approaches with various electrode shapes, sizes, and placements
over the tragus, cymba concha, earlobe, cavum concha, and crus of
the helix.

Electrodes (circular: d = 1 cm, 3 mm, 5 mm, or 8 mm; square:
4 mm x 4 mm or rectangular: 25 mm x 9.5 mm) and gel (thickness:
1 mm) were modeled in COMSOL Multiphysics 5.1 (COMSOL Inc.,
Burlington, MA) and were manually placed over the target area
using Simpleware ScanIP. An adaptive tetrahedral mesh using a
built-in voxel-based meshing algorithm was generated, resulting in
a refined mesh density that produced less than 1% difference in
electric field at the ROIs. The resulting model consisted of > 970
thousand tetrahedral elements with a mean element size of
0.1428 mm°. The final mesh was imported into COMSOL Multi-
physics 5.1 to computationally solve for electric field [13].

The corresponding electrical conductivities (o) for each
segmented tissue, electrode, and gel were based on prior literatures
[14—16] and were assigned (unless otherwise indicated) as: skull,
0.01 S/m; CSF, 1.65 S/m; cartilage 0.2 S/m; blood vessels, 0.7 S/m;
muscle, 0.2 S/m; skin, 0.465 S/m, electrode, 5.8 x 107 S/m; gel, 1.4 S/
m; fat, 0.025 S/m; grey-matte, 0.276 S/m; and white matter, 0.126 S/
m. In some simulations, the skin (2x standard, 0.93 S/m; or 0.5x
standard, 0.2325 S/m) and cartilage (2x standard, 0.4 S/m; or 0.5x
standard, 0.1 S/m) conductivities were increased or decreased, as
indicated.

For the ear model, normal current density corresponding to
1 mA peak or 2 mA peak taVNS stimulation intensities were applied
to the anode electrode while the other electrode was grounded
(cathode). The internal boundaries were assigned continuity
(n.(Jy —J2) = 0), and the remaining outer boundaries of the model
were insulated (nJ = 0). Laplace equation (V.(¢VV) = 0;V =
potential, o : electrical conductivity) was solved to predict the
electric field per mA at different ROIs and analyzed the sensitivity
and selectivity for each montage. Unless otherwise stated, the peak
electric field represents 99th percentile of electric field produced in
the region of interest. 99th percentile was calculated in each region
of interest by ordering the predicted electric field in all nodes of
that region and obtaining the percentile rank to find the 99th
percentile value (n = 1—80 x N; n: ordinal rank of a value based on
particular percentile; P: percentile value; N: number of nodes in the
respective ROI).

Mean electric field was calculated in each ROI by averaging the
predicted electric field in all the nodes of that region (u

N
>~ x;; u: mean electric field, N: number of nodes in the respec-

i=1

tive region, x;: each predicted electric field value in each node). We
considered 12.3 V/m as a standard nerve activation threshold
[17—21], and further considered halved (6.15 V/m) and doubled
(24.6 V/m) activation thresholds.

Electric fields were represented at the surface of the ear and the
cartilage to span the full possible area with nerves (terminations).
In stimulating results for either 1 mA or 2 mA of applied current,
electric fields were plotted to a maximum (either 6.15 V/m or
24.6 V/m) such that areas with electric fields at or above this
threshold were red (the maximum on the false color scale). In
addition, we plotted each result to each relative maximum to
illustrate the full scale of current flow.

For our general comparison, ten taVNS montages were simu-
lated, three of them were considered control montages for montage
1, montage 2, and montage 7 (Fig. 1). These montages were selected
based on recently studied and/or commercial availability — and

1
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specifically to cover a range of nominal ear ROI targeting
placements.

2.1.1. Montage 1 and montage 1 control

Montage 1 (Fig. 1C1) applied two circular electrodes (d = 1 cm
each) placed over the tragus. The cathode electrode was positioned
over the anterior wall, and the anode electrode was positioned over
the posterior outer surface of the ear. Montage 1 Control (Fig. 1C2)
applied circular electrodes centered on the anterior surface of the
earlobe as the anode electrode whereas the cathode electrode of
same dimension was positioned over the posterior surface of the
earlobe [3,22].

2.1.2. Montage 2 and montage 2 control

Montage 2 (Fig. 1C3) applied two square electrodes
(4 mm x 4 mm each) placed over the cymba concha at the anterior
surface of the ear, with the anode electrode more rostral, closer to
the face than the cathode electrode, and 1 cm apart. In Montage 2
Control (Fig. 1C4) both anode (rostral) and cathode electrodes were
centered over the control site (anterior surface of the ear) and 1 cm
apart [23,24].

