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Abstract

Objective: Neuromodulation of visceral nerves is being intensively studied for treating a wide 

range of conditions, but effective translation requires increasing the efficacy and predictability of 

neural interface performance. Here we use computational models of rat visceral nerve to predict 

how neuroanatomical variability could affect both electrical stimulation and recording with an 

experimental planar neural interface.

Approach: We developed a hybrid computational pipeline, Visceral Nerve Ensemble Recording 

& Stimulation (ViNERS), to couple finite-element modelling of extracellular electrical fields with 

biophysical simulations of individual axons. Anatomical properties of fascicles and axons in rat 

pelvic and vagus nerves were measured or obtained from public datasets. To validate ViNERS, we 

simulated pelvic nerve stimulation and recording with an experimental four-electrode planar array.

Main results: Axon diameters measured from pelvic nerve were used to model a population of 

myelinated and unmyelinated axons and simulate recordings of electrically evoked single-unit 

field potentials (SUFPs). Across visceral nerve fascicles of increasing size, our simulations 

predicted an increase in stimulation threshold and a decrease in SUFP amplitude. Simulated 

threshold changes were dominated by changes in perineurium thickness, which correlates with 

fascicle diameter. We also demonstrated that ViNERS could simulate recordings of electrically-

evoked compound action potentials (ECAPs) that were qualitatively similar to pelvic nerve 

recording made with the array used for simulation.

Significance: We introduce ViNERS as a new open-source computational tool for modelling 

large-scale stimulation and recording from visceral nerves. ViNERS predicts how neuroanatomical 

variation in rat pelvic nerve affects stimulation and recording with an experimental planar 

electrode array. We show ViNERS can simulate ECAPS that capture features of our recordings, 

but our results suggest the underlying NEURON models need to be further refined and specifically 

adapted to accurately simulate visceral nerve axons.
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Introduction

Bioelectronic therapies targeting the peripheral visceral nervous system are now well 

established for the treatment of lower urinary tract (LUT) disorders (Jaqua and Powell, 

2017), and are being investigated for a wide range of other conditions (Horn et al., 

2019). However, many promising therapies developed using animal models in preclinical 

studies fail to translate into the clinic (Byku and Mann, 2016). Contributing factors include 

suboptimal neural interface design, lack of stimulus specificity, and a ‘one size fits all’ 

approach to clinical neuromodulation. Computational modelling has been important for 

accelerating the design of neural interfaces (Sperry et al., 2018; Romeni et al., 2020; 

Ward et al., 2020a; Larson and Meng, 2020; Leventhal and Durand, 2003), improving our 

understanding of stimulus specificity (Bucksot et al., 2021; Leventhal and Durand, 2003; 

Romeni et al., 2020), and understanding how subject-specific variation in nerve anatomy 

affects peripheral nerve stimulation (Grinberg et al., 2008; Musselman et al., 2021; Pelot 

et al., 2019). Accordingly, many computational models have been used to study neural 

interfaces for delivering neuromodulation (e.g. Rattay, 1986; Leventhal and Durand, 2003; 

Johnson et al., 2007; Grinberg et al., 2008; Grill, 2015; Raspopovic et al., 2017; Gaines et 

al., 2018; Lubba et al., 2019; Pelot et al., 2019; Gupta et al., 2020; Romeni et al., 2020; 

Bucksot et al., 2021; Musselman et al., 2021).

The dynamic physiology of the peripheral visceral nervous system can lead to the same 

stimulus having different effects, depending on factors such as the state of the nerve, the 

innervated organ, or the relevant central control circuits (Zanos, 2018). In order to help 

patients engage in dynamic behaviors such as micturition (Payne et al., 2020), the efficacy 

of neural interfaces applied to visceral nerves may be improved by recording neural activity 

to control delivery of neuromodulation (Bouton and Czura, 2018; Larson and Meng, 2020). 

An example of such an approach is closed-loop control by monitoring electrically-evoked 

compound actions potentials (ECAPs) for self-calibration of stimulation parameters, an 

approach which has been applied extensively in cochlear interfaces (DeVries et al., 2016), 

the vagus nerve (Ward et al., 2015, 2020a) and spinal cord stimulation (Parker et al., 

2017). However, in comparison to the many models of neuromodulation, far fewer models 

have addressed the problem of optimizing neural recording performance (Struijk, 1997; 

Karimi and Seydnejad, 2015; Lubba et al., 2019; Smets et al., 2021; Buccino and Einevoll, 

2021). Furthermore, the available open source models use significant simplifications of 

the electrode-nerve interface geometry, such as the assumption of circular symmetry for 

nerves in cuff electrodes (e.g. Struijk, 1997; Lubba et al., 2019), which limit their predictive 

power for new devices and neuromodulation targets. The commercial package Sim4Life 

(Zurich MedTech, Switzerland) has recently introduced capabilities for modelling nerve 

recording using predefined axon models in addition to the ability to simulate extracellular 

nerve stimulation, and other commercial simulation platform providers such as COMSOL 

Multiphysics (COMSOL Inc., Burlington, MA) are following suit.

There is an unmet need for a wider range of computational tools that can be used for 

large-scale modelling of both electrical stimulation and recording with accurate models of 

neural interfaces on peripheral nerves, and in particular visceral nerves. To address this need, 

we present Visceral Nerve Ensemble Recording and Stimulation (ViNERS), an automated, 
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open source, MATLAB+NEURON-based pipeline (available at [https://dx.doi.org/10.26275/

chfk-eugm]). ViNERS combines multidomain electro-anatomical electric field models and 

biophysical models of individual myelinated and unmyelinated visceral axons to compute 

nerve-electrode coupling, electrical stimulation thresholds, action potential firing, and 

single-unit field potentials (SUFPs). These can be combined to simulate ECAPs and 

ensemble activity recordings using realistic neural interface and peripheral nerve geometries 

(Figure 1).

In comparison to peripheral somatic (non-visceral) nerves, much less is known about how 

variations in anatomy and physiology of peripheral visceral nerves affect the efficacy 

of therapeutic neuromodulation and neural recording performance with neural interfaces 

of different designs. Relevant differences in nerves that are candidate therapeutic targets 

include the predominance of small diameter myelinated (Aδ-fiber) and unmyelinated (C-

fiber) axons, representation of spinal cord autonomic preganglionic axons (absent in most 

somatic nerves) and differences in size and fascicular structure. We used ViNERS to predict 

how biological variation in the neuroantaomical properties of pelvic and vagus nerves 

influence recordings of single-unit field potentials (SUFPs) and extracellular stimulation 

thresholds, based on the typical myelinated and unmyelinated axons and fascicles present in 

rat pelvic nerve (Hulsebosch and Coggeshall, 1982; Keast, 2006; Bertrand et al., 2020).

To validate ViNERS, we modelled ECAP recordings from the pelvic nerve in awake 

rats (Payne et al., 2020) using a four-electrode planar electrode array interface. The 

pelvic nerve is a multi-fasciculated visceral nerve that contains a majority of the primary 

sensory and autonomic (sacral spinal preganglionic) axons required for controlling lower 

urinary tract function during storage and voiding (micturition), as well as other important 

equivalent projections that regulate large intestine and reproductive organs (Hulsebosch 

and Coggeshall, 1982; Keast, 2006). Bladder pressure and volume may be estimated from 

recordings of afferent activity in the pelvic (Payne et al., 2020) and pudendal (Wenzel et al., 

2006) nerves as well as the connected sacral dorsal root ganglia (Jabbari and Erfanian, 2019; 

Ouyang et al., 2019). We will demonstrate that for both recording and neuromodulation, 

neural interface performance depends on the anatomy and electrical properties of the 

visceral nerve and surrounding tissue, as well as the geometry of the implanted device.

Methods

We conducted a hybrid computational and neuroanatomical study to measure the required 

inputs (fascicle cross-sectional profiles, obtained with light microscopy, and distributions 

of axon diameters and g-ratios, obtained with electron microscopy) to simulate electrical 

stimulation and ensemble recordings of visceral nerve activity. Using ViNERS, we 

reproduced previous results (Grinberg et al., 2008; Koole et al., 1997; Pelot et al., 2019) 

regarding the influence of fascicle diameter and perineurium thickness on nerve stimulation 

and extended those results to predict the influence of these parameters on nerve recording. 

Finally, to validate ViNERS, we simulated pelvic nerve ECAP responses, which were 

compared to recordings collected from rat pelvic nerve (Payne et al., 2020).
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Animal Studies

Tissue Processing and Microscopy—Procedures were approved by the Animal Ethics 

Committee of the University of Melbourne, and in compliance with the Australian Code for 

the Care and Use of Animals for Scientific Purposes (National Health and Medical Research 

Council of Australia).

For anatomical studies of the pelvic nerve, five male Sprague-Dawley rats (7–8 weeks old) 

were sourced from the Biomedical Sciences Animal Facility (University of Melbourne) 

and housed under a 12-hour light-dark cycle, in a temperature-controlled room with ad 

libitum access to food and water. Animals were anesthetized (100 mg/kg ketamine, 10 

mg xylazine i.p. [Lyppard, Keysborough, Australia]) then perfused transcardially with 

saline (0.9% sodium chloride containing 1% sodium nitrite and 5000 IU/ml heparin [Ellar 

Laboratories, Tullamarine, Australia]), followed by fixative (2% paraformaldehyde and 

1.25% glutaraldehyde [EM grade, Proscitech, Thuringowa, Australia)] in 0.1M phosphate-

buffered saline [PBS], pH 7.3) for 15–20 minutes (Keast and Osborne, 2019). Left pelvic 

ganglia with their attached pelvic nerve were then dissected, postfixed in the same fixative 

for 18–24h at 4C, washed in PBS (3 × 30 min), imaged under a dissecting microscope 

then stored in PBS for transportation. Ganglia were couriered to Drs Havton and Biscola 

at UCLA, for further processing and microscopy. All reagents were obtained from Merck-

Millipore (Bayswater, Australia) unless otherwise stated.

The detailed protocols for embedding and electron microscopy are available online (Biscola 

and Havton, 2020) In brief, pelvic ganglia with attached pelvic nerve were washed in water 

(3× 10 min), fixed with 1% osmium solution (1h), washed in water, dehydrated through 

increasing concentrations of ethanol then propylene oxide, and infiltrated with Epon resin 

(Ted Pella Inc., Redding, CA, USA). Samples were blocked in the orientation appropriate 

for obtaining transverse sections of pelvic nerve. Semi-thin sections (0.5 μm) through pelvic 

nerve were stained with 1% toluidine blue solution (30 seconds), washed in water, dried 

and cover-slipped with DPX mountant. Images were obtained using a Nikon Eclipse E600 

microscope and Nikon camera DS-Fi3. Figure 2(A) shows an example of a micrograph of a 

pelvic nerve stained with toluidine blue.

Ultrathin sections (70–90 nm) of pelvic nerve (RMC PowerTome Ultramicrotome, 

Boeckeler Instruments) were collected on formvar-coated single slot grids, and contrasted 

with uranyl acetate and lead citrate. The sections were analyzed under a transmission 

electron microscope operating at 80 kV (Tecnai G2 Spirit Twin, FEI, ThermoFisher 

Scientific). Figure 2(B) shows an example of an electron micrograph of one fascicle of 

a pelvic nerve.

Microscopy and Image Analysis—For the light micrographs of the pelvic nerve, each 

fascicle was identified and the inner and outer surfaces of the perineurium were traced 

in Matlab (R2019b; Mathworks), resulting in a collection of 23 fascicles from 5 animals. 

