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Abstract

Objective—We demonstrated how ASCENT (Automated Simulations to Characterize Electrical
Nerve Thresholds), a recently published open-source software for modeling stimulation of
peripheral nerves, can be applied to simulate accurately nerve responses to electrical stimulation.

Approach—We simulated vagus nerve stimulation (VNS) for humans, pigs, and rats. We
informed our models using histology from sample-specific or representative nerves, device design
features (i.e., cuff, waveform), published material and tissue conductivities, and realistic fiber
models.

Main Results—Despite large differences in nerve size, cuff geometry, and stimulation
waveform, the models predicted accurate activation thresholds across species and myelinated
fiber types. However, our C fiber model thresholds overestimated thresholds across pulse widths,
suggesting that improved models of unmyelinated nerve fibers are needed.

Our models of human VNS yielded accurate thresholds to activate laryngeal motor fibers and
captured the inter-individual variability for both acute and chronic implants. For B fibers, our
small-diameter fiber model underestimated threshold and saturation for pulse widths >0.25 ms.

Our models of pig VNS consistently captured the range of in vivo thresholds across all measured
nerve and physiological responses (i.e., heart rate, AS/B fibers, Ay fibers, EMG, and Aa fibers).

In rats, our smallest diameter myelinated fibers accurately predicted fast fiber thresholds across
short and intermediate pulse widths; slow unmyelinated fiber thresholds overestimated thresholds
across shorter pulse widths, but there was overlap for pulse widths >0.3 ms.

Significance—We elevated standards for models of peripheral nerve stimulation in populations
of models across species, which enabled us to model accurately nerve responses, demonstrate
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that individual-specific differences in nerve morphology produce variability in neural and
physiological responses, and predict mechanisms of VNS therapeutic and side effects.

Keywords
vagus nerve stimulation; neural computational modeling; peripheral nerve stimulation

Introduction

Despite promising preclinical studies of vagus nerve stimulation (VNS) to treat a range

of diseases, therapies often fail to translate to successful clinical outcomes. To accelerate
translation of novel applications of VNS to the clinic, quantitatively validated models

are needed for populations of individuals across species. Prior modeling studies greatly
enhanced our understanding of how nerves respond to electrical stimulation, but, with

few exceptions, validation efforts were limited to matching only trends or phenomena

to experimental data. Validated models of VNS enable model-based design of electrode
geometries and stimulation waveforms to maximize therapeutic benefits, minimize side
effects, and tailor individual-specific stimulation parameters, thereby overcoming challenges
associated with translation.

Our models advance the state of the art for computational modeling of peripheral nerve
stimulation by representing populations of individual-specific nerves, implementing accurate
cuff geometries, using best practices for modeling electrical stimulation with current sources
in COMSOL (Pelot et al., 2018), using accurate material conductivities (Pelot et al., 2017,
2019), using a rigorous process for selecting fiber diameters, conducting model convergence
analyses on thresholds (Howell & Grill, 2014), and making quantitative comparisons to in
vivo data.

We modeled populations of human and pig vagus nerves based on histology, and for a cohort
of the pigs, we modeled the histology for the nerves of the animals from which the in

vivo data were collected. Many previous studies modeled peripheral nerve stimulation using
generalized nerve morphologies (Aristovich et al., 2021; Arle et al., 2016; Bucksot et al.,
2021; Deurloo et al., 1998, 2000; Eiber et al., 2021; Fang & Mortimer, 1991; Frieswijk et
al., 1998; Lazorchak et al., 2022; Pelot et al., 2019, 2017; Sweeney et al., 1990), and fewer
included individual-specific representations of nerve morphology (Blanz et al., 2023; Dali et
al., 2018; Helmers et al., 2012; Musselman et al., 2021; Raspopovic et al., 2012). However,
we are the first to study VNS responses across populations of individuals, which allows us to
capture the variance in thresholds arising from differences in nerve morphology.

We modeled accurate and detailed cuff electrode geometries to match the designs used
experimentally for each of our sources of clinical and preclinical VNS validation data. Prior
VNS modeling studies also took considerable effort to represent accurately the cuff used in
preclinical (Blanz et al., 2023; Lazorchak et al., 2022; Musselman et al., 2021) and clinical
studies (Helmers et al., 2012). Further, some studies used model-based design to select novel
VNS cuff geometries to test in vivo (Aristovich et al., 2021; Dali et al., 2018).
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Previous VNS modeling studies did not report quantitative matches between model
thresholds and signals recorded in vivo. Herein, we validated modeled activation thresholds
for human (n = 9), pig (n = 20), and rat (n = 1) VNS. Models were implemented in the
ASCENT (Automated Simulations to Characterize Electrical Nerve Thresholds) platform,
an open-source tool that enables standardized and shareable models of peripheral nerve
stimulation (Musselman et al., 2021). Our results demonstrate the functionality of ASCENT
to implement detailed models of nerve stimulation and make accurate predictions of
thresholds for a wide range of nerve geometries (~0.2—-4 mm diameter, 1-76 fascicles),
cuffs used clinically and in preclinical studies (LivaNova helical and Micro-Leads Neuro
cuffs), myelinated and unmyelinated fibers, waveform pulse widths, and nerve interfaces for
both acute and chronic implants.

Overview of Models of VNS

We used ASCENT v1.1.1 (Musselman et al., 2021) to implement anatomically-realistic
computational models of VNS. Using segmented histology from (Pelot et al., 2020c), we
defined the nerve cross section for 9 human (Pelot et al., 2020a) and 12 pig (Pelot et

al., 2020b) mid-cervical vagus nerves. We modeled an additional 8 pigs from (Nicolai et
al., 2020; Settell et al., 2023) for which corresponding in vivo thresholds were published
(Nicolai et al., 2021). Lastly, we modeled a generalized rat vagus nerve based on published
morphology (Pelot et al., 2020c) using the nerve morphology generator in ASCENT. We
compared model responses to data from experiments in humans (Ardesch et al., 2010;
Banzett et al., 1999; Bouckaert et al., 2022; Pascual, 2015; Premchand et al., 2014; Vespa
etal., 2019; Zannad et al., 2015), pigs (Nicolai et al., 2020, 2021), and rats (Pelot & Grill,
2020). The complete dataset, model parameters (including cuff geometries and segmented
histology images), and ASCENT inputs are provided in the associated published dataset
(Musselman et al., 2023). All data analyses and plotting used Python 3.7 (Van Rossum &
Drake, 2009).

We dilated human and pig nerve geometries to correct for 20% tissue shrinkage during
histological processing (Boyd & Kalu, 1979; Friede & Samorajski, 1967; Hursh, 1939;
Stickland, 1975). Using the physics-based deformation process in ASCENT, we reshaped
the human and pig nerve segmentations to match the circular shape of the cuff, maintaining
nerve cross-sectional area and fascicle shapes; the algorithm maintained at least 10 um
separation between adjacent fascicles and from each fascicle to the nerve boundary. For all
models, we extruded the nerve cross section along the length of the nerve to create a 3D
model.