A1. Skin

ey

B3. Skin

C1. Montage 1

A2. Fat and Cartilage A3. Muscle

C3. Montage 2

Brain Stimulation 14 (2021) 1419—1430

2.1.3. Montage 3

Montage 3 (Fig. 1C5) applied two circular electrodes (d = 5 mm
each) positioned anteriorly over the cavum concha as the cathode
electrode and anode electrode over the cymba concha of the ear
[25].

2.1.4. Montage 4

Montage 4 (Fig. 1C6) applied four circular electrodes (d = 3 mm
each) positioned anteriorly in a crosswise manner with two over
the external ear canal as the cathode electrodes, and the other two
over the crus of helix and cavum concha area as the anode elec-
trodes [26].

2.1.5. Montage 5

Montage 5 (Fig. 1C7) applied two circular electrodes (d = 8 mm
each) positioned anterior over the tragus as the cathode electrode
and posterior to the first electrode as the anode electrode [22,27].

2.1.6. Montage 6

Montage 6, a test montage (Fig. 1C8), applied two rectangular
hydrogel-based electrodes of same dimension (I: 25 mm, w:
9.5 mm; electrode contact area: | = 13.5 mm, w = 9 mm) with the

A4. Skull and CSF A5. CSF and Brain

i

Regions of Interest (ROI)
Crus of Helix
Antitragus
Earlobe
Cymba Concha
Cavum Concha
Tragus

C4. Montage 2 Control

C5. Montage 3

Fig. 1. Segmented anatomy of outer ear, the region of interests (ROIs) of ABVN, and simulated taVNS montages. A1-A5, B1-B3 represent segmentation of outer ear skin, outer
ear cartilage, fat, muscle, blood vessels, CSF, brain/grey-matter, as well as color coded ROIs (B4). C1-C10 indicate montages simulated. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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cathode electrode positioned over the cymba concha and the anode
electrode positioned anterior to the tragus.

2.1.7. Montage 7 and montage 7 control

Montage 7 (Fig. 1C9) applied two circular electrodes (d = 5 mm
each) positioned over the external acoustic meatus, anterior to the
tragus and over the interior surface of the outer ear. Electrodes
were positioned 5 mm apart, with the anode electrode positioned
closer to the inner ear and the cathode electrode positioned more
anterior to the tragus. Montage 7 Control (Fig. 1C10) applied two
circular electrodes (d = 5 mm each) positioned anteriorly over the
earlobe where the anode electrode was more rostral, towards the
face than the cathode electrode, and were 5 mm apart [28].

Modeling skin as a homogenous layer does not account for the
impact of ultrastructures on current flow [16], however, we
considered our comparisons across montages and ROIs insensitive
to this detail, and do not explicitly model axon stimulation [29]. Our
reliance on electric field depends on the quasi-uniform assumption
[13,30]. These general assumptions are consistent with comparable
prior FEM stimulations of transcutaneous stimulation [9] and
establishment of peripheral nerves stimulation thresholds based on
electric field [ 13,31—34]. However, to further verify the insensitivity
of model predictions to assumptions about skin properties we
implemented a multilayer ear skin model.

2.2. Multilayer ear skin model structure and solutions method

In a separate analysis, we adapted the prior skin current flow
model [16] and developed a multi-layer ear skin model comprising
epidermis (thickness: 100 pm), dermis (thickness: 2 mm), and
cartilage (thickness: 2 cm), to assess the role of skin conductivities
and gel parameter in current flow [16] (Fig. 6). The CAD derived
model of ear multilayer skin, electrode, and gel were developed in
COMSOL Multiphysics 5.1 (COMSOL, MA, USA). The final refined
tetrahedral mesh of multi-layer ear skin model consisted of
4,554,989 tetrahedral elements.

The assigned electrical conductivities () were based on prior
literature as epidermis:1.05 X 10~ S/m (resistive) or 0.12 S/m
(standard); dermis: 0.23 S/m (standard) or 1.05 X 10~> S/m (resis-
tive); and cartilage: 0.2 S/m (standard) [35,36]. Three different gel
conductivities were considered (c: 0.001 S/m, 0.1 S/m, and 1.4 S/m).
Normal current density corresponding to 1 mA was applied at the
top surface of the circular electrode (d: 1 cm; thickness: 1 mm; c:
5.8 x 10”7 S/m) and the bottom surface of the skin was grounded
(cathode). The internal boundaries were assigned continuity and
the remaining external boundaries of the model were insulated. We
solved the Laplace equation (V.(¢VV) = O0;V = potential,
o : electrical conductivity) under the quasi-static assumption to
predict the current flow across the model. Fig. 6 depicts the current
flow pattern across different tissue layers and current density dis-
tribution below the surface (~1 mm). Anatomically the nerve fibers
in the outer ear are at a depth within the range of 1-1.5 mm
[8,12,37]. We averaged current densities sampled from a
1 cm x 1 cm ROI, located at the edge and the center of the skin
surface (under the electrode and gel at ~ 1 mm below the top skin
surface) for each simulated condition. A non-uniformity current
density metric (k) was defined as the ratio between the averaged
current density at the edge (Jeqge) to the averaged current density at
the center (Jeenter) Of the skin surface (k = Jedge/Jcenter) for each layer
[16] (Fig. 6).