For compound fascicles (in which multiple endoneurial compartments are separated by 

perineurium and enclosed in a common bundle), each sub-fascicle was traced separately. 

These tracings were saved as vectors in an XML-based neuromorphological file format 

(Sullivan et al., 2020) to be imported into ViNERS. For the purposes of computing 
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summary statistics, we computed equivalent fascicle diameters, calculated as the diameter 

of a circle with the same area as the total area of tissues (endoneurium and axons) inside 

the perineurium (Pelot et al., 2020b). Where a gap was present between the perineurium 

and endoneurium, this was considered a tissue processing artefact (e.g. due to differential 

shrinkage of the endoneurium) and this area was included in the measure of the fascicle 

interior. Perineurium thickness was determined for each fascicle by taking the mean of the 

distance from each vertex of the polygonal tracing of the outer surface of the perineurium 

to the nearest point on the inner surface of the perineurium. Figure 2(C) shows an example 

of a traced set of pelvic nerve fascicles. This dataset was supplemented with a publicly 

accessible dataset of rat vagus nerve fascicle sections (Pelot et al., 2020b; Pelot, 2021), 

which contained 9 traced fascicles from 9 animals measured at the cervical level and 13 

fascicles from 9 animals measured at the abdominal (subdiaphragmatic) level. These rat 

vagus nerve sections had been traced in the same way as our pelvic nerve fascicle sections. 

Fascicle diameter and perineurium thickness measurements were rederived from the traced 

perineurium and endoneurium outlines to ensure that all samples were analyzed consistently. 

In total, 45 fascicles from three types of nerves derived from 15 animals were analyzed. 

These data, including source images, fascicle outlines, and simulation outputs, are available 

on the sparc.science data portal at [https://dx.doi.org/10.26275/z61u-2tcs].

A representative pelvic nerve (four fascicles) was selected to undergo electron microscopy. 

For the electron micrographs of the pelvic nerve, the inner and outer surfaces of the 

myelinated axons and the outer surfaces of the unmyelinated axons were traced in 

Neurolucida 360, (2019.1.1, MBF biosciences), as shown in Figure 2(D). Axon diameter and 

myelin thickness were measured using minimum Feret diameters (Bartmeyer et al., 2021), 

and the g-ratio (ratio of inner to outer axon diameter) was calculated for the myelinated 

axons. The resulting distributions of diameters and g-ratios are shown in Figure 2(E)–(G). In 

total, 979 myelinated axons and 5184 unmyelinated axons were measured. Our axon counts 

are in close agreement with previously published measures of the composition of the pelvic 

nerve (Hulsebosch and Coggeshall, 1982; Nakayama et al., 1998).

Pelvic Nerve ECAP Recordings—The ECAP data used for this study have been 

published previously (the ‘Acute Implant’ experimental group from Payne et al., 2020) 

and were re-analyzed for the present study; therefore, minimum methodological details are 

supplied here. All animal procedures were approved by the Animal Ethics Committee of 

St. Vincent’s Hospital (Melbourne), the Bionics Institute, and complied with the Australian 

Code for the Care and Use of Animals for Scientific Purposes (National Health and Medical 

Research Council of Australia).

To summarize, five male Sprague-Dawley rats (8–10 weeks old) were anesthetized (urethane 

1.2 g/kg s.c., Merck (Sigma-Aldrich, St Louis, MO, United States) and implanted with a 

custom planar four-electrode array (inter-electrode spacing 0.75 mm, inter-pair spacing 2.85 

mm) over the pelvic nerve and adjacent to the pelvic ganglion. The planar array was fixed 

securely to the nerve by means of four sutures to the surrounding connective tissue on the 

surface of the prostate (see Fallon, 2020). ECAPs were recorded by stimulating electrode 

pairs E1–E2 (Figure 3) using bipolar stimuli (100 μs pulse width with 50 μs interphase gap; 

10 Hz) and recording with electrode pair E3–E4 (bipolar recording). Two sets of ECAP 
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recordings (averaged from a total of 50 responses each) were made using stimulus currents 

ranging from 0 to 1.75 mA, and recordings were sampled at a rate of 100 kHz (filtered using 

high pass: 300 Hz; low pass: 5000 Hz; voltage gain 102). Neural responses were quantified 

by measuring the peak-to-peak amplitude of the response within each specified analysis 

window. Animals were euthanized at the end of the experiment (300 mg/kg i.m. Lethobarb; 

Virbac, Wetherill Park, NSW Australia).

ViNERS Overview

ViNERS (Figure 1) is an automated multi-scale, multi-physics MATLAB-based neural 

interface modelling pipeline. ViNERS builds detailed electro-anatomical finite element 

models from neural interface electrode array geometries in combination with nerve and 

fascicular geometries using GMSH (4.4.1; RRID:SCR_021226, (Geuzaine and Remacle, 

2009)). ViNERS then simulates these finite element models to compute extracellular 

electrical potentials (Ve)and extracellular recording sensitivities (Tc) using EIDORS (3.9.1; 

RRID:SCR_019262). ViNERS then generates customized axon models incorporating 

distributions of axon ultrastructural and biophysical properties, which ViNERS then 

simulates using NEURON (7.7.2, Yale; RRID:SCR_005393). Extracellular potentials can be 

input to the NEURON models to predict extracellular stimulation thresholds, as in a standard 

hybrid neural interface model (Romeni et al., 2020), and the outputs from NEURON can be 

combined with the extracellular recording sensitivities to predict single-fiber and ensemble 

recordings of spontaneous and electrically-evoked activity.

ViNERS is provided as a MATLAB toolbox and can be downloaded from the sparc.science 

data portal. Each modelling step is implemented as a separate MATLAB module; different 

modelling workflows (e.g. modelling stimulation vs recording with ViNERS) can be 

implemented by calling different modules in sequence for fully automated model pipeline 

evaluation. Module inputs and outputs are automatically saved in a SPARC data structure 

(Bandrowski et al., 2021) as .mat files, and model generation and evaluation can be 

customized. Source code and example model input data, including a detailed programmers’ 

reference and example scripts demonstrating typical modelling workflows, are available on 

the sparc.science data portal at [https://dx.doi.org/10.26275/chfk-eugm]. In the remainder 

of this section, we describe the core operations of ViNERS. We then detail the model 

inputs used to model the influence of fascicle diameter and perineurium thickness on neural 

interface performance and, separately, the model inputs used to validate ViNERS against 

in-vivo ECAP recordings collected from rat pelvic nerve.

Three-dimensional Finite Element Modelling of Electrical Fields in EIDORS—
The first stage of ViNERS is the creation of an electro-anatomical nerve finite element 

model (FEM) incorporating the desired nerve and electrode array. First, the user specifies 

the design (architecture and electrode layout) for their neural interface; this can be done 

programmatically within MATLAB, these parameters can be read from a json (javascript 

object notation) file, or a json file describing the desired electrode array can be generated 

using a separate graphical user interface. Next, the target nerve anatomy (fascicle cross-

section and perineurium thickness) is imported from traced nerve sections, such as those 

described in the anatomical methods, or synthetic fascicles may be used. ViNERS is 
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compatible with neuromorphological data saved in the neuromorphological file format 

(Sullivan et al., 2020); for other neuromorphological data, fascicle outlines must be 

converted to a MATLAB structure. If desired, the fascicle trajectory can be defined as 

a path; otherwise, fascicles are extruded along the z-axis. ViNERS combines the nerve 

anatomy with the electrode array (specified programmatically) using GMSH to generate a 

tetrahedral finite-element mesh (Figure 2(C)) for the computation of the electrical fields 

in EIDORS. The perineurium was modelled as a uniform layer of finite thickness around 

the inner fascicle boundary defined by the extent of the simulated endoneurium (including 

axons). As the bulk tissue conductivity approach for modelling electric field distributions 

for peripheral neural implants has been shown to be adequate to model neuromodulation 

(Pelot et al., 2019), each tissue or material in the FEM was assigned a (possibly anisotropic) 

bulk conductivity (see Table I). The surrounding space was modelled with a conductivity of 

interstitial fluid with Neumann (zero-current) boundary conditions except at the electrodes, 

which are excluded from the FEM and modelled using the complete electrode model (Cheng 

et al., 1989). A counter electrode (2 mm diameter) for transmembrane currents and a 

reference electrode (3 mm diameter) are added to the external boundaries of the mesh. 

Supplementary Figure S-1 shows the effects of varying mesh size and domain size on 

the computed sensitivity fields. By default, all electrodes were modelled with an idealized 

contact impedance of 1 ohm.

ViNERS computes forward solutions for the extracellular potential V e(x ), as a function of 

spatial position x , for electrical stimuli delivered through the electrode array using a quasi-

static electrical field approximation neglecting permittivity using the EIDORS function 

`fwd_solve_1st_order` to solve the underlying Laplace equations. This same model was 

also used to compute the potential (in μV / nA, relative to a distant reference) observed 

by each electrode for a point monopole Im(x ) located at x , for each mesh element x
which might contain part of an axon. This computation generates a map of the recording 

sensitivity Tc(x ) for each channel of the recording array, as shown in Figure 3(A). We 

have previously validated this application of EIDORS for the calculation of extracellular 

potentials and sensitivity profiles (Eiber et al., 2020). Axons were positioned within the 

fascicles quasi-randomly: first, a surplus of random points were generated from a uniform 

random distribution within the bounding box of the fascicle. Next, the spacing between 

points was made more uniform via Lloyd relaxation (3 iterations). Points outside the 

fascicle were discarded, and axons were assigned to the remaining points such that each 

randomly located myelinated axon was further separated from its neighbors than any 

unmyelinated axon. This algorithm produces arrangements of axons within fascicles where 

myelinated axons and unmyelinated axons are more clustered together than would be 

expected by random chance, as is observed from electron micrographs. The details of the 

axon positions were not included in the mesh; instead, the resulting extracellular potentials 

V e(x ) and recording sensitivities Tc(x ) (defined at each mesh node) were interpolated to the 

collocation points of the axon model using natural-neighbor interpolation.

Modelling Biophysically Realistic Axon Populations in NEURON—The second 

stage of ViNERS is the generation of biophysical axon models appropriate to the 

Eiber et al. Page 7

J Neural Eng. Author manuscript; available in PMC 2022 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



axon population of the nerve being modelled. To model pelvic nerve, we generated 

models of myelinated and unmyelinated afferent (sensory) axons as well as myelinated 

and unmyelinated efferent (motor) axons, all of which are present in the pelvic nerve 

(Hulsebosch and Coggeshall, 1982). ViNERS populates each fascicle in the finite element 

model with myelinated and unmyelinated axons whose diameters and g-ratios are sampled 

from an axon population. In our case, we used our measured population of pelvic nerve 

axons (Figure 2(E)). Axon diameters and g-ratios may also be derived from published 

distributions for other nerves (e.g. Prechtl and Powley, 1990; Soltanpour and Santer, 1996). 

ViNERS then uses these distributions to automatically derive customized axon models from 

well-established models: MRG model of myelinated axons (Gaines et al., 2018; McIntyre 

et al., 2002) and Sundt generic nociceptor model for unmyelinated axons (Sundt et al., 

2015). Extending ViNERS to incorporate other axon models (e.g. Pelot et al., 2020a) 

is straightforward, as the specification of the axon biophysics is decoupled from the 

MATLAB-NEURON interface.