Using COMSOL v5.6 (COMSOL Inc., Burlington, MA, USA), we implemented finite
element models (FEMSs) to solve for the electric potentials in each vagus nerve in response
to current delivered through a cuff electrode. We instrumented each nerve with the cuff
geometries that were used experimentally, including modeling a silicone electrode substrate
and each electrode contact as a thin platinum domain containing a point current source
(Callister & Rethwisch, 2012; de Podesta et al., 1996; Pelot et al., 2018) (Table 1, Figure
1(a),(e),(9), Figure 4(a)). We placed the cuff electrode halfway along the nerve length. We
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assigned an electrical conductivity to each neural tissue type (Table 1), and the cylindrical
domain surrounding the nerve and cuff electrode was skeletal muscle to mimic the cervical
vagus neck region. We grounded the outer boundaries of the model to represent an implanted
pulse generator or subdermal needle serving as electrical ground.

In a representative model for each species, we conducted convergence analysis to verify that
the parameters of the FEM did not affect simulation results while reducing computational
demands. Specifically, we verified that the surrounding cylindrical medium of our FEM

was large enough (i.e., length, diameter) and the mesh was fine enough such that activation
thresholds did not change by more than 2% as compared to a larger model with a finer mesh
resolution (Howell et al., 2014). Additionally, we ensured that the nerve length resulted

in a sufficient number of nodes of Ranvier such that the largest fibers did not exhibit end
excitation. The cylindrical domain lengths were 50 mm for humans, 25 mm for pigs, and
12.5 mm for rats; the cylindrical domain diameters were 10 mm for humans, 10 mm for
pigs, and 6 mm for rats. The converged models had ~10,000,000, ~20,000,000, and 660,801
tetrahedral elements for humans, pigs, and rats, respectively.

We computed electric potentials in COMSOL using conjugate gradients to solve Laplace’s
equation with second order solution and shape geometry functions. We solved the model
for each contact independently delivering 1 mA while the remaining current sources were
set to 0 mA, which defined our solution bases; we scaled and summed the contributions

of each contact to determine extracellular potentials along the trajectory of each fiber.
ASCENT applied the potentials as a time-varying signal to multicompartment, cable models
of mammalian myelinated and unmyelinated fibers in NEURON v7.6 (Hines & Carnevale,
1997). We used a time step of 1 ps with backward Euler integration and delivered the
stimulation pulse after one millisecond. We checked for action potential propagation at
90% of fiber length (i.e., the side opposite of the cathode during the primary phase of

the waveform) for thresholds. We detected an action potential as transmembrane potential
crossing —30 mV with a rising edge. Using a bisection search algorithm, we determined
activation thresholds with a 1% tolerance. To check for bidirectional propagation at
threshold, we recorded times during the simulation at which action potentials were detected
at either end of the fiber (i.e., nodes of Ranvier nearest 10% and 90% fiber length).

Clinical and Preclinical Data for Model Validation

Humans—We compared modeled activation thresholds for human VNS with different fiber
diameters to published clinical recordings of laryngeal EMG responses and changes in heart
rate. We included studies that used the standard cuff for treatment of epilepsy (helical,
bipolar; LivaNova PLC, London, UK) and that reported time post-implant (i.e., to infer
whether the cuff would be encapsulated in scar tissue). All human data reported pulse width
and stimulation amplitude, but not the precise waveform shapes. Across all sources we used
to validate our models, except for 3/8 patients in (Ardesch et al., 2010), the LivaNova pulse
generator delivered a biphasic waveform with a primary phase rectangular pulse followed by
a passive recharge phase; the amplitude and time constant of LivaNova’s passive recharge
phase have not been disclosed. Three patients in (Ardesch et al., 2010) were stimulated with
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UT VN stimulator (University of Twente, The Netherlands), but the details of the waveform
shape were not reported.

We compared modeled Aa thresholds to laryngeal EMG thresholds from three VNS studies
(Ardesch et al., 2010; Bouckaert et al., 2022; Vespa et al., 2019), and we compared modeled
B fiber thresholds to two studies where VNS induced bradycardia in some patients (Pascual,
2015; Premchand et al., 2014) and two studies where VNS did not evoke bradycardia in

any patients (Banzett et al., 1999; Zannad et al., 2015). Brief overviews of these clinical
studies, as well as our methods for extracting data from the original sources, are provided in
Appendix 1 for laryngeal EMG and in Appendix 2 for bradycardia.

Pigs—We compared our models of pig VNS to in vivo recordings in 8 anesthetized

pigs (1.5-3% isoflurane in air, 5 pg/kg i.v. bolus of fentanyl followed by 5 ug/kg/hr)
published in (Nicolai et al., 2020, 2021; Settell et al., 2023). The in vivo experiments
measured compound action potentials (CAPs), laryngeal EMG, and heart rate. We used
WebPlotDigitizer (Rohatgi, 2022) to extract the stimulation thresholds from Figure 6(a) in
(Nicolai et al., 2020); we included data points for both the left and right vagus nerves, which
we reproduced in Figure 2. For each animal, we determined in vivo threshold resolution
from the amplitudes tested in all animals (0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, 2.5, 3 mA)
(Nicolai et al., 2020) and the amplitudes listed in performances.xlsx from (Nicolai et al.,
2021), which reports additional amplitudes tested in each animal.

Rats—In vivo strength-duration data from 9 anesthetized rats (1.2 g/kg urethane SQ, with
supplemental doses up to 0.4 g/kg) are from Figure B2 in Appendix B of (Pelot & Grill,
2020), which shows CAP data for “slow” (0.5-2 m/s) and “fast” (2-10 m/s) fibers.

Fiber Model Selection

We used a rigorous approach to select modeled fiber diameters to compare to experimental
neural and physiological response thresholds (Table 2). For experiments that recorded CAPs
and analyzed their CVs, we selected fiber models with matched CVs. We also used latencies
of VNS-evoked laryngeal EMG responses from (Ardesch et al., 2010) to estimate fiber CV
using methods published in (Vespa et al., 2019) (Appendix 3). If experimental CV data
were not available, we matched fiber models to published distributions of fiber diameters for
vagus nerves of the same species. Appendix 3 provides detailed methods for selecting fiber
diameters.

For myelinated fibers, we used the ASCENT implementation of the MRG (Mclntyre-
Richardson-Grill) model of myelinated mammalian peripheral nerve fibers. We interpolated
the dimensions of each ultrastructural compartment across fiber diameters (Mclintyre et al.,
2002, 2004; Musselman et al., 2021) and selected fiber diameters to the nearest 0.5 pm to
match a target CV (Appendix 4).

For C fibers, we used the “parent” section of the Tigerholm model of unmyelinated
mammalian peripheral nerve fibers with diameters selected to the nearest 0.1 um to match a
target CV (Tigerholm et al., 2014).

J Neural Eng. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Musselman et al.

Page 6

In models of human and pig VNS, we aligned the middle node of Ranvier at the longitudinal
center of the model in all simulations; our simulations showed that longitudinal placement
of nodes did not affect fiber activation thresholds in these nerves (data not shown). However,
in the model of rat VNS, where the electrode-fiber distances were much shorter, the position
of central node of Ranvier was randomly shifted within half an internodal length in either
direction.