2.3. Underlying modeling assumptions

The approach taken, and so the resulting conclusions, thus de-
pends on several assumptions:
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1) Tissue is segmented into nine or three homogenous isotropic
regions representing a single subject. For example, blood vessels
are represented [5,38].

2) Absence of capacitive tissue effects (permittivity) supported by
the frequency range of taVNS [27] and absence of adaptive
(current-dependent) conductivity supported by the low taVNS
intensity [39]. Predicted tissue electric fields are thus linear with
applied current; in post-processing, we applied three (non-
linear) electric field thresholds.

3) Nerve stimulation is predicted by electric field magnitude sup-
ported by the response of the axon terminal (end organs) to
electric field [40—43] and the general quasi-uniform assumption
[13,30,31,44]. Analysis is further aggregated into ROIs based on
prior axon mapping studies. Such an approach neglects stimu-
lation of axons of passage (i.e., passing through but not termi-
nating in a ROI) or axon-type specific responsiveness. The latter
is mitigated by the considered robustness of conclusions across
assumed thresholds.

4) Temporal dynamics (frequency, pulse duration) are not consid-
ered, which would require explicit representation of axon
morphology and membrane biophysics — and so depend on the
accuracy of such parameterization. The functional significance
(e.g., cortical innervation) of ROI specific axon stimulation is not
considered.

Our analysis and conclusions thus derive from the general
assumption that, for each taVNS montage, the stimulation of axons
in each ROI depends on significant (threshold) local current density.
Conversely, axons in the ROIs with minimal current density will not
be stimulated; a notion that is robust to the consideration of details
such as axon morphology or presence of vasculature. A corollary is
that taVNS montages that produce distinct current flow patterns
result in a unique axon stimulation. For each taVNS montage,
sensitivity is defined by the ROI electric field per mA applied, which
is further categorized into four stratifications based on thresholds.
Selectivity is defined by the ratio of electric field in the peak ROI
compared to other ROIs. Relative selectivity considers selectivity
across taVNS montages, including using the four stratifications
based on thresholds.

3. Results
3.1. General high-resolution MRI-derived ear model results

The current flow pattern through the ear was highly specific to
the electrode montage. Generally, electric fields were maximal in
ear regions directly under the electrodes, and for a given total
applied current increased with decreasing electrode size (i.e., peak
tissue electric field increased with increasing electrode current
density). Depending on the applied current and nerves activation
threshold, activation might also occur in the regions between
electrodes in montages with multiple anterior surface electrodes.
As the goal of this study was to consider the inter-montage dif-
ference, we considered electric field per 1 mA and 2 mA on a fixed
scale across the montages (Column 3/4 and 5/6 in Figs. 2 and 3) or
on full scale (Column 7/8 in Figs. 2 and 3), as well as analyzed
targeting across four rankings (Figs. 4 and 5). When plotting results
for 1 or 2 mA applied on a uniform scale, the electric field scale of
12.3 V/m or 6.15 V/m (where all values at or above these values
were in red) can be understood as representing these activation
thresholds. Note, as a result of simulation linearity, a threshold of
6.15 V/m at 1 mA is equivalent to a threshold of 12.3 V/m at 2 mA
(Column 5/6 in Figs. 2 and 3; Figs. 4 and 5: cyan rank), and a
threshold of 12.3 V/m at 1 mA is equivalent to a threshold of 24.6 V/
m at 2 mA (Figs. 4 and 5: orange rank).
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Fig. 2. Predicted electric field distribution at the skin and cartilage for five taVNS montages (Montage 1, Montage 1 control, Montage 2, Montage 2 control, and Montage 3).
Electrode positioning for each montage without (column 1) and with (column 2) color coded ROIs for ABVN. For an applied current of 1 mA and an electric field scale (threshold) to
12.3 V/m, the electric field predicted on the ear (column 3) and cartilage (column 4). For an applied current of 1 mA and an electric field scale (threshold) to 6.15 V/m or equivalent
for an applied current of 2 mA and an electric field scale (threshold) to 12.3 V/m, the electric field predicted on the ear (column 5) and cartilage (column 6). The electric field per mA
of applied current on an absolute scale (peak for each simulation as indicated) on ear (column 7) and cartilage (column 8). Across simulation, peak electric field are under the
electrode as well as, for montages with multiple electrodes on the anterior ear surface between electrodes. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