Most visceral myelinated axons are smaller in diameter than the somatic myelinated axons 

which are modelled in (McIntyre et al., 2002). The ultrastructural relationships used by 

Gaines et al. (2018) to relate fiber diameter to axon diameter, compartment length at each of 

the node of Ranvier (NODE), paranode (MYSA), juxtaparanode (FLUT) and stereotypical 

internode (STIN), and number of myelin lamellae predict negative diameters and segment 

lengths when extrapolated to these small axons. To correctly model distribution of fiber 

diameters and g-ratios measured for myelinated axons in the pelvic nerve, we re-fit the 

ultrastructural data from McIntyre et al. (2002) with quadratic (most parameters, following 

(Lubba et al., 2019)) or saturating hyperbolic (STIN length and number of myelin lamellae) 

equations. In our equations (supplemental Table S-2), g-ratio is treated as an independent, 

rather than dependent, variable by adjusting the axon diameters in each compartment. Figure 

4 shows our predicted relationships between fiber diameter and the other ultrastructural 

parameters for axons with g-ratio 0.6. With the exception of the relative length of the 

FLUT within the internode, our equations closely matched the extrapolated small-diameter 

fibers presented in (McIntyre et al., 2004; Pelot et al., 2019). The following ultrastructural 

parameters were constant: the length of each node of Ranvier (1 μm), the length of each 

MYSA segment (3 μm), the width of the periaxonal space at the MYSA (2 nm), and 

the width of the periaxonal space throughout the remainder of the internode (4 nm). The 

unmyelinated axon model did not contain detailed representations of the axon ultrastructure 

and was modelled as a multi-segment single-cable model.

The electrical properties of the axon models are presented in Table II. The biophysical 

parameters of the myelinated afferent and efferent models (Gaines et al., 2018) and the 

unmyelinated nociceptor model (Sundt et al., 2015) have been published previously, and 

are available at https://senselab.med.yale.edu/ModelDB/ under accession numbers 243841 

and 187473, respectively (note: following (Gaines et al., 2018), our myelinated afferent and 

efferent axons are distinguished solely on the basis of their maximum ionic conductances). 

For the unmyelinated axon, the axon model was derived from the peripheral axon segment 

model, which did not contain KCNQ or Ca2+-dependent K+ channels. The maximum 

conductances for each ion channel mechanism included in each of the three models are 

given in supplemental Table S-3. All channel kinetics were adjusted using Q10 factors to 

Eiber et al. Page 8

J Neural Eng. Author manuscript; available in PMC 2022 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://senselab.med.yale.edu/ModelDB/


simulate body temperature (37° C) using the Q10 values supplied in (Gaines et al., 2018; 

Sundt et al., 2015). Generated fiber models were verified programmatically by checking 

that axons did not spontaneously generate action potentials but that action potentials would 

propagate once generated.

These customized axon models were then used by ViNERS to simulate spatiotemporal 

transmembrane current profiles and responses to extracellular stimulation. Each 

compartment of the myelinated axon was modelled as one (node and paranode) or six 

(internode) connected segments in NEURON. The unmyelinated axon did not vary along its 

length and was discretized into 20 μm long segments for simulation (although our results do 

not depend on this choice; see supplemental Figure S-4(A–C)). To compute transmembrane 

current profiles and axon conduction velocities, propagating action potentials were 

established using a step injection of current at one end of the axon. An intracellular current 

injection was used to avoid any distortions to the membrane current profile or conduction 

velocity which could arise from an externally imposed electric field. Membrane current 

profiles (Figure 3(C), (D)) were recorded at one node of Ranvier, the flanking paranodal 

and juxtaparanodal sections and six equispaced points along the length of the internode for 

myelinated axons and at one point near the midpoint of the axon for unmyelinated axons. 

For computational tractability, these membrane currents profiles were generated using a 

set of 24 representative axons of each type (myelinated afferent, myelinated efferent, and 

unmyelinated), chosen based on nearest-neighbor clustering of axon and fiber (axon + 

myelin) diameters (supplemental Table S-5). Modifying this clustering has a comparable 

effect to changing the arrangement of axons within the nerve for ECAPs near threshold 

(supplemental Figure S-6).

Responses to extracellular simulation were generated by modulating the extracellular 

potential V e(x ) for each axon segment with a stimulation waveform (in this case, a 

symmetric biphasic rectangular pulse; ViNERS supports arbitrary waveforms, specified via 

MATLAB structures). The arrival times of action potentials at each node (for myelinated 

axons) or each segment (unmyelinated axons) were captured and saved for each axon, 

simulated independently and in parallel. Figure 3(B) shows an example of a set of spike-

time, spike-location tuples for varying levels of extracellular stimulation for a representative 

axon in an example simulated pelvic nerve. All NEURON simulations were conducted using 

the default implicit integration method with a time-step of 10 μs, following (Gaines et al., 

2018).

Output Metrics for Neural Interface Performance—ViNERS can estimate several 

important metrics for predicting neural interface performance. One important parameter 

for neuromodulation is the stimulus threshold, which can be derived by ViNERS for any 

electrode array design or spatiotemporal stimulus pattern for each axon in the nerve. To 

determine extracellular electrical stimulation thresholds, ViNERS provides the following 

automated procedure: for each axon we simulate an electrical stimulus. Depending on 

whether an action potential (Vm > −20 mV) is observed for any node in the axon within 

20 ms of the stimulus onset, the amplitude of the electrical stimulus is adjusted (doubled 

or halved) until a 1% increase in stimulation amplitude causes that axon to transition from 
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emitting zero to one (or more) action potentials. For myelinated axons, the maximum 

electrical stimulation used in the binary search was 2 mA; for unmyelinated axons, the 

maximum electrical stimulus was 10 mA. With these current ranges and the range of 

axon-electrode separations considered, purely ohmic effects on the membrane potential (i.e. 

those driven solely by the applied extracellular field without any recruitment of biophysical 

mechanisms) do not drive the membrane potential above −20 mV.

To characterize neural interface performance for recording neural activity, the equivalent 

metric to stimulus threshold is the amplitude of the single-unit field potential (SUFP, 

sometimes also referred to as the single-fiber action potential or SFAP (Struijk, 1997; Lubba 

et al., 2019)). To compute the SUFP, axon trajectories were formalized as x( ℓ ) where ℓ is 

a length parameter (e.g. Eiber et al., 2017). This formalism may describe a straight axon, 

an axon taking a tortuous path within a fascicle, an axon following the trajectory of a 

tortuous fascicle, as shown in Figure 3(E) (see supplemental Table S-7), or any combination 

of the above. For each axon, the SUFP computed from the sensitivity map Tc(x( ℓ )) and the 

computed transmembrane current profiles Im(ℓ, t) was given by the line integral

SUFP(t) = ∫ Tc x( ℓ ) Im( ℓ , t)d ℓ , (1)

subject to the simplifying assumption that Im( ℓ , t) = Im ℓ + ℓNN , t +
ℓNN

v  where ℓNN 

is the length between nodes of Ranvier and v is the conduction velocity in m/s. Figure 

3(C) illustrates this computation, and figure 3(F) shows the resulting SUFPs for an example 

myelinated and unmyelinated axon embedded in the center of a straight and a tortuous 

fascicle (Figure 3(E); Table S-7). While ViNERS can simulate fascicles with realistic 

trajectories as well as cross-sections, for the remainder of this paper we focus on idealized 

straight fascicles while we investigate the effect of fascicle cross-section (diameter and 

perineurium width).

The summation of many SUFPs occurring at different times gives rise to the simulated 

electroneurogram (ENG), and the summation of many SUFPs from axons where the spike 

arrival times are determined by an extracellular stimulus yields the simulated electrically-

evoked compound action potential (ECAP) (Ward et al., 2020b). To simulate ECAPs, 

ViNERS simulates the response of each axon in the nerve to progressively increasing 

stimulus current levels (from 17.5 μA to 3.95 mA). Specifically, for each stimulus level and 

segment ℓi of each simulated axon, action potentials were exported from NEURON each time 

the nodal membrane potential Vm depolarized past −20 mV. These stimulus-evoked action 

potentials were exported as 〈tk, ℓi〉 tuples, which were then used to modify equation (1) to 

predict the recorded signal Vc(t) for each recording channel in the electrode array

V c(t) = ∑
a ∈ axons

∑
tk, ℓi ∈ spikesa

Tc xa ℓl ⋅ Ima ℓi , t − tk , (2)
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In which xa( ℓ ) is the trajectory of the ath axon, spikesa is the set of spike-time, spike-

location tuples 〈tk, ℓi〉 for the ath axon, and Ima  is the membrane current template 

corresponding to cluster of which the ath axon is a member. This relation expresses the 

signal as the summation over the axon population of many propagating action potentials, 

and can capture dynamics such as the initiation of multiple action potentials, action potential 

collision, stimulus-dependent action potential timing, bursting responses, activity-dependent 

slowing, etc. As a summary metric, we have reported the peak-peak amplitude of the ECAP 

following (Fallon, 2020; Payne et al., 2020).

Modelling the influence of Nerve Geometry—To quantify the influence of fascicle 

diameter and the thickness of the perineurium on neural interface recording and stimulating 

performance, we simulated thresholds and SUFPs for axons in each fascicle from our 

dataset of 45 fascicle cross sections from three nerves (rat pelvic, rat cervical vagus, rat 

subdiaphragmatic vagus). Each fascicle was simulated independently; simulations were set 

up as follows:

Electrode Array—We simulated a standardized planar electrode array consisting of two 

bipolar electrode pairs (electrode dimensions 0.2 mm × 0.75 mm, inter-electrode center-

center spacing 0.75 mm, inter-pair spacing 3.25 mm), embedded in an insulating carrier (4.8 

mm × 2.9 mm, thickness 0.8 mm) with a 0.1 mm recess. Simulated extracellular stimulation 

thresholds were based on stimulation delivered through the first electrode pair (E12) and 

SUFPs were recorded using the second electrode pair (E34). The electrical stimulus for this 

experiment was a 400 μs / phase, 20 μs inter-phase gap charge-balanced biphasic symmetric 

stimulus.

Nerve Geometry—In ViNERS, two sets of simulations were performed for each fascicle. 