Quantifying Model Responses

For the multifascicular human and pig vagus nerves, we simulated one fiber at the centroid
of each fascicle because, for a given fiber diameter, thresholds vary little within fascicles
(Pelot et al., 2017). Another VNS modeling study also showed that thresholds for a given
fiber diameter vary little for fibers at different locations within a fascicle relative to fiber
locations across fascicles (see Figure 12 in the Supplementary Materials of (Davis et al.,
2023)). For the monofascicular rat vagus nerve, we simulated 13 fibers placed in a “wheel”
pattern, which contains a fiber at the centroid and six radial spokes with two fibers each. We
simulated all relevant fiber diameters (Table 2) at each fiber location.

In our human and pig models, we defined onset and saturation by the lowest and highest
threshold fibers in the nerve, respectively, across fiber locations for a given fiber diameter.
For humans, we compared the range of modeled Aa fiber thresholds to experimental

EMG data for onset (Ardesch et al., 2010; Bouckaert et al., 2022; Vespa et al., 2019)

and saturation thresholds (Bouckaert et al., 2022; Vespa et al., 2019), and we compared the
range of modeled B fiber thresholds to absence or incidence of bradycardia (Banzett et al.,
1999; Pascual, 2015; Premchand et al., 2014; Zannad et al., 2015). For pigs, we compared
the range of modeled fiber thresholds (Aa, Ay, AS/B) to onset of the neural response
(electroneurogram; ENG) or physiological responses (laryngeal EMG, bradycardia) (Nicolai
et al., 2020). In our rat model, we compared the threshold for the 50t percentile of
modeled “fast” myelinated and “slow” unmyelinated fibers to the threshold activating 50%
of the area-under-the-curve of the maximum CAP in the corresponding CV range from the
strength-duration data in (Pelot & Grill, 2020).

Models of Human VNS

We used segmented cross sections of mid-cervical vagus nerve samples from nine embalmed
human cadavers (Pelot et al., 2020a) (Figure 1(b)). For fascicles with multiple endoneurium
bundles (i.e., “peanut” fascicles that have one or more intrafascicular perineurial septa),

we meshed the perineurium as a conductive domain with finite thickness and conductivity
6, (S/m) (Table 1); otherwise, we represented the perineurium using a surface impedance
(R,, 2 - mz), where the thickness (¢hk,.., m) was defined by the difference in radii of the

effective circular diameters for the outer and inner perineurium boundaries.

thkye,

O peri

R, = 0]

We created FEMs of acute and chronic human VNS for each of the 9 nerve samples. We
instrumented all nerves with the LivaNova bipolar helical cuff electrode based on CAD files
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from LivaNova (Figure 1(a)), as used in the clinical data against which we validated the
models. For the models of acute VNS (Ardesch et al., 2010; Bouckaert et al., 2022), we
modeled a uniform 100 um thick saline layer on all surfaces of the cuff electrode—i.e.,
between the cuff and the nerve and between the cuff and the muscle (Figure 1(e)); a single
saline domain extended to surround both helices of the cuff. For models of chronic VNS
(Bouckaert et al., 2022; Vespa et al., 2019), we added an encapsulation tissue layer to the
model. Post-mortem histology of a patient with VNS showed ~100 um of encapsulation
tissue between the nerve and cuff (Arle et al., 2016), but a wide range of encapsulation
thicknesses are reported (e.g., 35 to 300 um thick in cat sciatic nerve stimulation with a
self-sizing spiral cuff electrode (Grill & Mortimer, 1994; Haberler et al., 2000; Moss et al.,
2004; Romero et al., 2001)). Based on a video of a VNS explant surgery (Aalbers et al.,
2015), we modeled a uniform 100 pm thick saline layer on all surfaces of the cuff electrode,
as in the acute model, as well as a layer of encapsulation tissue that was 250 um thick
radially around the saline (Figure 1(g)) and extended longitudinally for an additional half
cuff length (~2 mm) in both longitudinal directions.

We modeled the LivaNova cuff to expand from its resting inner diameter of 1.98 mm (“2
mm”) or 3 mm to accommodate the diameter of the nerves; the effective circular diameter
of the nerves after shrinkage correction were 1.28-3.18 mm (median: 2.35 mm). If the
post-shrinkage-correction nerve diameter plus 100 um saline and 250 pm encapsulation
layers was <3 mm, we used the 2 mm-diameter LivaNova cuff; otherwise, we used the 3
mm-diameter LivaNova cuff. (Bouckaert et al., 2022; Vespa et al., 2019) did not report if
they used the 2 mm or 3 mm diameter cuffs in their studies, but the data from (Ardesch

et al., 2010) included patients implanted with the 2 mm (n = 5) and 3 mm (n = 1) diameter
cuffs.

We used a biphasic symmetric rectangular pulse with no delay between phases and pulse
widths from 0.05 to 1 ms per phase. The LivaNova implanted pulse generator has a passive
secondary recharge phase that we approximated to be rectangular.

Models of Pig VNS

We used histology from 20 pig cervical vagus nerves stained with Masson’s trichrome
(Nicolai et al., 2020, 2021; Pelot et al., 2020b, 2020c; Settell et al., 2023) to define the nerve
geometry. For 8 of the pigs, we could compare directly to their published in vivo neural

and physiological responses (Nicolai et al., 2020, 2021; Settell et al., 2023). Using Nikon
NIS-Elements Ar software (v5.02.01, Build 1270, Nikon Instruments Inc.), we segmented
the perineurium and nerve outline to define the cross sections in ASCENT. We modeled the
perineurium as a surface impedance (Pelot et al., 2019; Weerasuriya et al., 1984) (Table 1,
Eqg. 1) calculated with thickness (thk,..., um) based on the effective circular diameter of the
fascicle (d,... um) (Pelot et al., 2020c):

thk,,, = 0.02547 * d,.. + 3.440 @

As in humans, for models based on the histology for 12 pigs from (Pelot et al., 2020c), we
modeled the LivaNova cuff to expand from its resting inner diameter of 1.98 mm (*2 mm”)

J Neural Eng. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Musselman et al.

Page 8

or 3 mm to accommaodate the diameter of the nerves; the nerve diameters after shrinkage
correction were 2.28-3.39 mm (median: 2.72 mm). If the post-shrinkage-correction nerve
diameter plus 100 um saline layer was <3 mm, we used the 2 mm-diameter LivaNova cuff;
otherwise, we used the 3 mm diameter LivaNova cuff. For models based on the histology for
8 pigs from (Nicolai et al., 2020; Settell et al., 2023), we used the 2 mm diameter LivaNova
cuff as used in vivo; the nerve diameters after shrinkage correction were 2.45-3.95 mm
(median: 3.65 mm).

We used a 0.2 ms/phase biphasic symmetric rectangular pulse with no inter-phase delay to
match the waveform used in vivo (Nicolai et al., 2020).

