Controllability of the Vagus Nerve Using Directed Electrode Stimulation
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Abstract

Vagus nerve stimulation (VNS), commonly used to reduce seizures in patients with epilepsy, is a promising
therapeutic treatment for a number of health issues. Current VNS apparatuses employ a helical electrode
design, which stimulates the nerve with no anatomical specificity. The efficacy and breadth of VNS therapy
could be improved by targeting stimulation to specific regions of the nerve. A mock electrode was built
around a morphologically accurate finite element model of the vagus nerve. Electric currents were injected
into the nerve model, and a nodal activating function was used to determine which axons would initiate
action potentials. Electrode configurations and stimulation settings were adjusted to target specific fascicles
until optimal activation was achieved. Results indicated that small, proximal electrodes could stimulate
targeted regions while avoiding activation of off-target axons. Injection of negative current perpendicular
to the positive stimulus also proved to refine spatial stimulation, allowing for the activation of deep fascicles
with minimal side-effects. While an understanding of the fascicular anatomy of the vagus nerve is still being
explored, the preliminary results of this study corroborate the concept of selectively targeting regions of the
nerve with electrical stimulation in order to treat specific patient needs. The computational process
presented in this work could be employed as a planning tool prior to the geometrical design and surgical
implantation of VNS devices.
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Introduction

The vagus nerve (VN) connects many of the body’s organs to the brain and controls a vast array of
physiological functions. It is the largest and longest connection between the peripheral and central nervous
systems [4], and it is, therefore, one of the most promising targets for neuromodulation. Vagus Nerve
Stimulation (VNS) was FDA approved in 1997 as a therapy for drug-resistant epilepsy and later, in 2005,
as a treatment-resistant depression [23]. Since its emergence, VNS devices have successfully been
implanted in more than 100,000 patients [28].

Given the vagus nerve’s central role in autonomic nervous system function, VNS is being explored as a
potential treatment for a variety of inflammatory disorders, including cardiovascular disease, respiratory
issues, irritable bowel syndrome, sepsis, chronic pain, obesity, diabetes, and rheumatoid arthritis [5, 6, 18].
There have been promising pre-clinical and clinical results using VNS to reduce symptoms and slow loss-
of-cognition associated with neurodegenerative disorders including Alzheimer’s and Parkinson’s [7, 12,
19]. The potential applications of neuromodulation is driving the research and development of better VNS
devices and stimulation techniques.

The prevalence of adverse side effects, however, is the motivation for improving VNS devices. Laryngeal
side effects include cough, dyspnea, paresthesia, pain and voice alteration [1, 3]. Stimulation can also cause
cardiopulmonary symptoms, such as bradycardia and bradypnea [26]. These complications result from
stimulating the entire VN rather than selectively targeting the fibers responsible for modulating a particular
physiological function [2].



Selective stimulation of the VN could have more effective therapeutic effects while minimizing collateral
symptoms. Two mechanisms of selective VNS have emerged in recent years: fiber-selective and spatially-
selective VNS [13]. Fiber selective stimulation utilizes the varied activation thresholds of different fiber
types to precisely target axons of physiologic interest, whereas spatially selective stimulation targets
specific regions within the nerve. A number of experiments have been conducted on fiber selective VNS
[10, 22], while research on spatially specific VNS is limited, because the functional anatomy of the VN is
still not well understood [30]. If the anatomy of the vagus nerve is functionally organized, stimulation could
be directed to activate only the particular fascicles of interest [24].

In this work, stimulation levels, amount of current injected and electrode configuration are investigated to
determine the extent to which activation of the vagus nerve can be controlled. A simple quantitative method
to optimize fascicular activation is also suggested.

Methods

1. Finite Element Nerve/Electrode Model

A three-dimensional finite element model (FEM) of the vagus nerve was generated using COMSOL
Multiphysics® [9]. The nerve was constructed to be 3 mm in diameter, consistent with cadaveric findings
[15], and morphologically accurate based on histological images [25]. The nerve consisted of 12 fascicles
of varying shapes and diameters embedded in epineurial connective tissue. Each fascicle represents a bundle
of axons in endoneurial connective tissue.
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Figure 1: COMSOL model (right) based upon histological images of vagus nerve [25] (left).

The entire nerve was encompassed in a cylinder representing the carotid space, with the outer surface
serving as the electrical ground. The domains of the nerve were assigned electrical properties (Table 1)
consistent with human endoneurial, epineural and adipose tissue.