Montage 1 (Fig. 2A1) produced the maximum electric field in
the tragus region (Peak = 56.02 V/m; mean + SD = 21.12 + 9.41 V/
m) while other ROIs received significantly less electric field
(mean < 0.1 V/m) (Fig. 4). Montage 1 control (Fig. 2A2) produced
maximum peak and mean electric field in the earlobe
(Peak = 57.78 V/m, mean + SD = 15.75 + 11.75 V/m) and antitragus
(Peak = 51.15 V/m, mean + SD = 7.02 + 10.74 V/m) regions (Fig. 4).
Because of their relative selectivity for the tragus, our results sup-
port the testing of montage 1 with a montage 1 control.

Montage 2 (Fig. 2B1) produced the maximum peak and mean
electric field in the cymba concha region (Peak = 307.23 V/m,
mean + SD = 55.75 + 57.92 V/m) and in the crus of the helix region
(Peak = 201.40 V/m, mean + SD = 11.42 + 47.04 V/m) while other
ROIs received significantly less electric field (mean < 2.1 V/m)
(Fig. 4). Montage 2 control (Fig. 2B2) produced maximum peak and
mean electric field in the earlobe (Peak 245.06 V/m,
mean + SD = 27.47 + 47.79 V/m) and antitragus (Peak = 34.00 V/m,

1423

mean + SD = 7.46 + 7.45 V/m) regions, respectively (Fig. 4). Because
of their relative selectivity for the cymba concha, our results sup-
port the testing of montage 2 with a montage 2 control.

Montage 3 (Fig. 2C) produced the maximum peak and mean
electric field in the cymba concha region (Peak = 153.21 V/m,
mean + SD = 27.68 + 29.85 V/m) and in the cavum concha region
(Peak = 157.64 V/m, mean + SD = 17.10 + 25.40 V/m) while other
ROIs received significantly less electric field (mean < 6.9 V/m)
(Fig. 4). Montage 4 (Fig. 3A) produced the maximum peak and
mean electric field in the crus of the helix region (Peak = 387.55 V/
m, mean + SD = 30.54 + 74.16 V/m) and in the cavum concha region
(Peak = 306.47 V/m, mean + SD = 28.52 + 55.95 V/m) while other
ROIs received significantly less electric field (mean < 1.9 V/m)
(Fig. 4).

Montage 5 (Fig. 3B) produced the maximum peak and mean
electric field in the tragus region (Peak 114.70 V/m,
mean + SD = 32.59 + 2516 V/m) while other ROIs received
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Fig. 3. Predicted electric field distribution at the skin and cartilage for five taVNS montages (Montage 4, Montage 5, Montage 6, Montage 7, and Montage 7 control).
Electrode positioning for each montage without (column 1) and with (column 2) color coded ROIs for ABVN. For an applied current of 1 mA and an electric field scale (threshold) to
12.3 V/m, the electric field predicted on the ear (column 3) and cartilage (column 4). For an applied current of 1 mA and an electric field scale (threshold) to 6.15 V/m or equivalent
for an applied current of 2 mA and an electric field scale (threshold) to 12.3 V/m, the electric field predicted on the ear (column 5) and cartilage (column 6). The electric field per mA
of applied current on an absolute scale (peak for each simulation as indicated) on ear (column 7) and cartilage (column 8). Across simulation, peak electric fields are under the
electrode as well as, for montages with multiple electrodes on the anterior ear surface between electrodes. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

significantly less electric field (mean < 0.04 V/m) (Fig. 4). Montage 6
(Fig. 3C) produced the maximum peak and mean electric field in the
cymba concha region (Peak = 26.10 V/m, mean + SD = 7.62 + 4.51 V/
m), in the crus of the helix region (Peak 39.96 V/m,
mean + SD = 7.06 + 7.38 V/m), and in the tragus (Peak = 30.46 V/m,
mean + SD = 6.12 + 5.88 V/m) (Fig. 4).

Montage 7 (Fig. 3D1) produced the maximum peak and mean
electric field in the tragus region (Peak 253.29 V/m,
mean + SD = 69.39 + 40.59 V/m) while other ROIs received
significantly less electric field (mean < 1.2 V/m) (Fig. 4). Montage 7
control (Fig. 3D2) produced maximum peak and mean electric field
in earlobe (Peak = 159.90 V/m, mean + SD = 21.13 + 28.36 V/m) and
antitragus (Peak = 31.05 V/m, mean + SD = 7.53 + 7.16 V/m) regions
(Fig. 4). Because of their relative selectivity for the tragus and
external acoustic meatus, our results support the testing of
montage 7 with a montage 7 control.
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Across all the models, montage 5 and 1 produced the most
relatively selective current flow pattern (i.e., higher ratio of peak
region/other ROIs) and montage 6 produced the most relatively
diffused electric field across considered ROIs.