Models of Rat VNS

Results

We modeled a monofascicular circular rat vagus nerve with a diameter of 235 um based on
published data (Pelot et al., 2020c) using the ASCENT nerve morphology generator (Figure
4(a)). We modeled the perineurium as a surface impedance (Pelot et al., 2019; Weerasuriya
et al., 1984) (Eq. 1) with thickness (thk,.., um) based on the effective circular diameter of the

fascicle (d,.... um) (Pelot et al., 2020c):

thk,,, = 0.01292 * d,,. + 1.367 ®

We modeled a 300 pm diameter bipolar Micro-Leads cuff electrode (Somerville, MA, USA)
to match experimental data from (Pelot & Grill, 2020) (Figure 4(a)). We modeled a uniform
10 um thick saline layer on all surfaces of the cuff electrode since the nerve and cuff
electrode are ~10x smaller in rats than pigs or humans.

We used a biphasic symmetric rectangular pulse with no delay between phases and pulse
widths of 0.02 to 2 ms per phase to match the waveforms used in vivo (Pelot & Grill, 2020).

We compared thresholds from computational models of human, pig, and rat VNS to
clinical and preclinical data. The models matched well the experimental thresholds of
activation for myelinated fibers, but overestimated activation thresholds for C fibers,
especially at shorter pulse widths. Additionally, the populations of histology-based human
and pig models reproduced the ranges of activation thresholds observed in vivo and
clinically, thereby demonstrating that individual differences in nerve morphology contribute
to within-species differences in nerve responses. Encapsulation tissue increased thresholds
in our human models, but not to the amplitudes tolerated in the clinic, which suggests

that mechanisms beyond encapsulation contribute to the increase over time in tolerable
stimulation amplitudes. Lastly, action potentials propagated bidirectionally away from the
electrode for all simulations at activation threshold amplitudes, and we did not observe
instances of conduction block at these intensities.
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Human VNS

To compare modeled Aa activation thresholds to clinical EMG data in acutely and
chronically implanted patients (Ardesch et al., 2010; Bouckaert et al., 2022; \espa et al.,
2019), we simulated strength-duration data for the fastest and slowest Aa fibers recorded
clinically (Ardesch et al., 2010) (Table 2, Figure 1, Supplemental Figure 1 in Appendix

5). Our models reproduced threshold amplitudes required to activate laryngeal motor fibers
across a range of pulse widths. Further, the activation thresholds across our nine modeled
nerve morphologies captured the range of inter-individual variability (Figure 1(d)-(g),
Supplemental Figure 1 in Appendix 5).

The stimulation amplitudes required to saturate the EMG signal were ~1 to 4x higher

than the stimulation amplitudes that evoked EMG onset. As expected from inverse fiber
recruitment order, the model thresholds for /arger modeled fibers (i.e., lower activation
thresholds) best reproduced the clinical EMG onsetamplitudes and thresholds for smaller
modeled fibers (i.e., higher activation thresholds) best reproduced the clinical EMG
saturation amplitudes. More specifically, EMG onset amplitudes were best reproduced by
11.5 um fibers (63.2 m/s), whereas EMG saturation amplitudes were best reproduced by
6.5 um (31.3 m/s) fibers for longer pulse widths (>0.2 ms) and by 11.5 um fibers (63.2
m/s) at shorter pulse widths (<0.2 ms) (Supplemental Figure 1 in Appendix 5). The latter
effect, for EMG saturation amplitudes, follows from the observation that pulse widths >0.12
ms had little effect on clinical onset and saturation amplitudes, and only one clinical study
evaluated shorter pulse widths, which yielded higher thresholds (Ardesch et al., 2010);
thus, the modeled responses for the smaller, higher threshold fibers had a slightly longer
chronaxie than the clinical EMG saturation data.

Aa fiber thresholds approximately doubled with the addition of encapsulation tissue (Figure
1(d),(e) versus (f),(9)), consistent with the acute versus chronic clinical EMG recordings
(Bouckaert et al., 2022; Vespa et al., 2019). We uncoiled the helical LivaNova cuff as needed
to accommodate the diameter of the nerve and encapsulation tissue, thereby increasing
electrode-to-fiber distances and thereby also increasing the thresholds compared to our acute
models.

The modeled B fiber thresholds were ~4 to 8x higher than the thresholds for the fastest

Aa fibers, and ~2 to 3.5x higher than those of the slowest Aa fibers. For all fascicles in a
modeled nerve, there was no overlap in threshold amplitudes for B fibers and the fastest Aa
fibers, but there was overlap in 4/9 samples between thresholds for B fibers and the slowest
Aa fibers.

Our modeled B fiber thresholds were consistent with clinical responses for short pulse
widths (0.25 ms in (Premchand et al., 2014)), but underestimated thresholds at longer pulse
widths (0.3-0.75 ms) (Figure 1(c), Appendix 6). We compared the heart rate responses to
our model with encapsulation tissue because all published clinical data were recorded from
patients with chronic implants.

The patient’s heart rate in (Pascual, 2015) was <35 bpm with VNS turned on, indicating
that the stimulation amplitude was well above threshold for B fibers at 0.5 ms pulse width;
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indeed, the stimulation amplitude was above the modeled strength-duration data for B
fiber onset across our population of human models (Figure 1(c)) and within the range of
saturation thresholds (Appendix 6).

In (Premchand et al., 2014), 4/59 patients had modest bradycardia (i.e., HR reduction of 3-5
beats per minute), indicating that stimulation parameters for these individuals were close to
bradycardia threshold at 0.25 ms pulse width; however the device parameters for the patients
who experienced bradycardia acutely with VNS were not reported separately from the 55
patients who did not experience bradycardia. The mean stimulation amplitude delivered

in the patient cohort was within the range of onset (Figure 1(c)) and below the range of
saturation thresholds for our population of human models (Appendix 6), which is consistent
with the observation that some but not all patients experienced bradycardia.

The patients in (Banzett et al., 1999) and (Zannad et al., 2015) did not exhibit VNS-evoked
bradycardia. However, the stimulation amplitudes in (Banzett et al., 1999) were within the
range of modeled onset to saturation thresholds, and the mean stimulation amplitude across
55 patients in (Zannad et al., 2015) was within the lower range of modeled thresholds
(Figure 1(c), Appendix 6). Therefore, at pulse widths of 0.3 and 0.75 ms, our models
underestimated B fiber thresholds, although factors not modeled herein may contribute to the
cardiac responses to VNS.