In the first, each fascicle was positioned over the planar electrode array such that the 

closest point of the fascicle was 20 μm from the surface of the simulated electrode array 

(fixed-edge). In the second, each fascicle was positioned with its centroid located 455 μm 

from the array (fixed-center), simulating a fascicle deeper into the tissue. Each fascicle 

was meshed independently; mesh sizes ranging from 0.61 to 3.49 million elements with 

typical minimum element quality (Baker’s τ; Baker, 1989; Liu and Joe, 1994) 0.11 and 

mean element quality 0.63. In a mesh convergence analysis, neither axon SUFP magnitude 

nor myelinated axon stimulation thresholds showed a significant trend with mesh element 

size (supplemental Figure S-1(B–C)); unmyelinated axon thresholds had a fascicle-size-

dependent trend towards higher thresholds in larger fascicles and lower thresholds in 

smaller fascicles as mesh element size approached 0 (this effect is in the same direction 

as that reported in the results). Each fascicle was simulated with a perineurium of uniform 

thickness based on that fascicle’s measured perineurium from the light micrographs. In a 

representative subset of fascicles (n=7), the effect of perineurium thickness (independent of 

fascicle size and location) was further investigated by simulating fascicles encapsulated by 

0%, 20%, 50%, 100%, and 150% of the measured perineurium thickness. To investigate 

whether a simplified nerve model might be sufficient for treatment planning, we also 

simulated circular and elliptical approximations for this fascicle sample.
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Axon Population—To isolate the effect of nerve anatomy from the effect of axon size, 

for the determination of SUFP magnitudes and extracellular stimulation thresholds we 

simulated a uniform grid of axons of constant size: 1.75 μm diameter, g-ratio 0.64 for 

myelinated axons (conduction velocity 3.52 m/s) and 0.53 μm diameter for unmyelinated 

axons (conduction velocity 0.35 m/s). These sizes correspond to the median diameter 

and g-ratio for myelinated and unmyelinated axons in our example pelvic nerve. For the 

computation of SUFP magnitude, between 130 and 650 axons of each type were used 

per fascicle (median: 382), based on a square grid of 31×31 axons per fascicle and 

excluding axons falling outside the fascicle boundary. The computation of extracellular 

stimulation thresholds is more computationally expensive, so to reduce computational time 

we simulated 12 myelinated and 12 unmyelinated axons per fascicle, uniformly spaced at 

varying distances from the electrode array along a line passing through the centroid of the 

fascicle and the location of the fascicle nearest the electrode array.

Axon Biophysics—For myelinated axon SUFPs and thresholds, we used the biophysics 

for the efferent (MRG) model as presented in (Gaines et al., 2018). For unmyelinated axon 

SUFPs and thresholds, we used the unmyelinated peripheral axon biophysics published in 

(Sundt et al., 2015) (i.e. no KCNQ or Ca2+ channels were included in the axon model). In 

both cases the ultrastructure for the model was updated to reflect the median myelinated or 

unmyelinated fiber for the pelvic nerve.

Electroneurogram recording—We computed the ENG for each fascicle from the 

simulated SUFPs by first computing the expected number of action potentials nAP in a 

40-ms window as the product of the fascicle area, the rate per axon (1 imp/s), the window 

length (40 ms), and the axon density. The axon density was 1 axon per 15 μm2 for 

myelinated axons and 1 axon per 2.8 μm2 for unmyelinated axons, as measured from the 

pelvic nerve sample (4 fascicles) shown in Figure 2(A). We then randomly sampled nAP 

SUFPs (randomly selected with replacement from within the fascicle) and randomly shifted 

each SUFP in time following a uniform distribution over the size of the window to simulate 

recording of quasi-stationary Poisson population activity with a mean population activity of 

1 imp/s/axon (chosen as a reference value). The magnitudes of the resulting ENG traces 

were quantified using the median RMS of 50 simulated 40-ms segments of ENG. SUFPs 

and nerve recordings were sampled at 30 kHz.

Modelling pelvic nerve stimulation ECAPs—For the simulation of pelvic nerve 

ENG and ECAP responses to electrical stimulation, ViNERS was configured to match 

the experimental set-up described in (Payne et al., 2020). The key differences between the 

model configuration for the ECAP simulations and the model configuration for investigating 

the influence of nerve geometry are the presence of multiple fascicles in the model, the 

use of a synthetic (simplified) fascicular geometry (see Figure 9(A)), the use of the full 

ultrastructural distribution of axon parameters, and the use of both afferent and efferent 

myelinated axon biophysics.

Electrode Array—To match the experimental configuration for ECAP responses we 

simulated a standardized planar electrode array consisting of two bipolar electrode pairs 
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(electrode dimensions 0.2 mm × 0.75 mm, inter-electrode spacing 0.75 mm, inter-pair 

spacing 2.85 mm), embedded in an insulating carrier (4.8 mm × 2.9 mm) with a 0.1 mm 

recess. Simulated extracellular stimulation thresholds were based on stimulation delivered 

through the first electrode pair (E12) and ECAPs were recorded on the second electrode pair 

(E34).

Nerve Geometry—For ECAP responses, a synthetic fascicle pattern was generated with 

5 circular fascicles whose diameters and sequence matched that reported for adult rat pelvic 

nerve (Bertrand et al., 2020). Fascicles were positioned with 25 μm between each fascicle 

and fascicles positioned with their closest points 150 μm from the surface of the planar 

electrode array, as shown in figure 10(A). No epineurium was included, as the pelvic nerve 

lacks a resistive epineurium.

Axon Population—We simulated pelvic nerve ECAP responses for a population of 

475 myelinated afferents, 395 myelinated efferents, 1200 unmyelinated afferents, and 

2800 unmyelinated efferents, matching published values for the afferent and efferent 

fiber composition of the pelvic nerve (Hulsebosch and Coggeshall, 1982). These axons 

were distributed across the five fascicles proportional to fascicle area. This population 

comprises classes of primary afferent (sensory) axons with somas in the dorsal root ganglia 

corresponding to spinal segment L6/S1 as well as pre-ganglionic parasympathetic efferent 

axons and a small number of post-ganglionic sympathetic efferent axons (Hulsebosch and 

Coggeshall, 1982; Keast, 2006; Middleton and Keast, 2004; Osborne, 2017). The myelinated 

efferents are projections of autonomic preganglionic neurons from the sacral spinal cord 

(segment L6/S1); unmyelinated efferents are a mix of projections of sacral preganglionic 

neurons and autonomic postganglionic neurons arising from the paravertebral (sympathetic 

chain) ganglia.

Axon Biophysics—For the ECAP validation model, we applied the standard approach 

for generating axon models in ViNERS as described above. To summarize, the biophysical 

parameters for afferent and efferent myelinated axons differed according to the differences 

published by Gaines et al. (2018); the Sundt et al. (2015) model was used for both afferent 

and efferent unmyelinated axons. Myelinated axon ultrastructure was modified from Gaines 

et al. (2018) to follow the distribution observed for pelvic nerve shown in Figure 2(E). 

Each modelled axon was 6 mm long and contained between 45–1079 elements (median 

523, depending on fiber diameter). For the myelinated axons, we simulated a range of fiber 

diameters between 0.68 – 6.15 μm (median: 1.75 μm), with corresponding g-ratios between 

0.27 – 0.83 (median: 0.64). For the unmyelinated axons, the range of axon diameters was 

0.27 – 0.98 μm (median: 0.53 μm). Each of the 870 myelinated and 4000 unmyelinated 

axons was simulated independently to generate stimulus-evoked spike-time, location tuples. 

These were then used to compute ECAPs using the sampled membrane currents profiles; 

supplemental Table S-5 enumerates the specific axon diameters and g-ratios used to derive 

the membrane current profiles to simulate pelvic nerve ECAPs.

Extracellular Stimulus—We simulated 36 charge-balanced biphasic electrical stimuli 

(100 μs / phase, 50 μs inter-phase gap) ranging from 17.5 μA to 3.95 mA in a 130-ms 
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response window centered on the stimulus onset. Simulated ECAPs were sampled at 30 

kHz, band-pass filtered (500 – 3 kHz, time-reversed 2nd-order IIR Butterworth filter) to 

match the signal processing applied to the ECAPs collected in-vivo (Payne et al., 2020). 

The 130-ms response window was chosen to ensure that model gating variables had reached 

their resting values, and to permit the first and last 15 ms of the simulation to be discarded 

(e.g. to eliminate filter boundary artifacts). On an x64-based PC based on an Intel Xeon 

Gold 6128 (12 cores) with 96 GiB RAM running Windows 10, MATLAB R2019b, and 

NEURON 7.7.2, computing the responses of 870 myelinated and 4000 unmyelinated axons 

to 36 stimulation levels took, on average, 30 hours wall clock time. For a detailed breakdown 

of runtime for other modules of ViNERS, see supplemental table S-8.

Statistics—Unless otherwise specified, all statistical comparisons were conducted using 

n-way analysis of covariance (ANCOVA) in MATLAB, preceded by model identification 

using sequential F tests using the MATLAB function `vartest2`. For the relationship 

between fascicle diameter and perineurium thickness, a one-way ANCOVA was conducted 

to determine if this relationship depended on the type of nerve under consideration (pelvic, 

subdiaphragmatic vagus, or cervical vagus). To identify the independent contributions of 

fascicle location, fascicle diameter and perineurium thickness on the performance of our 

planar electrode arrays, a multivariate ANCOVA was conducted treating fascicle diameter 

and perineurium thickness as continuous predictor variables and the fascicle-electrode 

separation (fixed-edge vs fixed-center) as a categorical covariate for each of SUFP peak-

peak magnitude and extracellular stimulation thresholds. All factors were independent 

(between-subjects). The fitted polynomial relationships underlying the ANCOVA were then 

applied to a separate dataset of pelvic nerve fascicle diameters (Bertrand et al., 2020) to 

predict the degree of variation in neural interface performance arising from intra-subject 

anatomical variation in the pelvic nerve. As this dataset does not contain measurements 

of perineurium width, we used our fitted fascicle diameter-perineurium relationship and 

residual variance to predict the distribution of perineurium widths corresponding to these 

fascicles. Reported variance explained follows the usual definition of 1 − variance(residual)/
variance(data).

Results

Perineurium thickness is proportional to fascicle diameter for small fascicles

Light and electron microscopy images of rat pelvic and vagus nerve sections were used to 

derive morphology and parameter estimates for FEM. In rat, the pelvic nerve is a compound 

nerve which most commonly includes five fascicles joined by loose connective tissue 

without a common epineurium. Perineurium width increased by 1.77% (95% CI: 1.47% 

– 2.07%) for every unit increase in fascicle diameter, with an offset of 0.65 μm (95% CI: 

−0.04 – 1.34 μm) (Figure 5). This relationship was independent of the class (nerve type) of 

fascicle being measured (F2,39 = 0.33, p = 0.72, ANCOVA), indicating that the relationships 

derived for larger visceral nerves extrapolate to the adult rat pelvic nerve. The proportional 

+ offset relation described the fascicle diameter-perineurium relationship significantly better 

than either a constant model (F44,44 = 6.30, p < 0.001) or a strictly proportional relationship 

(F44,44 = 1.68, p = 0.043). The absolute variation in perineurium width for small fascicles 
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was not significantly greater than for large fascicles (p = 0.058, Bartlett test) but the ratio 

of the perineurium width to the fascicle diameter was significantly heteroscedastic (p < 

0.001, Bartlett test), i.e. the fascicle diameter-perineurium relationship was more variable for 

small fascicles. For pelvic nerve fascicles, the residual variance was approximately normally 

distributed with a standard deviation of 0.41 μm.

Effects of fascicle size on electrical stimulation thresholds

We then simulated nerve stimulation thresholds to understand how fascicle diameter and 

perineurium thickness influence extracellular activation in visceral nerves. Figure 6(A) 

shows extracellular electrical stimulation thresholds for typical myelinated axons (1.75 μm 

fiber diameter) within a representative small (pelvic; 2500 μm2, 2.34 μm perineurium) and 

large (vagus; 42,720 μm2, 4.48 μm perineurium) visceral nerve fascicle. When fascicles 

were positioned with the closest point of the endoneurium 20 μm from the surface of the 

planar electrode array (Figure 6(B)), extracellular electrical stimulation thresholds were 

dramatically larger in the larger fascicle with the thicker perineurium. By contrast, when 

the resistive perineurium was excluded from the model, (Figure 6(C)), the difference 

in thresholds between the two fascicles was negligible for axons equidistant from the 

stimulating array (Figure 6(D)). Thresholds increased with electrode-axon separation in both 

the large and the small fascicles.