We conducted a sensitivity analysis of each montage by
doubling or halving either the ear skin or cartilage conductivities,
compared to the standard model (Fig. 5). Each montage thus has
four additional tissue conductivity permutations to the standard
conductivity model: standard conductivity (A), 2x standard skin
conductivity (B), 0.5x standard skin conductivity (C); 2x standard
cartilage conductivity (D), and 0.5x standard cartilage conductivity
(E). Relative targeting rank order was tabulated based on four
electric field ranges (color coded) for each montage and conduc-
tivity permutation. The electric field ranges are specified based on
varied applied currents (1 mA) and neuron activation thresholds
(6.15 V/m, 12.3 V/m, 24.6 V/m) to further consider robustness of
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A1. Montage 1 A2. Montage 1 Control

A3. Montage 2
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A4. Montage 2 Control A5. Montage 3

Montage 1 Per mA Montage 1 Control Per mA Montage 2 Per mA Montage 2 Control Per mA Montage 3 Per mA
Region of g:::;gﬁ Peak Mean 3:{?::;: Peak Mean g?v’i‘:;;: Peak Mean gl: v’i‘::(;: Peak Mean g‘:v’i]:t?c’v: Peak
Interest (ROI) (vim) (V/im) (V/m) (Vim) (V/m) (Vim) (Vim) (V/m) (V/im) (Vim) (Vim) (V/m) Vim) (Vim)
Crus of helix 0.07 0.34 0.03 0.11 11.42 47.04 201.40 0.18 0.94 9.56 38.02
Cavum concha 0.08 0.40 127 474 123 572 0.84 334 25.40 157.64
Cymba concha 0.04 021 0.03 0.16 57.92 307.23 0.18 115 29.85 153.21
Tragus 9.41 56.02 0.07 0.32 0.55 291 0.19 1.06 1.41 8.00
Antitragus 0.03 0.13 10.74 51.15 0.34 210 7.46 7.45 34.00 1.38 7.00
Earlobe 0.09 065 11.75 57.78 0.25 1.32 47.79 245.06 066 354
A6. Montage 4 A7. Montage 5 A8. Montage 6 A9. Montage 7 A10. Montage 7 Control
Montage 4 Per mA Montage 5 Per mA Montage 6 Per mA | Montage 7 Per mA Montage 7 Control Per mA
Region of Mean gg;::;: Peak Mean g'eavrilgt?;: Peak Mean g::v':gl?c;: Peak Mean gt:v';.'::;: Peak Mean gt:vrl'g:;g Peak
Interest (ROI) (Vim) (Vim) (V/m) (Vim) (Vim) (V/m) (V/m) (Vim) (VIm) (Vim) (Vim) (V/m) (V/m) (Vim) (Vim)
Crus of helix 74.16 387.55 0.02 0.09 7.06 7.38 39.96 1.00 522 0.23 1.18
Cavum concha 65.95 306.47 0.02 0.10 - 1.63 11.47 0.54 269 11 5.10
Cymba concha 124 6.48 0.01 0.04 7.62 4.51 26.10 0.38 226 0.21 1.32
Tragus 0.15 0.75 25.16 114.70 6.21 5.88 30.46 40.59 253.29 0.24 143
Antitragus 177 8.78 0.01 0.05 1.18 8.36 0.18 1.12 7.53 7.16 31.05
Earlobe 022 153 0.01 0.06 1.56 8.72 0.24 145 28.36 159.90
Relative Targeting > 24.6 \/m at 1 mA or 2 mA | |

Rank Order >123V/mat1mAand 2246 Vimat2mA |

26.15V/mat 1 mAand 2 12.3 V/m at 2 mA

<6.15V/mat 1 mAor2 mA |

Fig. 4. Predicted electric fields distribution for each ROI, with relative ranking, across taVNS montages simulated. Mean, standard deviation, and peak electric field (99th
percentile) are reported. Each mean is categorized according to a relative ranking (see key) that is color coded (from the most to least sensitive: red, orange, cyan, dark blue) applied
to both the table and ear ROI plots. The color code itself is represented for various applied current (1 or 2 mA) and nerve activation thresholds (6.15 V/m, 12.3 V/m, 24.6 V/m) to
further address robustness on relative targeting predictions. Electric field categories are dark blue: < 6.15 V/m at 1 mA or 2 mA (indicating the lowest predicted activation under any
assumptions); cyan: > 6.15 V/m at 1 mA and >12. 3 V/m at 2 mA; orange: > 12.3 V/m at 1 mA and >24.6 V/m at 2 mA; and red: > 24.6 V/m at 1 mA or 2 mA (indicating the highest
predicted activation under any assumptions). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

model predictions. Predictions of relative targeting (ranking) were
preserved across model conductivity permutations. In no case did
the rank order between ROIs change with tissue conductivity for a
given ROL Similarly, in no case did rank order between montages
change with tissue conductivity for a given ROI. This robustness
supports study conclusions on relative targeting between taVNS
montages.