Individual nerve morphology, encapsulation tissue, and fiber diameter had larger effects
on model thresholds than correction for tissue shrinkage, the thickness of the saline layer,
or the conductivities of the endoneurium or perineurium. In response to a 0.2 ms/phase
biphasic pulse, thresholds of 11.5 um diameter MRG fibers in acute human models varied
by up to ~250% across samples (Figure 1(d)); encapsulation tissue increased thresholds
~100% across samples; across fiber diameters, thresholds increased ~100% and ~200%
from 11.5to 6.5 um and 6.5 to 3 um, respectively (Supplemental Figure 1(a), Figure 1(c)).
Conversely, doubling or halving other parameters of the geometry and conductivity of the
nerves resulted in <30% change in thresholds. Specifically, thresholds increased by ~20%
for 11.5 um diameter MRG fibers in a human vagus nerve (sample C57-3) when correcting
for 20% shrinkage versus 10% shrinkage (Supplemental Figure 4 in Appendix 7). We halved
or doubled the saline thickness between the cuff and the nerve (nominally 100 um) for
sample C57-3; thresholds for 11.5 um diameter MRG fibers were ~20% lower and ~25%
higher for 50 um and 200 pum thicknesses, respectively (data not shown). Doubling or
halving the nominal longitudinal endoneurium conductivity (i.e., 1/1.75 S/m) resulted in
a ~30% increase and ~25% decrease in thresholds across modeled MRG fiber diameters,
respectively; doubling or halving the nominal perineurium conductivity (i.e., 1/1149 S/m)
resulted in a ~20% decrease and ~30% increase, respectively (Supplemental Figure 5 and
Supplemental Figure 6 in Appendix 7). Thresholds for fibers in larger diameter fascicles
were more sensitive to changes in material conductivities than thresholds for fibers in
smaller diameter fascicles.

We modeled histology from 8 pigs in which neural (CAP) and physiological (heart rate and
laryngeal EMG) responses were recorded in vivo (Nicolai et al., 2020, 2021; Settell et al.,
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2023). The range of model thresholds captured the in vivo responses for most EMG/Aa,, all
bradycardia/A6/B, and all Ay response thresholds (Figure 2, black lines vs. black crosses).
In vivo thresholds for EMG (2 animals) and Aa. CAP responses (1 animal) were 0.1 mA,
and the lowest model threshold for EMG/Aa. (9.5 um MRG) was 0.111 mA. The highest
model threshold across fiber locations for some nerves was substantially higher than any in
vivo threshold. Because we did not have information on functional topography, we modeled
all fiber types in all fascicles, and therefore it is expected that the range of model thresholds
will be wider than the in vivo range. Our models suggest that laryngeal fibers were in

the fascicles that were closer to the electrode (i.e., surface of the epineurium), in smaller
fascicles (which cause lower thresholds (Davis et al., 2023; Grinberg et al., 2008)), or both.

We also simulated thresholds using histology for the 12 pigs from (Pelot et al., 2020c,
2020b) (Figure 2, grey lines). Across fascicles (i.e., fiber locations), the lowest thresholds
were comparable between both cohorts of pig nerves, but most (Nicolai et al., 2020, 2021;
Settell et al., 2023) models included fiber locations with much higher thresholds. Therefore,
the range of predicted thresholds for models based on histology from (Pelot et al., 2020c,
2020b) did not capture the highest in vivo thresholds. Onset and saturation thresholds for all
fiber diameters in Table 2—which include the highest and lowest CV values used to ascribe
CAP components to fiber types and the mean recorded CV—are shown in Supplemental
Figure 7(a)-(e) in Appendix 8.

We also simulated fiber diameters using the animal-specific CV (Supplemental Table 2 in
Appendix 8) reported for each component of the recorded CAP (Nicolai et al., 2020, 2021;
Settell et al., 2023). For each pig, we plotted the threshold range for in vivo onset response,
defined by the resolution of the amplitudes tested, versus the range of model thresholds
across fiber locations. These boxes of response ranges spanned the 1:1 line (in vivo vs.
model) for 6/8 Aa/Ap (Figure 3(a)), 3/3 A&/B (Figure 3(b)), and 4/5 Ay (Figure 3(c))
responses. The model threshold ranges (i.e., span between the lowest and highest threshold
fascicles) were consistently larger than in vivo onset “ranges”. The former accounted for
modeled thresholds for fibers in a//fascicles (even though each in vivo response is only
produced by a subset of fibers), while the latter accounted for amplitudes tested in vivo
that first produced the CAP response and the next lowest amplitude. Our results suggest
that medium and large myelinated fibers are in lower threshold fascicles (i.e., fascicles that
are smaller and/or nearer to the nerve surface), or the models over-estimated thresholds.
However, 3/5 Ay responses (Figure 3(c)) show model saturation thresholds closer to in vivo
onset thresholds, which either suggests Ay fibers are in higher threshold fascicles in some
individuals or the models underestimated thresholds in some instances.

For one model of pig VNS, we halved and doubled the saline thickness between the cuff and
the nerve (nominally 100 pm) and found that thresholds for 9.5 pm diameter MRG fibers
were ~25% lower and ~30% higher for 50 pm and 200 pm thicknesses, respectively.

The thresholds for myelinated fibers in our model of rat VNS matched well the experimental
thresholds from (Pelot & Grill, 2020) for “fast” fibers (>2 m/s, myelinated fiber model),
especially for shorter pulse widths (<0.25 ms) (Figure 4(b)). At longer pulse widths,
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the modeled thresholds did not capture some of the higher thresholds recorded in vivo.
For modeled “slow” fiber diameters (<2 m/s, unmyelinated fiber model), the models
overestimated the in vivo thresholds for most pulse widths (Figure 4(c)), but there was
overlap for longer pulse widths (i.e., >0.3 ms).

We halved the saline thickness between the cuff and the nerve (nominally 10 um); thresholds
for 2.5 um diameter MRG fibers were ~1% lower for the model with 5 um thickness. The
implementation of the Micro-Leads cuff in ASCENT did not allow the cuff to expand to
accommodate increasing the saline thickness above 10 um.

Discussion

Validated computational models, and publicly distributed software to implement them,

are important and useful tools to advance peripheral nerve stimulation therapies. We
demonstrated the robust built-in functionality of ASCENT to implement models of human,
pig, and rat VNS, including a wide range of cuff electrode designs, stimulation parameters,
nerve morphologies, and fiber types. Our work demonstrated the accuracy and limitations
of the ASCENT maodels and highlighted the importance of modeling realistic nerve
morphologies that are representative of the population.

Models Consistently Predict Thresholds for Myelinated Fibers

We used built-in features of ASCENT to model VNS in preclinical animals and humans

and observed a strong quantitative match in nerve fiber activation thresholds. Our use

of previously validated modeling methods, models, and biophysically realistic parameters
produced robust agreement to corresponding in vivo data for threshold and saturation
responses across a range of pulse widths and several fiber types. The match between
experimental and modeled responses was consistent across an order of magnitude of nerve
and cuff diameters, waveform pulse widths, and fiber diameters. Importantly, our process did
not involve any tuning of model parameters to produce thresholds that matched experimental
responses; all model parameters used published values and were not adjusted to match the
published thresholds. In the process of validating human model responses against published
clinical data, we learned that linking the models to appropriate in vivo data is critical for
accurate comparisons. For example, we initially compared model Aa fiber thresholds to
clinically tolerated stimulation amplitudes, an indirect measure of laryngeal EMG response,
but direct measures of EMG dose-response curves were available in literature and were
reproduced by our models.