As fascicle diameter and perineurium thickness were strongly correlated (Figure 5(C)), 

we next separated the relative contributions of these parameters by computing thresholds 

for myelinated and unmyelinated axons in a small subset of pelvic and vagus fascicles 

(n=7) with perineurium widths ranging from 0× to 1.5× the perineurium width measured 

for that fascicle from the segmented light micrographs. To increase the generalizability of 

our conclusions, this was done at two fascicle-electrode separations: fixed-edge, for which 

the closest point of the fascicle was 20 μm from the surface of the simulated electrode 

array, and fixed-center, for which each fascicle was positioned with its centroid located 

455 μm from the array. Using our iterative model identification approach, we fit simplified 

(polynomial) statistical models to these data to predict extracellular stimulation thresholds 

as functions of fascicle diameter, perineurium thickness, and fascicle position. The results 

of this experiment for myelinated axon thresholds are shown in Figure 6(E). Adding 

interaction terms to the statistical relation for myelinated axons continued to significantly 

improve the fit up to a relation containing all first-order interactions (F69,69 > 3.0, p < 

0.001); a full model did not significantly improve the approximation (F69,69 = 1.08, p = 

0.382). For unmyelinated axons, a simpler relation with terms only for fascicle position 

and perineurium thickness was adequate to explain thresholds (F69,69 > 2.2, p < 0.001 

against simpler relations, F69,69 < 1.4, p > 0.098 against more complex relations). For 

consistency, both myelinated and unmyelinated axons thresholds were further analyzed 

using an interaction ANCOVA. The main effects of fascicle position and perineurium 

thickness for the myelinated axon thresholds shown in Figure 6(E) were significant under 

ANCOVA (F1,62 = 564.4, p < 0.001 and F1,62 = 9.32, p < 0.005, respectively), while the 

main effect of fascicle diameter was not (F1,62 = 0.0, p > 0.95). The interactions between 

perineurium thickness and the other predictor variables were also significant (F1,62 > 74.6, 

p < 0.001). For unmyelinated axon thresholds, the main effect of fascicle position was 
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significant (F1,62 = 68.1, p < 0.001), as was the interaction between perineurium width 

and fascicle diameter (F1,62 = 7.07, p < 0.01); the other main effects and interactions 

were not significant (F1,62 < 1.7, p > 0.20). Complete ANCOVA tables are supplied in the 

supplemental material (Table S-9).

The overall effect of fascicle size (including both fascicle diameter and perineurium 

thickness) on electrical stimulation thresholds for fascicles 27–302 μm in diameter is shown 

in Figure 6(F) for myelinated axons and Figure 6(G) for unmyelinated axons. Figure 6E 

provides a deeper look at the influence of perineurium thickness, while figure 6F provides 

a population overview of the overall range of thresholds given fascicle size for myelinated 

axons (at two fascicle-electrode separations). In our data sample, the total variation in 

extracellular stimulation thresholds in fascicles close to the electrode array was 139 μA 

(coefficient of variation 0.60) for myelinated axons and 806 μA (coefficient of variation 

0.70) for unmyelinated axons. Our fitted statistical relations predict 98.8% (97.8%) of this 

variation for myelinated (unmyelinated) axons, respectively; presumably, the remaining 1–

3% variation is due to variations in fascicle shape which were modelled but not statistically 

quantified. Importantly, 91.5% (89.9%) of the variation between fascicles of different nerves 

(pelvic, cervical vagus, subdiaphragmatic vagus) can be captured by modelling a fascicle 

with the median diameter and perineurium width for that nerve, and 98.1% (97.9%) of the 

variation between individual fascicles can be predicted by approximating the perineurium 

width as a function of fascicle diameter using the relation shown in figure 5.

For visceral nerves closely apposed to a planar array, the natural intra-subject variation in 

fascicle diameter and perineurium width in adult rat pelvic nerve (Bertrand et al., 2020) 

would lead to an approximately 41 μA variation in myelinated axon extracellular stimulation 

thresholds (standard deviation; coefficient of variation 0.178) in the largest fascicles of 

the pelvic nerve and 9.7 μA in the smallest fascicles of the pelvic nerve (coefficient of 

variation 0.078). For unmyelinated axon extracellular stimulation thresholds, the influence 

of fascicle geometry is greater: in the largest fascicles, the expected variation would be 

245 μA (coefficient of variation 0.21) and in the smallest fascicles, the expected variation 

would be 57 μA (coefficient of variation 0.11). To summarize, a thicker perineurium around 

a fascicle results in an increase in electrical stimulation thresholds for the axons within that 

fascicle; this relationship is demonstrated in Figure 6. Changes in fascicle diameter primarily 

affect thresholds via the correlation between fascicle diameter and perineurium thickness, as 

opposed to determining thresholds directly.

Effects of fascicle size on nerve recording parameters

Next, we studied how fascicle diameter and perineurium thickness influence the 

ability of neural interfaces to record signals from axons, to compare how recording 

and neuromodulation were differentially affected by fascicle diameter and perineurium 

thickness. We characterized recording performance using the magnitude of the recorded 

single-unit field potentials (SUFPs). Unlike for neuromodulation, which was dominated 

by the effect of the perineurium, we found that the median magnitude of the recorded 

SUFP within a given fascicle depended on both the fascicle diameter and the perineurium 

thickness; this is demonstrated in Figure 7 for the same example fascicle pair as Figure 6.

Eiber et al. Page 16

J Neural Eng. Author manuscript; available in PMC 2022 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7(A) shows SUFP magnitudes for bipolar recordings of typical myelinated pelvic 

nerve axons (1.75 μm fiber diameter), within the same representative small (pelvic) and large 

(vagus) visceral nerve fascicles as above. Myelinated and unmyelinated axon SUFPs had a 

lower magnitude within the large fascicle (Figure 7(B)) as compared to the small fascicle 

(Figure 7(A)); this remains true when the effects of axon-electrode separation are controlled 

by considering identical axon coordinates relative to the electrode array (Figure 7(D)). 

When the perineurium was excluded from the model (Figure 7(C)), the SUFP magnitude 

in the large fascicle increased significantly, but the SUFP magnitude in the small fascicle 

remained relatively unchanged (Figure 7(D)). In both fascicles, SUFP magnitude diminished 

monotonically as electrode-axon separation increased.

The multi-factor relationship between fascicle diameter, perineurium thickness, and SUFP 

magnitude is summarized in Figure 7(E) for myelinated axons. Using our iterative model 

identification approach, we found that a full polynomial ANCOVA relation (including all 

interaction terms) provided a significantly better statistical description of the influence of 

fascicle diameter and perineurium thickness than simpler models, for both myelinated and 

unmyelinated axons (F69,69 > 4.3, p < 0.001 for myelinated axons and F69,69 > 3.5, p < 

0.001 for unmyelinated axons). The overall effect of fascicle diameter and perineurium 

thickness across our sample population of 45 fascicles is shown in figure 7(F) for myelinated 

axon SUFPs and figure 7(G) for unmyelinated axon SUFPs. Using this statistical relation 

for myelinated axon SUFP magnitudes (fit to the data shown in figure 7(E)), all main 

and interaction effects were significant in the ANCOVA (F1,62 > 4.2, p < 0.044) except 

for the interaction between perineurium width and fascicle diameter (F1,62 = 1.12, p = 

0.29). The direct effect of fascicle diameter on myelinated axon SUFP magnitude (F1,62 = 

121, p < 0.001) was greater than that of perineurium width (F1,62 = 41.2, p < 0.001). For 

unmyelinated axon SUFP magnitudes, all terms were significant in the ANCOVA (F1,62 

> 11.5, p < 0.001). The direct effect of fascicle diameter on unmyelinated axon SUFP 

magnitude (F1,62 = 107, p < 0.001) was again greater than that of perineurium width 

(F1,62 > 51, p < 0.001). The full ANVOCA tables for the SUFP modelling are provided as 

supplemental Table S-10.

The overall effect of fascicle size (including both fascicle diameter and perineurium 

thickness) on SUFP magnitudes is shown in Figure 7(F) for myelinated axons and Figure 

7(G) for unmyelinated axons, at two fascicle-electrode separations. In our data sample, 

the total variation in SUFP magnitudes in fascicles close to the electrode array was 

0.117 μV (coefficient of variation 0.36) for myelinated axons and 0.017 μV (coefficient 

of variation 0.51) for unmyelinated axons. Our fitted statistical relations predict 95.6% 

(92.8%) of this variation for myelinated (unmyelinated) axons, respectively. 78.2% (69.3%) 

of the variation in SUFP amplitudes between fascicles of different nerves (pelvic, cervical 

vagus, subdiaphragmatic vagus) can be captured by modelling a fascicle with the median 

diameter and perineurium width for that nerve, and 94.5% (92.2%) of the variation between 

individual fascicles can be predicted by approximating the perineurium width as a function 

of fascicle diameter using the relation shown in figure 5.

For visceral nerves closely apposed to a planar array, the natural intra-subject variation in 

fascicle diameter and perineurium width in adult rat pelvic nerve (Bertrand et al., 2020) 
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would lead to an approximately 12 nV variation in myelinated axon SUFP magnitudes 

(standard deviation; coefficient of variation 0.10) in the largest fascicles of the pelvic nerve 

and 8.7 nV in the smallest fascicles of the pelvic nerve (coefficient of variation 0.05). 

For unmyelinated axon SUFP magnitudes, which are less than myelinated axon SUFPs, 

the relative influence of fascicle geometry is greater: in the largest fascicles, the expected 

variation would be 5.6 nV (coefficient of variation 0.19) and in the smallest fascicles, the 

expected variation would be 4.9 nV (coefficient of variation 0.10). To summarize, both 

perineurium thickness and fascicle diameter influenced SUFP magnitudes, which decreased 

for axons in larger fascicles with thicker perineurium.

Modelling simplified vs realistic fascicles

To determine the level of anatomical detail necessary to accurately model extracellular 

electrical stimulation and recording, for our representative subset of 7 fascicles we 

simulated extracellular stimulation and recording in realistic fascicles (traced from our light 

micrographs) as well as equivalent circular and elliptical fascicles. Figure 8(A) shows SUFP 

magnitudes for bipolar recordings of typical myelinated pelvic nerve axons (1.75 μm fiber 

diameter) in an example traced pelvic nerve fascicle (522 μm2, 1.59 μm perineurium), along 

with SUFP magnitudes computed in elliptical (middle) and circular (right) approximations 

to this fascicle. Models of circular fascicles predicted slightly higher thresholds (Figure 

8(B)) and slightly lower SUFP magnitudes (Figure 8(C)) compared to models of elliptical or 

traced fascicles, with mean effect sizes on the order of 1–2%. Despite this small effect size, 

under pairwise comparison (n=7, paired t-tests), the difference between circular and realistic 

fascicles was statistically significant for myelinated axon thresholds (p=0.02), unmyelinated 

axon thresholds (p=0.03), and unmyelinated axon SFUPs (p=0.03), but not for myelinated 

axon SUFPs (p=0.16).

Modelling recordings of population activity in single fascicles and multifasciculated 
nerves.