Generally, increases in electric field (and so ranges) is expected
when skin conductivity decreases. In general, model conclusions
(targeting) were robust across conductivity or threshold assump-
tions. For example, Montage 1 produced significant electric fields
only in the tragus regardless of assumptions. Montage 2 consis-
tently produced highest electric fields in the earlobe with some
activation in the antitragus depending on assumptions.
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3.1.1. Multilayer ear skin model structure results

The multilayer ear skin models predicted current flow patterns
~1 mm below surface of skin (where nerve fibers run; [8,12,37]) for
a given gel conductivity and skin tissue conductivities (Fig. 6).
Specifically, the current flow in all simulated conditions followed a
trapezoidal pattern.

For the multilayer ear skin models, the non-uniformity current
density metric (k) was calculated for the current flow distribution
~1 mm below surface of skin surface for each permutation of gel
and skin tissue conductivities. Across gel conductivities, the non-
uniformity metrices (k) for resistive epidermis and standard con-
ductivity dermis and cartilage (Fig. 6A) ranged from 0.35 to 0.45.
For the standard conductivity epidermis, dermis, and cartilage
(Fig. 6B), the k values ranged from 0.37 to 0.62, across gel con-
ductivities. For the resistive epidermis, dermis, and standard
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Montage 1 Montage 2

Montages Control Control

Montage 3 | Montage 4 | Montage 5 | Montage 6 | Montage 7 | Montage 7
Control

Montage 1 | Montage 2

Region of Interest A[B[C|ID[E|JA[B|C|D|E|A|B|(C|D|E|A|B|[C[(D|E|JA|B|C|[D|E|JA|B|C|D(E|JA|B|C|D|E|JA[(B|C|D|E|JA[B|C|D|E|A[B[C|D|E
ROI

Crus of helix
Cavum concha

Cymba concha

Tragus

Antitragus

Earlobe
Standard Conductivity (Skin: 0.465 S/m, Cartilage: 0.2 S/m) A Relative Targeting > 24.6 V/m at 1 mA or 2 mA ]
2x Skin Conductivity (0.93 S/m) B Rank Order >12.3V/mat 1 mAand = 24.6 V/m at 2 mA
0.5x Skin Conductivity (0.2325 S/m) (2 26.15V/mat 1 mAand 2 12.3 V/m at2 mA
2x Cartilage Conductivity (0.4 S/m) D <6.15V/m at 1 mAor 2 mA [
0.5x Cartilage Conductivity (0.1 S/m) E

Fig. 5. Sensitivity of predicted mean electric field rankings across ROI for each taVNS montage under standard and modified skin/cartilage tissue conductivity. Mean electric
field is predicted in each ROI under various tissue conductivity assumptions: standard skin and cartilage conductivity (A), 2x standard skin conductivity (B), 0.5x standard skin
conductivity (C), 2x standard cartilage conductivity (D), and 0.5x standard cartilage conductivity (E). For each montage (Montage 1, Montage 1 control, Montage 2, Montage 2
control, Montage 3, Montage 4, Montage 5, Montage 6, Montage 7, and Montage 7 control) and tissue conductivity model (A—E), relative targeting is shown using the color scheme
(see legend). The color code itself is represented for various applied current (1 or 2 mA) and nerve activation thresholds (6.15 V/m, 12.3 V/m, 24.6 V/m) to further address robustness
on relative targeting predictions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

A. Epidermis: 1.05 X 10-5S/m, Dermis: 0.23 S/m, Cartilage: 0.2 S/m

Am?
Gel: 0.001 S/m Gel: 0.1 S/Im Gel: 1.4 SIm Nz 6 Gel: 0.001 S/m Gel: 0.1 S/m Gel: 1.4 SIm 23

0 0
AP Alm?