Our models of human VNS matched well with the clinical thresholds for laryngeal EMG

and are consistent with some reports of bradycardia; however, the clinical data used

to validate our human model B fiber thresholds were reports of absence or presence

of bradycardia rather than determination of individual thresholds. Consistent with fiber
diameter recruitment order, where larger diameter fibers are activated at lower stimulation
amplitudes than smaller diameter fibers, clinical EMG thresholds were reproduced by larger
modeled Aa fibers, whereas the upper range of clinical EMG onset and saturation thresholds
were captured by smaller modeled Aa fibers (Figure 1(d)-(g)). Our model B fiber thresholds
were consistent with two reports of bradycardia in VNS patients (Pascual, 2015; Premchand
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et al., 2014), and no patients experienced bradycardia at amplitudes less than modeled
strength-duration data (Figure 1(c)). However, two different studies (Banzett et al., 1999;
Zannad et al., 2015) suggest that our models underestimated B fiber thresholds for pulse
widths >0.25 ms (Figure 1(c), Appendix 6) because patients with stimulation amplitudes
higher than the modeled strength-duration data did not experience bradycardia. Based on
the available data, there appear to be inconsistent reports of VNS parameters that induce
bradycardia. In particular, since some of the patients in (Premchand et al., 2014) experienced
bradycardia, we would expect that the patients programmed with longer pulse widths and
higher amplitudes in (Banzett et al., 1999) would have also experienced a reduction in heart
rate. In our acute and chronic human models, we observed saturation of fast Aa fibers
before activation of any B fibers, but there was some overlap of B fiber recruitment with
the slowest Aa fibers in about half of individuals. Lastly, the dynamic range of Aa fibers
for pulse widths typically used in the clinic (i.e., 0.25 and 0.5 ms) is small relative to the
amplitude step size of the LivaNova devices (i.e., 0.125 or 0.25 mA). Finer control of the
output stimulation amplitude could enable better management of patient side effects and
therapy.

The models of pig VNS captured the range of in vivo thresholds and choosing individualized
fiber diameters based on recorded CV resulted in consistent agreement between modeled
and experimental thresholds; however, pigs that had lower in vivo threshold ranges did

not have lower corresponding model threshold ranges (Figure 3). Modeling all fiber types

in all fascicles could explain the lack of threshold trend across individuals, and if the

target fibers were in smaller fascicles and/or closer to the nerve surface, this distribution
could also explain why the maximum model thresholds were consistently higher than in
vivo thresholds specifically for Aa/Ap and A&/B fibers (Figure 3). In contrast, Ay fiber
saturation thresholds (i.e., highest threshold fascicle) in 3/5 pig models agreed better with

in vivo onset thresholds, thus suggesting that A+y fibers are in higher threshold fascicles in
some individuals or the models underestimated thresholds in some instances. Additionally,
the model threshold ranges corresponding to the pig nerve morphologies in (Pelot et al.,
2020b, 2020c) were consistently lower than the thresholds using the morphologies from
(Nicolai et al., 2021). All (Nicolai et al., 2020) animals were implanted in vivo and

modeled with the 2 mm LivaNova cuff regardless of nerve diameter, which resulted in larger
electrode-fiber distances, and thus higher thresholds, for fascicles near the nerve boundary
that was not in contact with the electrode. Further, the pigs in (Nicolai et al., 2021) had nerve
diameters that were slightly larger (2.4-4.0 versus 2.3-3.4 mm in diameter, after correction
for tissue shrinkage) (Supplemental Figure 7(f) in Appendix 8); the histology sections for
the (Nicolai et al., 2020) pig nerves were taken closer to the nerve enlargement at the nodose
ganglion (Settell et al., 2020).

Our models of human and pig VNS suggest that the pig is an appropriate preclinical animal
model for development of VNS therapies. There is a large range of overlap between acute
Aa fiber (~0.1-1.4 mA for pigs and ~0.1-0.5 mA for humans) and B fiber (~0.25-6 mA

for pigs and ~0.5-5 mA for humans) thresholds for pig and human model populations with
0.2 ms pulse width. However, further physiological and mapping studies in pigs and humans
are needed to confirm that equivalent nerve responses to stimulation produce common
therapeutic and side-effects across species.
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Our rat models reproduced experimental thresholds (Pelot & Grill, 2020) for “fast” fibers,
especially for shorter pulse widths (Figure 4). Some in vivo thresholds were expected to

be higher than model predictions because the slowest mammalian myelinated fiber that

we modeled was 1 um and had a CV of 7.65 m/s, which was slightly faster CV than

the ~4-6 m/s CAP signal peaks in the “fast” experimental data from Figure 11 of (Pelot

& Grill, 2020). Further work is needed to develop thinly myelinated fiber models with
physiologically accurate CV; the smallest myelinated fibers in mammalian vagus nerves are
~1 um (Guo et al., 1987; Licursi de Alcantara et al., 2008), but the CV for these model fibers
is faster than the “fast” signals recorded in vivo.

More Accurate Vagal Unmyelinated Fiber Models Are Needed

Our models revealed differences in activation thresholds of unmyelinated C fibers compared
to in vivo thresholds at short pulse widths. Although these fibers are unlikely to contribute
to therapeutic mechanisms of VNS, as stimulation at the levels required to activate C fibers
would be intolerable for patients (Chang et al., 2020; McAllen et al., 2018; Pelot & Grill,
2020; Yoo et al., 2013), this result highlights the need for improved biophysical cable
models of unmyelinated C fibers. Especially at shorter pulse widths (<0.3 ms), the models
overestimated in vivo thresholds for C fibers in rat. We used the Tigerholm C fiber model
(Tigerholm et al., 2014), which better replicated experimental data than other published C
fiber models (Pelot et al., 2021) and underwent robust parameterization and validation in the
original publication. However, the Tigerholm C fiber model was not validated for responses
to extracellular stimulation or developed specifically to represent vagal C fibers.

Populations of Models Reproduced Experimental Inter-Individual Variability

Our populations of models based on individual nerve morphologies from humans and pigs
reproduced the inter-individual variability in thresholds observed in vivo. Most clearly,
strength-duration data for models of human VNS narrowly bounded the range of laryngeal
EMG thresholds (Figure 1(b)). In our models of human and pig VNS, nerve morphology and
expansion of the LivaNova cuff to accommodate the nerve were the only model features that
changed across individuals, resulting in inter-individual differences in activation thresholds.
Nerve morphology varied widely across individuals, e.g., post-shrinkage correction nerve
diameters for human and pig nerves ranged from 1.3-3.2 mm (2.5x) and 2.3-4.0 mm (1.7x),
respectively. Even though the human nerves that we modeled are not those of the patients
from whom the data were collected, our population of models reproduced the range of
variability observed experimentally. However, incorporating the correct locations for each
fiber type, which we assumed to be in all fascicles, would narrow the ranges of onset

and saturation thresholds for neural and physiological responses in a population. Therefore,
other sources of variability in VNS likely exist, such as differences in development of
encapsulation tissue at the implant or changes from plasticity or neural accommaodation.