In practice, ENG and ECAP recordings made with planar and cuff electrode arrays are 

the aggregate signals from many axons, and the number of axons contained within a 

given fascicle increases with fascicle diameter. To investigate this, we simulated Poisson-

distributed population spiking activity of 1 imp/s with a population density of 1 axon per 

15 μm2 for myelinated axons and 1 axon per 2.8 μm2 for unmyelinated axons. Figure 

9(A) shows how the magnitude of the ENG depended on fascicle size for myelinated and 

unmyelinated axons. For small fascicles, the ENG increased due to the increasing number 

of axons for fascicles up to approximately 135 μm in diameter. For fascicles greater than 

135 μm in diameter, the decrease in SUFP sensitivity with fascicle size balanced the increase 

in axon count for myelinated axons, resulting in no further net increase in recorded signal. 

For unmyelinated axons this critical diameter was somewhat smaller (95 μm). Because of 

this relationship, recordings from compound nerves composed of several smaller fascicles 

yielded stronger signals than recordings from comparable numbers of axons arranged into a 

single fascicle.

Figure 9(B) shows a comparison between a simple nerve geometry (a 151 μm diameter 

fascicle, subdiaphragmatic vagus) and a synthetic compound nerve geometry which was 
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contrived to maintain the overall number of axons as well as the individual electrode-axon 

distance for each axon. At a population activity level of 1 imp/s/axon (Figure 8(C)), the 

simulated activity in the multifasciculated nerve produced a signal 1.21 times greater than 

the signal produced in the simple nerve (Figure 9(D)), with all other variables being equal 

(number and type of axons, per-axon electrode-axon separation, and temporal pattern of 

spiking activity).This ratio was approximately constant (range 1.19 – 1.26) for a range of 

levels of population activity from 0.1 imp/s/axon to 20 imp/s/axon (Figure 8(E)). Repeating 

this experiment with a smaller 33 μm diameter initial fascicle resulted in a stronger shift 

(ratio 1.45 at 1 imp/s/axon, range 1.41–1.47).

Modelling pelvic nerve ECAPs recorded by implanted electrode arrays

To validate the predictions made by ViNERS regarding electrical stimulation and 

recording, we simulated pelvic nerve ECAP responses to electrical stimulation. To produce 

physiologically realistic ECAPs, it was necessary to simulate a realistic distribution of axon 

diameters and g-ratios in addition to accounting for the influences of fascicle diameter and 

perineurium thickness; this is illustrated in figure 10. Figure 10(A) shows a cross-section 

of the simplified pelvic nerve geometry, consisting of 5 circular fascicles. In Figure 10(B), 

we simulated ECAPs in an idealized pelvic nerve with no variation between axons: every 

myelinated axon had a diameter of 1.75 μm and a g-ratio of 0.64, and every unmyelinated 

axon had a diameter of 0.53 μm (as used in Figures 6 and 7). ECAPs produced from this 

simplified population were not physiologically realistic; ECAP amplitudes were much larger 

than experimentally observed ECAP amplitudes for the pelvic nerve (Payne et al., 2020) and 

recruitment curves (Figure 10(C)) were more abrupt than is experimentally observed. When 

a realistic distribution of axon diameters and g-ratios was used to populate the model, the 

resulting ECAPs (figure 10(D)) were more realistic; a complex early response with peaks 

corresponding to axons of different conduction velocities was visible, as was a robust late 

response. Response thresholds decreased and the maximum observed amplitudes increased 

when the perineurium was excluded from the model (Figure 10(E)), as expected from the 

single-axon results.

When all of the relevant influences (fascicle diameter and perineurium thickness, 

distributions of axon diameters and g-ratios, and biophysical distinctions between afferent 

and efferent axon) were taken into account, ViNERS produced simulated ECAP recordings 

reproduced the major components of in-vivo recordings of pelvic nerve responses to 

electrical stimulation, as shown in Figure 11. Figure 11(A) shows a typical set of ECAPs 

recorded from rat pelvic nerve in response to pelvic nerve stimulation. The electrical 

stimulation artifact dominated the first 2 ms post-stimulation. As we have published 

previously (Payne et al., 2020), three responding populations can be distinguished by their 

response latencies and thresholds in pelvic nerve responses. Figure 11(B) shows an example 

set of ECAPs generated by ViNERS for an idealized rat pelvic nerve section, and Figure 

11(C) shows the response functions for the simulated and recorded data in the early, middle, 

and late components of the response. While ViNERS produced three distinct responses, the 

latency of the fastest responses predicted by ViNERS are likely obscured by the stimulation 

artifact in the in vivo recording. ViNERS predicted a single late component with latency 5.7 

ms that corresponded with the late component of the in-vivo recordings (5.62 ms); although 
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with a 2.2-fold higher threshold (2.74 mA vs 1.26 mA, respectively) and with a 2.9-fold 

larger amplitude (1.70 μV vs 0.59 μV, respectively).

Discussion

We conducted a combined neuroanatomical and computational study to measure rat pelvic 

nerve fascicle cross-sectional profiles and distributions of axon properties, and developed 

a computational pipeline, ViNERS, to simulate large-scale neural recording and electrical 

stimulation of peripheral visceral nerves. ViNERS is a multifunctional, up-to-date neural 

interface modelling pipeline which can simulate nerve recording as well as nerve stimulation 

for accurate neural interface geometries. To validate both the electrical stimulation and 

electrical recording capabilities of ViNERS, we compared simulated ECAPs with ECAPs 

recorded in-vivo from rat pelvic nerve using a planar electrode array.

The ViNERS Pipeline

ViNERS addresses the need for an open-source computational neural interface model which 

can simulate both neural stimulation and recording to predict and optimize closed-loop 

neural interface performance. ViNERS accurately captured the influences of the neural 

interface design, the anatomy of the nerve, the visceral nerve axon populations, and 

the biophysical properties of the individual axons, extending work which modelled only 

electrical stimulation (Grinberg et al., 2008; Grill, 2015; Gaines et al., 2018; Pelot et al., 

2019; Gupta et al., 2020; Romeni et al., 2020; Bucksot et al., 2021) or provided only a 

simplified model for neural recording (Struijk, 1997; Karimi and Seydnejad, 2015; Lubba 

et al., 2019). ViNERS is comparable to contemporary commercial offerings for neural 

interface modelling such as Sim4Life; compared to these, ViNERS is a more specialized and 

streamlined application offering 2.5D and limited 3D modelling; experimentally derived, 

morphologically diverse NEURON models; and extensive experimenter extensibility with 

minimal code. On the other hand, Sim4Life can generate and mesh more complex nerve 

and electrode models including branching structures and supports interoperability with 

many common computer-aided design packages, high performance computing for the EM 

simulations, provides efficient methods to avoid discretizing the thin perineurium layers, and 

can consider nerve-external anatomy, e.g. to model non-invasive neural interface stimulation 

and recording. Another key distinction is in the language used: ViNERS is MATLAB-based, 

while Sim4Life and PyPNS are python-based.

ViNERS currently supports parameterized circular and rectangular cuff and planar electrode 

arrays; extending ViNERS to incorporate other array designs (e.g. intra-fascicular or intra-

vascular electrodes) is straightforward. One limitation of the ViNERS pipeline compared 

to other nerve recording models (PyPNS; Lubba et al., 2019) is that simulations of neural 

recordings from tortuous (i.e. not following the path of the fascicle) or branching axons are 

not yet fully supported. We are not simulating stochastic activity of axons, which may be 

relevant for small-diameter fibers, nor are we simulating ephaptic coupling of axons. We 

have also used a quasi-static electrical fields solution, not a fully coupled electromagnetic 

field solution, which is valid for the stimulation pulse lengths used but not for extremely 

short (ns) pulses (e.g. Casciola et al., 2017).The electric fields computed very close to 
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the electrode for the complete electrode model (Cheng et al., 1989) may differ from the 

fields computed for a model which explicitly simulates the current density within the 

electrode contact. Another limitation arises from the membrane current template approach: 

changes in membrane currents, e.g. due to previous spiking activity, will not be reflected 

in the simulated ECAP or ENG waveforms. ViNERS is built from open-source components 

and achieves computational efficiencies that allow large-scale simulations of entire axon 

populations, enabling researchers to investigate new stimulating and recording strategies 

in-silico.

We compared the ECAPs generated using ViNERS with ECAPs recorded in a small 

multifasciculated visceral nerve, the rat pelvic nerve (Bertrand et al., 2020; Payne et al., 

2020). Using a simplified abstract fascicular geometry, ViNERS produced ECAPs which 

reproduced the major components of ECAPs recorded in-vivo, in terms of myelinated 

axon thresholds and overall response profiles. ViNERS did not reproduce the observed 

distribution of conduction velocities; this is a limitation of the axon models used (Gaines 

et al., 2018; McIntyre et al., 2002; Sundt et al., 2015), which are extrapolations of 

somatomotor and nociceptor axons, and points to a need for peripheral-visceral-neuron-

specific axon models, as discussed below. Another limitation of this comparison is that we 

do not have images of the stimulated nerve in-situ with the electrode array; this provides 

another large source of predicted variance.

Modelling Peripheral visceral nerve axons

One limitation of the present study is the axon models used. While we used well-validated 

models for mammalian afferent and efferent myelinated axons (Gaines et al., 2018; 

McIntyre et al., 2002) as well as a recent, up-to-date model for mammalian unmyelinated 

axons (Sundt et al., 2015), these axon models are based on human somatic afferents and 

efferents, whereas the pelvic nerve comprises visceral afferents and autonomic pre- and 

post-ganglionic efferent axons (de Groat et al., 1982; Hulsebosch and Coggeshall, 1982). 

Furthermore, pelvic nerve afferents include both peptidergic polymodal nociceptors (which 

would be well-described by the Sundt et al. (2015) model) and biophysically distinct non-

peptidergic C-fiber low-threshold mechanoreceptor classes (de Groat et al., 1982; Sengupta 

and Gebhart, 1994; Yoshimura et al., 1996; Shea et al., 2000; Yoshimura et al., 2003; 

Zagorodnyuk et al., 2007; Grundy et al., 2018), which we have not specifically modelled 

here. Pelvic nerve efferents include both preganglionic parasympathetic efferent axons and 

a small number of postganglionic sympathetic efferent axons (Hulsebosch and Coggeshall, 

1982; Keast, 2006; Middleton and Keast, 2004; Osborne, 2017); however, as no biophysical 

models distinguishing these axon classes are available, no distinction was made between 

these classes in the model.

Given these limitations, the simulated conduction velocities for our unmyelinated axon 

model predicted the slowest-latency response populations quite well. The failure to 

reproduce response latencies of the other observed pelvic nerve response populations isnot 

surprising, as neither computational models of unmyelinated peptidergic non-nociceptive 

afferents nor of unmyelinated preganglionic visceromotor efferents were included in these 

simulations. Single-unit recordings of unmyelinated bladder afferents report conduction 
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velocities for unmyelinated non-nociceptive bladder afferents range from 0.8 to 2.2 m/s 

(Sengupta and Gebhart, 1994; Shea et al., 2000), matching the ranges of the faster response 

components reported in (Payne et al., 2020) but absent from our modelled responses. 

The conduction velocities of the myelinated afferent and efferent models we have used 

match previously reported values for single-unit recordings of myelinated bladder afferents 

(Sengupta and Gebhart, 1994; Shea et al., 2000) if one assumes that the axon diameters 

are 20% larger in-vivo than the structures in nerves fixed and processed for electron 

microscopy(i.e. a shrinkage artifact, as discussed by Gaines et al. (2018)). These response 

components are likely obscured by the stimulation artifact in the in vivo recording. The 

single response population with a well-matched velocity we have simulated here is an 

improvement on previously published models: Lubba et al (2019) artificially increased the 

conduction velocity of their unmyelinated axons (based on Hodgkin and Huxley, 1952) to 

better match their rat vagus nerve recordings. While ViNERS has the capability to apply 

such a correction factor, no such correction has been applied here. There is an urgent 

need to develop biophysically detailed models for the major functional types of peripheral 

visceral afferent and efferent axons, as begun by (Mandge and Manchanda, 2018; Pelot et 

al., 2020a).