>3 215
0 0
k=036 k=049 k=035 k=036 x =049 k=035

B. Epidermis 0.12 S/m, Dermis 0.23 S/m, Cartilage 0.2 S/m Al
Gel: 0.001 S/m Gel: 0.1 S/m Gel: 1.4 S/im 26 Gel: 0.001 S/m Gel: 0.1 S/m 23

0

A/m?
215

[2]
e
-
'S
w
@
3
o

k=037 k=045 k=052 K=037 K=049 x=062
C. Epidermis 1.05 X 10-5S/m, Dermis 1.05 X 10-5S/m, Cartilage o 2 S/m

Gel: 0.001 S/m Gel: 0.1 S/m Gel: 1.4 S/im Gel: 0.001 S/m Gel: 0.1 S/m Gel: 1.4 Sim %’Zm;
@ @ @ Nm) @

k=027 k=027 k=030 k=027 k=027 x =030

Fig. 6. Multilayer ear skin model and predicted current flow pattern across under varied assumed electrode and tissue conductivities. The top panels of A, B, and C show
cross-section view of current density distribution across skin layers whereas the bottom panels of A, B, and C show current density distribution at ~1 mm below the top skin surface
and the corresponding non-uniformity current density metric (k; see Methods). The predicted current density for each simulation is shown in different color scales: top left panels
(skin cross-section): 0 - > 6 A/m?; bottom left (skin-surface): 0 - > 3 A/m?; top right (skin cross-section): 0 - > 3 A/m?; bottom right (skin-surface): 0 - > 1.5 A/m?. (A) Shows
predicted current densities at the skin layers for resistive epidermis (1.05 X 107> S/m) with standard dermis (0.23 S/m), and standard cartilage (0.2 S/m) conductivities and three gel
conductivities: 0.001 S/m, 0.1 S/m, and 1.4 S/m, respectively. (B) Shows predicted current densities at the skin layers for conductive epidermis (0.12 S/m), and standard dermis
(0.23 S/m) and cartilage conductivities (0.2 S/m), and different gel conductivities. (C) Shows predicted current densities at the skin layers for resistive epidermis (1.05 X 107> S/m),
and resistive dermis (1.05 X 10~ S/m), with standard cartilage conductivity (0.2 S/m), and three gel conductivities. Across simulated conditions, the current density non-uniformity
metrices ranged from 0.27 to 0.62. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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conductivity cartilage, the k values ranged from 0.27 to 0.30, across
gel conductivities (Fig. 6C).

4. Discussion

We developed the first high-resolution models of taVNS and
compared across 10 general montages to determine the impact of
electrode design on resulting current flow. All codes/raw files
including the MRI scans, mask STL files, and mesh files for the
investigated montages are freely available under Creative Com-
mons Attribution-Noncommercial International License (https://
doi.org/10.17632/ydx4d365rw.1). The distribution of current flow
governed the sensitivity and selectivity of ABVN stimulation. We
showed an evident difference across montages that should inform
the selection of electrode design for specific applications and
experimental designs.

Across all the models, montage 5 and 1 generated the most
relatively focal electric field (i.e., higher ratio of peak region/other
ROIs) in the nominal target — this reflects as much the underlying
anatomy as the specific electrode design. Montage 6 produced the
most relatively diffused electric field across ROIs which may be
advantageous when the target is not well defined or multi-faceted.
We show that common controls used for specific montages do steer
current to unique regions (albeit which themselves have a unique
nerve representations) - but more generally any of these consid-
ered montages can be used as controls for each-other in studies
aiming to show specificity in target engagement.

Computational models of current flow are standard tools to
inform how selecting electrode montage impacts sensitivity and
selectivity of nerve stimulation [32,45—47]. Despite the rapid in-
crease in applications and testing of taVNS, as well as other forms of
ear neuromodulation, most devices are designed based on heuristic
rules (e.g., place electrodes “over” a target). In contrast, more
attention has been given to considering the temporal waveform
(pulse shape, frequency) of taVNS [48] including sophisticated
closed-loop approaches [38,49]. The taVNS current flow models
developed here, thus have broad applicability in the analysis (and
comparison) of existing approaches and ongoing device
optimization.

The present study compared across taVNS montages in a single
exemplary subject, as typical in studies developing new neuro-
modulation modeling pipelines and when the goal is to make gross
inter-montage comparisons |[14,46,50—53]. None-the-less, the
importance of individualized dosimetry in other neuromodulation
domains [54—59] warrants discussion for the taVNS. Our result
showed that across montages taVNS induced current flow was
restricted between the electrodes (Figs. 2 and 3) resulting in a
categorical targeting (Fig. 4), that was moreover insensitive to
model assumptions (Fig. 5). A secondary modeling analysis
confirmed that the taVNS induced current density pattern in the
ear skin was largely insensitive to (individual) skin properties
(Fig. 6). Our result thus suggested that current flow patterns in the
ear would be consistent across individuals, with peak intensities
governed by an average electrode current density. Notwithstanding
this prediction, when new electrode designs or unusual anatomy
(e.g., newborns) is considered, specialized models can be
developed.