Table 1: Geometric and Electrical Properties of Nerve Model [14, 25]

Domain Endoneurium Epineurium Adipose Tissue Platinum
Electrical Conductivity (S/m) .0833 159 .0432 107
Relative Permittivity 21600 21600 393 1

A mock electrode design of 12 equally sized sectors was constructed around the circumference of the nerve
out of platinum. Current could be injected into the nerve by ‘activating’ any combination of the electrode
segments as a current source ‘terminal’.



Figure 2: Entire 3D COMSOL model of nerve enclosed in 12-sectored electrode encased by layer of adipose tissue,
serving as electrical ground.

The length of the nerve model was limited to 8 mm to reduce computation time. The boundary conditions
were analyzed to confirm that the abbreviated length did not affect the electric distributions of interest. A
tetrahedral mesh was generated consisting of 239,289 elements and 41,096 nodes.

Figure 3: Generated tetrahedral mesh for nerve and segmented electrode (surrounding fat omitted for clarity).

Currents ranging from -2.0 mA up to 6.5 mA were injected into the nerve via various electrode
configurations. The resulting electric potential distributions were then calculated in a stationary (steady-
state) study by solving Poisson’s equation.

2. Calculating Action Potentials

The voltage data from COMSOL was interpolated onto a three-dimensional grid constructed in accordance
with the geometry of the nerve. Only points within fascicles were considered, with each longitudinal row
of points representing nodes of Ranvier along a single axon fiber. Axons were spaced 0.1 mm apart in the
cross-sectional direction, and nodes were spaced 0.5 mm apart along each axon, in accordance with a fiber
diameter of 5.7 um [21].

Based on the electric potential data from the model, the following activation function [29] was used to
calculate the input current I(x) (mA) to each node along each axon:

d 8%,
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I(x) =

where d is the diameter of the axon fiber (um), p; is axoplasmic resistivity (€2 cm), cnm is capacitance of the
node (uF/cm?), V. is extracellular voltage (V), and x is position along the axon (mm). For this study, axons



assumed a diameter of 5.7 um, resistivity of 70 Q c¢m, and capacitance of 2 pF/cm?® [21].
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Figure 4: Electric potential (V) (left) and current clamp input (mA) (right) versus the position (mm) of each node
along an axon for 2.00 mA of injected current via two electrode segments. Each color represents a single nerve fiber.

NEURON 5.7 [16] was utilized to simulate stimulation of axons in the nerve using the Hodgkin-Huxley
excitation model [17]. The calculated currents were applied as a clamp input current to each node of Ranvier
with a standard pulse width of 500 ps [20]. At each node, if the resulting membrane potential exceeded the
threshold potential value, an action potential was assumed to be initiated. Since action potentials propagate

down axons in an all-or-none fashion [27], if any node along an axon was activated, the entire axon was
considered activated.

3. Targeting Specific Fascicles

To understand the controllability of VNS, separate studies were conducted with varying electrode
configurations targeting different fascicles. The nerve model was stimulated over a range of input currents
and action potentials were calculated using the method described above. The percentage of the intended
region of the nerve that was activated (E) relays the efficacy of the model. An efficacy value of one (unity)
represents total activation of the target fascicle(s), as shown in Figure 5. The percentage of the unintended
region of the nerve that was activated (S) represents potential side-effect causing regions. The following
objective function was used to evaluate the effectiveness of the stimulation:

fF=Ex(I-5)

Figure 5: Example use of objective function. For the circled target fascicle, 100% of the target fascicle (E = 1.00)
and 18.99% of the non-target axons (S = .1899) are activated, for an output value of f= (1.00)*(1-.1899) = .8101.



The maximum value of the objective function is achieved by total activation of the target fascicle(s) and
zero activation of side-effect regions. The goal was to determine the amount of current needed to inject into
the nerve in order to optimize the objective function to unity for any given target region.

Results

1. Effect of Current Amplitude on Nerve Activation

All twelve electrode segments were activated to impart total circumferential stimulation. Amplitude of
injected current was increased until total activation of the nerve was achieved. In accordance with
expectations and previous findings [11], neural activation appeared to increase linearly with increasing
current stimulation.
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Figure 6: Increasing amplitude of stimulation via all twelve electrode segments until all axons activated. Percent
nerve activation increased linearly (R? = .996) with increasing amplitude of injected current.