Nerve anatomy influences neural interface performance

The electro-anatomical geometry of visceral nerves played a large role in determining 

the performance of neural interfaces for both recording and neuromodulation. In our 

simulations, axons in small, multi-fasciculated visceral nerves had lower thresholds and 

yielded stronger neural recordings compared to equivalent numbers of axons in single 

larger fascicles for a simulated planar electrode array. This increase in sensitivity arising 

from smaller fascicles may assist in overcoming some of the challenges of stimulating and 

recording from small-caliber visceral axons. Our simulations revealed that single-unit field 

potentials diminish for visceral axons in large fascicles to such an extent that, despite the 

fact that large fascicles contain more axons, ensemble recordings of neural activity (ENG 

and ECAP signals) fail to significantly increase in amplitude per fascicle for fascicles 

greater than about 100 μm in diameter. As a consequence of these diminishing returns, 

we predict that highly multifasciculated nerves will yield stronger overall recordings. This 

result parallels the situation for nerve stimulation, albeit with some differences regarding 

the relative influences of different features of fascicular geometry. In agreement with 

(Grinberg et al., 2008; Koole et al., 1997; Pelot et al., 2019), we found that while larger 

fascicles had lower extracellular stimulation thresholds when the influence of the resistive 

perineurium was considered, fascicle diameter did not by itself have a strong effect on 

extracellular stimulation thresholds in the absence of the effect of the resistive perineurium. 

Our interpretation is that the apparent influence of fascicle diameter is primarily mediated 

by the correlation between fascicle diameter and perineurium thickness. This relationship 

appeared for both myelinated and unmyelinated axons; given the constraints on the mesh 

element size in the work presented here, we have likely underestimated the true magnitude 

of the effect of nerve geometry on unmyelinated axons in particular. In contrast, for 

nerve recording, median axon SUFP magnitude depended on both fascicle diameter and 

perineurium thickness, and was not dominated by either factor. We speculate that this 

difference may arise from the different arrangement of current sources and sinks in 
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stimulation vs. recording; further experimentation is required to understand how ensemble 

recordings relate to population activity in large-scale peripheral nerve recordings. We have 

not investigated how the relative arrangement of fascicles with respect to the stimulating 

electrode may influence electrical stimulation or recording, as was done by Grinberg et al. 
(2008), nor have we investigated how the results we obtained apply to compound fascicles, 

in which multiple endoneurial compartments are separated by perineurium and enclosed in a 

common bundle.

Summarizing the output of ViNERS for visceral nerve stimulation with a planar electrode 

array using simplified statistical relationships, the effects of fascicle diameter and 

perineurium thickness on myelinated axon thresholds and SUFP magnitudes were more 

predictable than the effects on unmyelinated axons. The relationship between fascicle size 

and SUFP magnitudes was closer to linear (a greater fraction of the variance was explained) 

than for thresholds for both myelinated and unmyelinated axons. We acknowledge that 

the simplified polynomial relationships do not give exact predictions of thresholds or 

SUFP magnitudes given summary description of the fascicles, highlighting the necessity 

of computational pipelines such as ViNERS for making these kinds of predictions. We 

explored several variations of our statistical approach, including manipulations such as 

log-transforming our outcome variables; however, this did not improve the distribution of 

residuals. The conclusions we report are robust against variations in the applied statistical 

approach. Of note, we did not investigate the effects of axon diameter on thresholds or 

SUFP magnitudes, as described by Wijesinghe et al. (1991). We also did not systemically 

investigate the influence of higher-order shape parameters, such as fascicle eccentricity 

or concavity, on intra-fascicle thresholds or SUFP magnitudes. Based on the remining 

unexplained variance between the simulation results and the simplified statistical relations 

based on fascicle diameter, fascicle location, and perineurium thickness, the maximum effect 

size for higher-order shape parameters would be less than 10% of the effect sizes of fascicle 

diameter and perineurium thickness. This range is in line with the differences we observed 

between our simulated fascicles and circular approximations thereof.

The degree to which the precise anatomical details of fascicle orientation and arrangement 

need to be represented in a model depends on the desired precision of the model outputs. For 

predictions of “typical responses”, the approach we have used here (circular fascicles with 

diameters from a population average) is likely adequate, as the variance between individual 

subject thresholds in our recorded data is approximately 50–60% of baseline (Payne et 

al., 2020), greater than the 8–20% variance we derive from fascicle size and perineurium 

thickness. For patient-specific treatment planning, the use of dedicated MRI protocols and 

new neuroimaging modalities such as electrical impedance imaging to estimate fascicle 

location and size (Ohana et al., 2014; Chen et al., 2019; Ravagli et al., 2021) will be required 

for patient-specific models. For detailed analysis of data from pre-clinical animal models, 

it is important to collect detailed cross-sectional images of fascicle size and position to 

cross-reference to the in-vivo recordings for computational modelling to make meaningful 

predictions across spatial scales.

We found that the fascicle diameter–perineurium thickness relationship was significantly 

more variable for small fascicles than for larger fascicles, limiting the utility of the standard 
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approximation that the perineurium thickness is 3% of the fascicle diameter (Grinberg 

et al., 2008; Pelot et al., 2019; Williams et al., 2000). For nerves composed of small 

fascicles, accurate perineurium thickness measurements (e.g. Pelot et al., 2020b) are critical 

for accurately predicting visceral neural interface performance. The work presented here 

is based on measurements of rat visceral nerves; further work is necessary to determine 

appropriate fascicle diameter-perineurium thickness relationship for human visceral nerves, 

as begun by Pelot et al. (Pelot et al., 2020b). Neural-implant related changes to nerves and 

surrounding tissue have been observed in the context of chronic nerve cuff implantation 

(Sahyouni et al., 2017; Payne et al., 2018). Growth of a fibrous tissue encapsulation layer 

around the implant likely dominates changes in threshold observed in the first 8 weeks post-

implant (Grill and Mortimer, 1998; Christie et al., 2017; Payne et al., 2018). As EIDORS 

can compute electrical field distributions for arbitrary conductivity distributions, future work 

with ViNERS will use measurements of chronic tissue impedances to better understand how 

fibrous tissue encapsulation develops around planar electrode arrays changes over time and 

how these changes predict post-implant changes in thresholds and neural implant recording 

performance.

Conclusion

ViNERS is a powerful platform for building a stronger understanding of peripheral visceral 

neuroscience. ViNERS enables fundamental studies conducted at the single-axon level to 

be linked to clinical and pre-clinical research conducted at the whole-nerve level with 

aggregate stimulus and response measures such as ECAPs, improving the efficacy and 

translation of therapies for autonomic dysfunctions (e.g. Byku and Mann, 2016). ViNERS 

has the flexibility to capture a wide variety of stimulus- and activity-dependent effects 

such as paired-pulse inhibition, activity-dependent slowing, response phase advancement 

and rebound excitation, dependent only on the fidelity of the biophysical models. ViNERS 

supports both high-throughput simulation for the investigation of broad ranges of parameters 

and parameter combinations as well as high-fidelity simulation of entire axon populations in 

peripheral nerves.
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Figure 1. Schematic overview of ViNERS.
This diagram shows the necessary inputs (electrode array design specifications, target 

nerve anatomy, characteristics of the axon populations comprising the target nerve, 

and biophysical axon models), intermediate steps (extracellular potentials and sensitivity 

functions, computed using EIDORS, as well as stimulus-evoked spike-times and axonal 

membrane current profiles, computed using NEURON), and outputs (single-unit field 

potentials (SUFPs), simulated evoked compound action potential (ECAP) waveforms, and 

extracellular stimulus threshold recruitment curves) of ViNERS.
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Figure 2. Processing of anatomical inputs to ViNERS
A: Light micrograph of an example pelvic nerve section stained with toluidine blue.

B: Electron micrograph of fascicle #3 of (A), showing myelinated and unmyelinated axon 

profiles.

C: Tracing of inner and outer perineurium surfaces, used to define fascicles (F1-F4). Dark 

blue outline shows the traced perineurium and the light blue fill shows the endoneurium. A 

finite element mesh is superimposed in light grey.

D: Traced axon profiles from the fascicle (F3) shown in (B). Myelinated axons are shown in 

green and unmyelinated axons are shown in purple.

E: Quantification of the distribution of axon diameters and g-ratios from the sample shown 

in (A). Scatterplot shows the joint distribution of axon diameter and fiber (axon + myelin) 

diameter; diagonal lines are lines of constant g-ratio (ratio of axon to fiber diameter).

F: Histogram of the distribution of fiber sizes for myelinated and unmyelinated axons. Lines 

indicate medians of the distributions (1.75 μm and 0.53 μm for myelinated and unmyelinated 

axons)

G: Histogram of the distribution of g-ratios for myelinated axons (median 0.64).
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Figure 3. Demonstration of the intermediate steps of ViNERS.
A: Visual overview of a 3D nerve with the electrode array and surrounding medium, 

showing the computed sensitivity field for an example fascicle pattern for a bipolar 

recording montage (E3-E4).

B: Example computed raster of spike-time, spatial location tuples for a range of electrical 

stimuli in an example myelinated efferent (1.73 μm). The axon was positioned 130 μm above 

the array in the center of a fascicle. Each dot shows the arrival time of a stimulated action 

potential at a node of Ranvier driven by a single extracellular stimulus. A 0.18 mA but not a 

0.15 mA stimulus evoked an action potential in this axon.

C: Computed sensitivity profiles for a bipolar recording, superimposed with a spatial 

membrane current profile showing the current at each node of Ranvier at the moment of 

maximum single unit field potential (SUFP) amplitude.

D: Temporal membrane current profiles for an example node of Ranvier (dark red) and the 

sum of the current across one set of internodal segments (MYSA, FLUT, and STIN; grey). 

This summation is for illustrative purposes only; for computation of SUFPs, each internodal 

segment contributes a separate current. Negative values represent inward currents.

E: Example electrode array and model with idealized straight (blue) and tortuous (pink) 

fascicles. The tortuous fascicle follows a helical curve defined in supplemental Table S-7

F: SUFP for a typical myelinated (1.75 μm; top) and unmyelinated (0.53 μm; bottom) axon 

in a straight (blue) and a tortuous (pink) fascicle.
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Figure 4. Axon ultrastructural parameters used in ViNERS.
A: Schematic of an idealized myelinated axon profile showing the node of Ranvier (NODE), 

paranode or myelin attachment region (MYSA), juxtaparanode or fluted region (FLUT), and 

stereotypical internode (STIN).