The applications of taVNS consider two complementary path-
ways, “downstream” stimulation of peripheral organs (bio-
electronic medicine) and “upstream” stimulation of the brain [1].
The former focuses on parasympathetic markers of target engage-
ment [48,60] while the latter considers direct modulation of
cognition. In both cases, deep brain nuclei serve as junctions and
are the target of taVNS supported by neuroimaging studies
[9,46,47,57—59,61]. While distinguishing “upstream” vs
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“downstream” effects depend on underlying brain networks,
experimentally characterizing these effects depends on first un-
derstanding montage-specific current flow.

Direct prediction of sub-cellular level polarization and action
potential threshold can be computed using well-established pipe-
lines [43,62—64], yet the accuracy (value) of resulting predictions
depends on precise representation of membrane biophysics and
morphology (branching) as well as meso-scale anatomy [47,65]
such as fascicle [66—68] and skin ultra-structure [16,29,69]. This
detailed information for ABVN axon-specific physics, density/dis-
tribution including branching structure, or fascicles cyto-
architecture are lacking and debated [1,19,54], and in key regards
wholly absent (e.g., tertiary branching structure). However, it is
known that axon terminations are most sensitive to polarization
[42,61,70], with the ABVN (and other nerve) end-organs at the ear
(taVNS ROIs). Specifically, terminals polarize directly with electric
field intensity [40,71]. Therefore, practical studies and regulatory
standards for peripheral nerve activation rely on the electric field
threshold values [13,31-34], as we referenced. As such, these
electric fields represent a conservative basis for predicting taVNS
activation. Besides this, the goal of this report was to consider
relative activation across montages: importantly, our conclusions
were robust across assumptions of electric field threshold (e.g.,
1 mA or 2 mA, 12.3 V/m or 6.15 V/m threshold, Figs. 2, 3 and 5).

taVNS clinical applications are broad and expanding including
improving oromotor function in newborns [72,73], treatment of
neurological and psychiatric disorders [26,74,75], pain or fatigue
[76—79], addiction [80], neurorehabilitation [81,82], general mea-
sures of quality of life [83], and management of disorders related to
COVID-19 [82,33]. It seems important to consider how taVNS
montage should be optimized for each application.

While there have been significant developments in waveform
optimization [48] including closed-loop stimulation [46,57,84] and
TMS-synchronized stimulation [85], there have been relatively
limited optimization of electrode montage. taVNS studies testing
more than one (contrasting) electrode montages did so as “control”
sites [86,87,84]. Our modeling results support the use of an earlobe
electrode as an active control. Yakunina et al. [88] using custom
electrodes, compared four stimulation locations in the ear: the in-
ner tragus, inferoposterior wall of the ear canal, cymba conchae, all
with a return electrode on the outer surface of the tragus, as well as
an earlobe location as a sham. Using small bipolar electrodes, Keute
et al (2021) [89], reported that effects on heart rate did not vary
between tragus and cymba conchae electrode location [89].

In addition to the electric field patterns/targeting (considered
here) and waveform, other considerations impact the final selec-
tion of a particular taVNS device. For instance, the need for
extended duration (>1 h) applications or where significant move-
ment is expected may dictate a designed optimized for reliable fit
or uses in remote settings (e.g., home) may dictate designs that are
more reliably self-applied [90]. Notwithstanding these practical
considerations, it is stimulation dose that governs neuro-
modulation [1,91] so current flow models should inform any taVNS
effort.

The International Consensus Based Review and Recommenda-
tions for Minimum Reporting Standards in Research on Trans-
cutaneous Vagus Nerve Stimulation (Version 2020) identified
limitations in the taVNS field [92] such as the lack of a definitive
description of a dose, validation of a control site, securing optimal
stimulation parameters, and ambiguity surrounding ear and tissue
anatomy of the ABVN. Responsive to these concerns, our simula-
tions considered taVNS with detailed dose and considered the
impact of dose parameters (electrode position, size, and current
intensity), explicitly indicated the value of control sites, serving as a
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necessary step (though not complete in the absence of detailed
axon tractography) toward addressing nerve targeting.

5. Conclusions

Despite encouraging trials, there are discrepancies among the
taVNS results. Difference in electrode montage, including “inci-
dental” differences between approaches that nominally target the
same region (e.g., varied electrode size or position for the same
nominal target) is one source of variability. Computational models
provide additional insight on how details of electrode shape and
placement impact sensitivity (how much current is needed) and
selectivity, thereby supporting analysis of existing approaches and
optimization of new devices. Further iterations of this modeling
pipeline can consider individual differences (e.g., based on subject-
specific images) and incorporate neurophysiological response (e.g.,
axon firing simulations).
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