2. Effect of Surface Area of Stimulation on Nerve Activation

Activating more electrode segments did not necessarily increase neural activation. At 2.00 mA of
stimulation, turning on all twelve electrode segments activated only 3.49% of the entire nerve, where as
just two electrode segments were able to activate 33.71% of the neural fibers. Recall that the input clamp
current at each node of Ranvier is proportional to the second derivative of the extracellular electric potential
induced by the electrodes.
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Figure 7a: 2.00 mA of injected current via all twelve electrodes. Electric potential (V) (left) and current clamp input
(mA) (middle) versus the position (mm) of each node along an axon. Resulting region of activation is shown in red,
spanning 3.49% of the entire nerve (right).
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Figure 7b: 2.00 mA of injected current via only two electrodes. Electric potential (V) (left) and current clamp input
(mA) (middle) versus the position (mm) of each node along an axon. Resulting region of activation is shown in blue,
spanning 33.71% of the entire nerve (right).

3. Effect of Electrode Configuration on Nerve Activation

Several unique electrode configurations were tested to target particular fascicles in the model. Given that
neural activation increases with current, the amplitude of the applied current stimulus was increased until
maximum activation of the targeted fascicle was achieved. Fascicles close to the perineurial surface were
easily targeted by activating the nearest electrode segment(s) without incurring significant side effects.



Figure 8a: Single nearest electrode activated (left) and resulting activation of target fascicle shown in red (right).
Optimal fascicle activation (E =.9960, S = .0036, f = .9924) was achieved at injected current amplitude of 1.25 mA.

Figure 8b: Two nearest electrodes activated (left) and resulting activation of target fascicle shown in blue (right).
Optimal fascicle activation (E=1, S =0, f= 1) was achieved at injected current amplitude of 3.00 mA.

Fascicles located more centrally within the nerve were less accessible to the surface electrodes. Activation
of the nearest electrode to deep fascicles induced significant side effects. Injection of negative current from
other electrodes counteracted stimulation to mitigate side effects in non-target fascicles.

Figure 9: Combination of positive (red boundary) and negative (dark blue boundaries) stimulation (left) and
resulting activation of central fascicle shown in green (right). Optimal fascicle activation (E =1, S =.1899, f=
.8101) was achieved at injected current amplitude of 6.50 mA via the positive electrode and -1.50 mA via the two
negative electrodes.

Discussion

The results of this study show how electrical stimulation can be engineered to target specific regions of
interest within the vagus nerve. The number of axons that are activated can be controlled by varying the
amount of current stimulation (Figure 6). Increasing the amplitude of stimulation increases axonal
recruitment.



The typical helical electrode design, which wraps 270° around the circumference of the nerve, lacks spatial
specificity and is not the most effective configuration for neural activation. This work investigated a multi-
contact array of smaller electrodes as a potential alternative solution. With equivalent levels of current
stimulation, the segmented electrode design in contact with only portions of the nerve surface is more
effective at axonal recruitment than the helical geometry (Figure 7). This finding can be attributed to the
asymmetry of the stimulation, which induces a larger gradient in electric potential than a symmetrical
arrangement, in turn recruiting a larger number of axons. Other anatomical models have corroborated the
improved therapeutic efficacy of flat electrode contacts [8] and multielectrode arrays [2].

Electrode configuration was the most influential factor on neural activation. It was observed that electrode
surfaces tend to activate the nearest axons. VNS can be controlled to target specific fascicles by injecting a
current at the nearest portion of the nerve surface (Figure 8). Stimulation can be directed at fascicles located
deep within a nerve by activating the nerve surface proximally to the target region and injecting negative
perpendicularly to counteract activation of side effects regions (Figure 9). By controlling the amplitude of
current stimulation and the geometry of electrodes, specific fascicles within the VN can be targeted.

Conclusion

Vagus nerve stimulation has a vast array of potential therapeutic applications. Therapeutic efficacy and
applicability would be improved if generation of side-effects can be avoided. Directed electrode stimulation
is an alternative to traditional VNS technology and potential treatment for patient-specific inflammatory
symptoms. This work provides a pathway to optimize the efficacy of nerve stimulation. Using the
computational model, a multi-contact electrode design can be calibrated to activate specific regions of the
vagus nerve while avoiding generation of off-target effects. The plausible controllability of fascicular
activation has promising implications for VNS, pending further exploration of the so-called ‘vagotopy’ [30]
and fabrication of a functional segmented electrode device.
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