According to our models, differences in nerve morphology within a population result in
variability in the stimulation amplitudes required to achieve a targeted nerve response in
an individual. The stimulation parameters used in clinical studies for epilepsy (chronic:
1.3 mA, 0.5 ms) (Handforth et al., 1998), heart failure (chronic: 1.7 £ 0.5 mA, 0.25 ms)
(Premchand et al., 2014), and rheumatoid arthritis (acute: 1 mA, 0.5 ms) (Koopman et al.,
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2016) saturated fast Aa fibers and activated at least some slow Aa fibers in all human
models (Figure 1, Appendix 5). For the stimulation parameters used across these studies,
onset of B fiber activation occurred in some but not all models, and B fibers were not
saturated in any models. For the stimulation parameters used in the epilepsy patients in
(Handforth et al., 1998), our models predict slow Aa fiber saturation and B fiber onset in
9/9 and 4/9 nerves, respectively. For the stimulation parameters used in the heart failure
patients in (Premchand et al., 2014), our models predict slow Aa fiber saturation and B
fiber onset in in 5/9 and 3/9 nerves, respectively. Lastly, for the stimulation parameters used
in the rheumatoid arthritis patients in (Koopman et al., 2016), our models predict slow Aa
fiber saturation and B fiber onset in 3/9 nerves. The stimulation parameters used in clinical
studies for stroke (chronic: 0.8 mA, 0.2 ms) (Dawson et al., 2021; Kimberley et al., 2018)
produced fast Aa fiber onset in all (Figure 1(f)), fast Aa. saturation in 4/9 (Figure 1(g)), and
slow Aa fiber onset in 3/9 human models (Supplemental Figure 1(c) in Appendix 5); the
models do not predict slow Aa fiber saturation (Supplemental Figure 1(d) in Appendix 5) or
B fiber onset (Figure 1(c)) in any human nerves. Our models demonstrate that to target nerve
responses in an individual, specific morphology must be considered to identify where the
nerve’s response falls within the population’s distribution of responses to a given stimulus.

Encapsulation Tissue Increased Model Thresholds

Incorporating encapsulation tissue in the models increased activation thresholds by ~70-
130% (Figure 1(d),(e) versus (f),(g)). Previous modeling work showed conflicting effect
sizes of nerve encapsulation tissue on fiber thresholds. Specifically, one modeling study

of subdiaphragmatic VNS found that removing encapsulation tissue had minimal effect on
activation and block thresholds (i.e., block thresholds were ~3-8 mA with encapsulation
tissue and decreased <1 mA without encapsulation) (Pelot et al., 2017), but another

study modeling splenic nerve stimulation found thresholds increased ~50% by adding
encapsulation tissue (Gupta et al., 2020). (Gupta et al., 2020) used a 500 um thick
encapsulation tissue layer based on (Grill & Mortimer, 1994), and (Pelot et al., 2017) used
a 150 pm thick layer based on (Haberler et al., 2000; Moss et al., 2004). We increased

the encapsulation tissue layer thickness from 150 um used in (Pelot et al., 2017) to 250
um, which is an approximately halfway between the ~450 um thickness reported in (Grill
& Mortimer, 1994) and the sources used by (Pelot et al., 2017). Additionally, our study
included a 100 um thick saline layer between the cuff and the encapsulation tissue, which
was informed by video from a VNS explant surgery (Aalbers et al., 2015). The saline layer
in our models, which is more conductive than encapsulation tissue, shunted current between
the contacts, thereby increasing thresholds.

The increase in thresholds from acute to chronic implants could also be attributed to
factors which we did not model. Specifically, our models do not account for habituation
(Dutschmann et al., 2014; Siniaia et al., 2000) or synaptic plasticity (Hays et al., 2013).
Although our models demonstrate that encapsulation tissue likely plays a role in the
increase of thresholds from acute to chronic settings, in vivo studies are required to assess
the contributions of alternative mechanisms. Further, by identifying the nerve fibers that
are activated with specific parameters, these results constrain the potential mechanisms
underlying different therapies.
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Discrepancy Between Aa Fiber Thresholds and Clinically Tolerated Amplitudes

VNS amplitudes used in patients are limited by laryngeal muscle activation (hoarseness,
throat pain, coughing) at higher amplitudes (The Vagus Nerve Stimulation Study Group,
1995). Aa fiber thresholds in our models of human VNS were consistent with clinical
thresholds for laryngeal EMG onset (i.e., ~0.25-0.5 mA) (Ardesch et al., 2010; Bouckaert et
al., 2022; Vespa et al., 2019) and saturation (i.e., ~0.5-1 mA) (Bouckaert et al., 2022; \espa
et al., 2019), but model and laryngeal EMG saturation thresholds were lower than clinically
tolerated stimulation amplitudes (e.g., 2.1 mA) (Premchand et al., 2014). Indeed, all clinical
VNS studies report high rates of side-effects related to laryngeal muscle activation such

as hoarseness or coughing. Therefore, our models suggest that for most patients, the therapy-
limiting side-effects are either driven by responses of fibers which we did not model, such
as those in nearby branches from current leakage outside the cuff (Nicolai et al., 2020),

or patient tolerance to side-effects increases due to changes in neural and physiological
pathways over time (Uthman et al., 1993).

Although yet to be confirmed in humans, our models support a previously published claim
that noxious sensations likely result from activation of nearby branches due to current
leakage in addition to activation of fibers inside the cuff (Nicolai et al., 2020). Our source

of pig electrophysiology and histology data (Nicolai et al., 2020) identified long- and
short-latency EMG components that arose distinctly from activation of fibers in the main
trunk via the recurrent laryngeal branches and in branches that course near but outside of
the cuff (i.e., the superior laryngeal branch), respectively. As expected, we found that our
modeled pig VNS thresholds agreed well with the lower thresholds for the fibers in the main
trunk and the associated long-latency EMG component; in vivo thresholds for activating the
superior laryngeal branch were higher than the saturation threshold for modeled fibers in the
main trunk. Therefore, our results suggest that cuff designs that reduce current leakage will
increase the range of fiber types that can be activated in the nerve trunk without producing
intolerable concomitant side effects related to current leakage and activation of nearby
branches.

Chronic nerve stimulation could result in changes to neural and physiological pathways

that may explain why patients tolerate higher VNS amplitudes over time (Uthman et al.,
1993). Synaptic plasticity in the brain could affect how the central nervous system processes
sensory signals from laryngeal muscle activation (Hays et al., 2013). With increased activity,
morphological changes could occur at the synapse of motor fibers onto the laryngeal
muscles and affect how signals are transmitted at the neuromuscular junction (Deschenes

et al., 2006). Further, the laryngeal muscles could adapt to increased activation in a variety
of ways (Salmons & Henriksson, 1981), which could affect the tolerability of VNS.

Limitations

Incorporating additional information from the experiments into our models could yield
improved accuracy. Specifically, our models would benefit from more precise correction for
tissue shrinkage, measurements of saline layer thickness between the cuff and surrounding
tissues, detailed mapping of nerve microanatomy, modeling the passive recharge phase used
clinically in the LivaNova device, and higher resolution of amplitudes tested in vivo. Further,
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certain physiological responses that we used to validate our models are more complex
than our in silico representation of direct neural stimulation (e.g., afferent/efferent effects,
sympathetic responses, reflex responses, plasticity in response to chronic stimulation).