B: Comparison of the fiber-diameter-dependent ultrastructural relationships from (McIntyre 

et al., 2002) (filled markers, black lines), the reparametrized relationships given in Table 

S-1 (red lines) for g = g0, the McIntyre (2004) extrapolations (open markers), and 

the distribution of visceral fiber diameters observed in pelvic nerve (grey histograms, 

reproduced from Figure 2(E)).
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Figure 5. Comparison of pelvic and vagus fascicle morphometric parameters
Scatterplot of fascicle diameter vs perineurium thickness measured in 45 visceral nerve 

fascicles from 15 animals. Line and shaded area show the proportional + offset fascicle 

diameter-perineurium relationship and 95% confidence interval. Shaded boxes show group 

means ± standard error. cVN, cervical vagus nerve; sdVN, subdiaphragmatic vagus nerve; 

PN, pelvic nerve.
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Figure 6. Perineurium thickness affects extracellular stimulation thresholds.
A: Electrical stimulation thresholds estimated by ViNERS for 1.75 μm myelinated axons 

in an example small and large visceral nerve fascicle, plotted as a heatmap. Lighter colors 

correspond to lower electrical stimulation thresholds.

B: Electrode array used in these simulations, showing the small (pink) and the large (blue) 

fascicle to scale with the stimulating electrodes.

C: Removing the resistive perineurium (thickness: 2.34 μm for the small fascicle, 4.48 μm 

for the large fascicle) reduced stimulation thresholds in both small and large fascicles. This 

decrease is dramatically larger for axons in the larger fascicle with the thicker perineurium.

D: Scatterplot comparison of thresholds in panel A (green markers) and B (grey markers) at 

axon locations defined by the small fascicle. Diagonal is line of unity.
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E: Median extracellular stimulation thresholds for typical autonomic myelinated axons 

across a range of fascicle diameters and perineurium thicknesses. The effect of fascicle 

diameter on thresholds is mediated by perineurium thickness: when perineurium thickness is 

zero, fascicle diameter has no effect on thresholds (p>0.51, ANCOVA).

F: Comparison of the median extracellular stimulation thresholds for typical myelinated 

autonomic axons across a range of fascicle sizes (n=45 fascicles from 15 animals). Each 

fascicle is simulated with the perineurium thickness measured from the corresponding 

micrograph at two different fascicle-electrode separations. Line shows the fitted extracellular 

stimulation threshold prediction based on fascicle diameter and diameter-dependent 

perineurium thickness (Fig 3G). The example fascicles in A and B are indicated with 

arrowheads.

G: Comparison of the extracellular stimulation thresholds for typical unmyelinated 

autonomic axons (0.53 μm diameter) for the same population of fascicles as (E).
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Figure 7. Fascicle size affects single-unit field potential (SUFP) magnitudes.
A: SUFP magnitudes (peak-peak voltages) estimated by ViNERS for 1.75 μm myelinated 

axons for the same visceral nerve fascicles as figure 6, plotted as a heatmap. Lighter colors 

correspond to larger SUFPs.

B: SUFP waveforms, measured at the point marked with a circle in (A), for myelinated 

axons (1.75 μm) and unmyelinated axons (0.53 μm). The additional deflections in the 

modelled unmyelinated axon SUFPs arise from opposite-polarity summation of a polyphasic 

monopolar SUFP as it passes over each electrode in the bipolar recording montage.

C: Removing the resistive perineurium increased SUFP magnitudes for axons in both 

fascicles. This increase is dramatically greater for axons in the larger fascicle with the 

thicker perineurium
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D: Scatterplot comparison of SUFP magnitudes in panel A (green markers) and B (grey 

markers) at axon locations defined by the small fascicle. Diagonal is line of unity. Horizontal 

trailing points in correspond to axons very close to the fascicle boundary.

E: Median SUFP magnitudes for typical autonomic myelinated axons across a range of 

fascicle diameters and perineurium thicknesses. The effect of fascicle diameter on SUFP 

magnitude is enhanced by the presence of a perineurium but does not depend on the 

presence of a perineurium.

F: Median SUFP magnitudes for typical autonomic myelinated axons across a range 

of fascicle sizes (n=45 fascicles from 15 animals). Each fascicle is simulated with the 

perineurium thickness measured from the corresponding micrograph, at two different 

fascicle-electrode separations. Lines show the fitted SUFP magnitude prediction based on 

fascicle diameter and diameter-dependent perineurium thickness (fig 3G). The example 

fascicles in A and B are indicated with arrowheads.

G: Comparison of the SUFP magnitudes for typical autonomic unmyelinated axons, for the 

same population of fascicles as (E).
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Figure 8. Realistic and simplified fascicles
A: Heatmap comparison of SUFP magnitudes (peak-peak voltages) estimated for 1.75 

μm myelinated axons for an example traced visceral nerve fascicle (left), an elliptical 

approximation to that fascicle (middle), and a circular approximation to that fascicle (right). 

Thin grey lines show tetrahedral elements in a section of the finite-element mesh. Lighter 

colors correspond to larger SUFPs. This fascicle had a 1.59 μm perineurium.

B: Comparison of differences in median extracellular stimulation thresholds for typical 

autonomic myelinated axons (1.75 μm) and unmyelinated axons (0.53 μm), expressed as 

fold change from the median extracellular stimulation thresholds in the realistic fascicle. 

Markers show mean ±1 SEM.

C: Comparison of differences in median SUFP magnitudes for typical autonomic 

myelinated and unmyelinated axons, expressed as fold change from median SUFP 

magnitudes in the realistic fascicle.
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Figure 9. Multifasciculated nerves generate stronger signals than single-fascicle nerves.
A: Overall electroneurogram (ENG) amplitude saturates with fascicle size. ENG magnitudes 

for typical myelinated visceral axons (1.75 μm) across a range of fascicle sizes (n=45 

fascicles from 15 animals), assuming a population spike-rate of 1 imp/s and a population 

density of 1 axon per 15 μm2 for myelinated axons and 1 axon per 2.8 μm2 for unmyelinated 

axons. The RMS of the ENG increases for small fascicles but saturates for large fascicles.

B: Paired comparison of a single-fascicle and a synthetic multifasciculated nerve. Both 

fascicle patterns have a cross-sectional area of 17700 μm2 and are composed of 870 

myelinated and 4000 unmyelinated axons. Both patterns have the same number of axons 

located the same distance from the electrode with identical distributions of diameter and 

g-ratio; the only difference between these arrangements of axons is the lateral location of 
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each axon and the division of axons into fascicles (indicated by the coloration of the axons 

across the two panels).

C: Example population firing activity (1 imp/s/axon), shown as a raster plot. Each row 

corresponds to one axon in the population.

D: Example ENG computed from the population activity shown in (C) for the nerve 

geometries shown in (B).

E: Comparison of simulated ENG magnitude for a range of levels of population activity 

from 0.1 to 20 imp/s/axon. The simulated ENG for the multifasciculated nerve is 1.2 times 

greater than the simulated ENG for the single-fascicle nerve across the full range of levels of 

population activity.
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Figure 10. Axon populations and perineurium thickness determine the shape of the ECAP.
A: Synthetic pelvic nerve cross-section consisting of 5 fascicles (diameters from Bertrand 

et al. (2020)), approximated as circles. Fascicles were positioned with 25 μm between each 

fascicle and fascicles positioned with their closest points 150 μm from the surface of the 

planar electrode array.

B: A simulated ECAP (3.95 mA) from a simulation in which all axons took the median 

diameter for a myelinated (1.75 μm) or unmyelinated (0.53 μm) axon with no inter-axon 

variation. For this fascicle geometry, the median unmyelinated fiber was not recruited by the 

maximal stimulus (3.95 mA).

C: Comparison of the ECAP stimulus-response functions for a homogenous population 

(dark lines) and diverse populations (light lines) of myelinated (fast) and unmyelinated 

(slow) axons.

D: Predicted ECAPs (3.95 mA) from simulations in which the axon population was 

morphologically diverse, for simulations excluding (top) and including (bottom) a 

perineurium. All ECAPs were filtered from 500 – 3 kHz (2nd-order bandpass filter). Shaded 

areas show the regions of interest for the fast (0.7–1.1 ms), intermediate (1.2–2 ms), and 

slow (4.3–7.3 ms) responses analyzed to produce stimulus-response functions (D).

E: Response function for the fast, intermediate, and slow components of the ECAP, 

comparing responses for axon populations in fascicles with (dark line) and without (light 

line) a simulated perineurium.
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Figure 11. Comparison of simulated ECAPs and ECAPs recorded in-vivo.
A: Example set of two repeats of in-vivo recorded ECAPs recorded from a single animal. 

Three neural responses are visible at latencies of 2.75, 3.25, and 5.33 ms (shaded regions). 

Electrical artifact dominates below 2 ms.

B: Example set of simulated ECAPs. Shaded areas show the regions of interest for the fast 

(0.7–1.1 ms), intermediate (1.2–2 ms), and slow (4.3–7.3 ms) responses analyzed to produce 

stimulus-response functions (C).

C. Stimulus-response functions for simulated and in-vivo recorded ECAPs. Thick lines show 

the simulated ECAPs (B). small lines with markers show ECAP response functions recorded 

in-vivo; markers identify individual animals (n=5).

Eiber et al. Page 43

J Neural Eng. Author manuscript; available in PMC 2022 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Eiber et al. Page 44

TABLE I

CONDUCTIVITY OF DIFFERENT REGIONS IN THE MODEL

Tissue or Material Conductivity, S/m Reference

Fascicle (longitudinal) 0.570 (Nicholson, 1965)

Fascicle (transverse) 0.088 (Nicholson, 1965)

Perineurium 8.7e-4 (Grinberg et al., 2008)

Epineurium 0.083 (Raspopovic et al., 2017)

Interstitial Fluid 0.66 (Abdalla et al., 2010)

Silicone 1e-12 (Mark, 2009)

The platinum electrode contacts are not explicitly included in the model; instead these are represented as a boundary contact impedance of 1 ohm 
implemented in EIDORS as the complete electrode model (Cheng et al., 1989).
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TABLE II

ELECTRICAL PARAMETERS FOR AXON MODELS

Property (unit) Myelinated axons Unmyelinated Axons

axoplasmic resistivity ρa 7×105 Ω·μm 1×106 Ω·μm

axon membrane capacitance 2 μF/cm2 1 μF/cm2

myelin conductance 0.001 S/cm2/lamella

myelin capacitance membrane 0.1 μF/cm2/ lamella

Parameters based on the published model properties (Gaines et al., 2018), (McIntyre et al., 2002), (Sundt et al., 2015)

J Neural Eng. Author manuscript; available in PMC 2022 March 08.


	Abstract
	Introduction
	Methods
	Animal Studies
	Tissue Processing and Microscopy
	Microscopy and Image Analysis
	Pelvic Nerve ECAP Recordings

	ViNERS Overview
	Three-dimensional Finite Element Modelling of Electrical Fields in EIDORS
	Modelling Biophysically Realistic Axon Populations in NEURON
	Output Metrics for Neural Interface Performance
	Modelling the influence of Nerve Geometry
	Electrode Array
	Nerve Geometry
	Axon Population
	Axon Biophysics
	Electroneurogram recording
	Modelling pelvic nerve stimulation ECAPs
	Electrode Array
	Nerve Geometry
	Axon Population
	Axon Biophysics
	Extracellular Stimulus
	Statistics


	Results
	Perineurium thickness is proportional to fascicle diameter for small fascicles
	Effects of fascicle size on electrical stimulation thresholds
	Effects of fascicle size on nerve recording parameters
	Modelling simplified vs realistic fascicles
	Modelling recordings of population activity in single fascicles and multifasciculated nerves.
	Modelling pelvic nerve ECAPs recorded by implanted electrode arrays

	Discussion
	The ViNERS Pipeline
	Modelling Peripheral visceral nerve axons
	Nerve anatomy influences neural interface performance

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	TABLE I
	TABLE II