Our models may overcorrect for the tissue shrinkage that occurs from dehydration and
heating during histological processing. We showed that overcorrecting for shrinkage results
in overestimation of thresholds due to increased fascicle diameter, perineurium thickness,
and electrode-fiber distance. Shrinkage amounts vary with different histology methods, and
we extrapolated estimates for bulk tissue shrinkage from data of individual fiber shrinkage
which may be inaccurate; peripheral nerve myelinated fibers have been shown to shrink
~20-30% (Boyd & Kalu, 1979; Friede & Samorajski, 1967). Further analyses to quantify
tissue shrinkage during histology or alternative imaging modalities to determine in vivo
nerve diameters should be considered.

Information about the thickness of fluid between the cuff and the nerve could improve the
accuracy of the thresholds predicted by our models. In particular, the human and pig model
thresholds were sensitive to halving (i.e., ~20-25% lower) or doubling (~25-30% higher)
the thickness of the layer from our 100 um thick layer. In contrast, our rat model thresholds
were virtually unaffected by halving the thickness of the saline layer (i.e., ~1%) from our 10
um thick layer, likely due to the small 5 um change in saline thickness, versus the 50 pm
change in the pig and human models.

Further, we assumed that all fiber diameters and types were placed in all fascicles, thus
neglecting spatial organization of fiber types in the nerve cross section. Recent studies

show organ-specific fascicular organization in pigs and humans (Jayaprakash et al., 2022;
Thompson et al., 2022), and that fascicles split, merge, and re-join (Upadhye et al., 2022).
In the histology that we used to develop our models, we do not know which fascicles
contained the fibers that produced the CAP or physiological responses used for validation,
and we know that CAP recordings will not capture the response for all fibers with the

same sensitivity; therefore, in comparing threshold and saturation, we considered the range
of thresholds across all model fascicles. Previous work studying spatially-selective VNS in
pigs incorporated nerve vagotopy (Blanz et al., 2023), but this information was not available
for the nerves modeled here. Inclusion of vagotopy qualitatively shifted experimental dose-
response curves toward improved match in most animals, but the study lacked sufficient
sample size, in vivo threshold resolution, and model detail (e.g., specific fascicles for
laryngeal EMG or cardiac responses) to achieve statistical significance. Additionally, we
simulated fibers at discrete diameters rather than for a distribution of diameters. For optimal
quantitative match in an individual, particularly at intermediate response levels, models may
require specific diameters for each fiber in the nerve. By modeling all fiber diameters in all
fascicles, our methods for defining threshold and saturation captured more realistically the
range of in vivo thresholds across a population.

The LivaNova implanted pulse generator has a passive recharge secondary phase that

we approximated to be rectangular. The charge delivered across the electrodes from the
primary phase discharges passively during the secondary phase (LivaNova R&D, personal
communication, April 12, 2021). Since the peak current amplitude and shape of the
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secondary phase are not publicly available, we compared thresholds in response to biphasic
symmetric pulses, as used throughout the models herein, to thresholds in response to
monophasic pulses for pulse widths of 0.05-1 ms. With a monophasic pulse, thresholds

for 11.5 um MRG fibers decreased by ~20% for the shortest pulse widths. However, for the
longest pulse widths, thresholds increased by ~5%.

We are limited by the resolution of the amplitudes tested in vivo and clinically, which
defines the range between which fibers reached activation threshold or saturation. The
number of stimulation parameter combinations tested is critically limited by maximum
surgery or office visit duration and the time required to test each parameter combination.

The in vivo and clinical heart rate data that we used to validate our B fiber thresholds in
humans and pigs is a suboptimal substitute for direct quantification of B fiber response.
Specifically, thresholds for bradycardia are not reported explicitly in the literature, saturation
thresholds are not feasible due to safety considerations, and the best sources to validate our
models often report summary statistics for the entire cohort of patients (i.e., patients with
and without bradycardia) thereby obfuscating individual patient responses.

Lastly, the finite element models created by ASCENT assumed quasi-static conditions

for approximating electric fields (Bossetti et al., 2007) and omitted the impedance of

the electrode-electrolyte interface (Cantrell et al., 2007; Newman, 1966), but neither of
these assumptions limit our accuracy in predicting nerve responses to low frequency current-
controlled stimulation. Further, our models do not incorporate known variations in nerve
cross section that occur along its length (Upadhye et al., 2022); true three-dimensional nerve
morphology would alter the electrode-fiber distances and could have pronounced effects on
threshold of specific fibers, particularly for cuffs with large contact pitch.

Conclusions

ASCENT allowed faithful implementation of nerve morphology and cuff geometry across a
wide range of experimental configurations. The specific ASCENT models produced accurate
fiber activation thresholds for VNS across a range of species, fiber types, and waveforms.
Validated computational models are important tools for analysis and design of peripheral
nerve interfaces for stimulation and recording.
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Novelty & Significance:

By simulating activation thresholds across human, pig, and rat vagus nerve stimulation,
we validated the accuracy of ASCENT across an order of magnitude of nerve diameters,
cuff diameters, waveform pulse widths, and fiber diameters. Accounting for individual-
specific differences in nerve morphology reproduced observed variability in neural and
physiological responses to vagus nerve stimulation.
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Figure 1.
Comparison of modeled VNS thresholds for human Aa and B fibers to clinical laryngeal

EMG and bradycardia thresholds, respectively. (a): Longitudinal view of a finite element
model of a human vagus nerve instrumented with the clinical LivaNova bipolar helical
cuff electrode. (b): Cross sections of human vagus nerves modeled from (Pelot et al.,
2020c, 2020a). (c): Strength-duration data for B fiber thresholds in nine chronic human
VNS models (shaded region). Clinical VNS that caused bradycardia (blue “x”) or no
bradycardia (green “0”). (d): Strength-duration data for onset of laryngeal EMG responses
in acutely implanted patients (Ardesch et al., 2010; Bouckaert et al., 2022) and modeled
Aa fiber activation thresholds. Legend applies for (d)-(g). (e): Strength-duration data for
saturation of laryngeal EMG responses in acutely implanted patients (Bouckaert et al.,
2022) and modeled Aa fiber activation thresholds. The inset provides an example cross
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section of modeled acute human VNS to show the materials of the nerve and cuff; the
color legend defines the FEM materials in panels (a), (e), and (g). (f): Strength-duration
data for onset of laryngeal EMG responses in chronically implanted patients (Bouckaert

et al., 2022; Vespa et al., 2019) and modeled Aa fiber activation thresholds. (g): Strength-
duration data for saturation of laryngeal EMG responses in chronically implanted patients
(Bouckaert et al., 2022; Vespa et al., 2019) and modeled Aa activation thresholds. The inset
provides an example cross section of modeled chronic human VNS to show the materials
of the nerve and cuff. See Supplemental Figure 1 in Appendix 5 for modeled activation
thresholds for smaller-diameter Aa. fibers. See Supplemental Figure 2 in Appendix 5 for
strength-duration data for each fascicle in each acute human model. All (Vespa et al., 2019)
data are for a pulse width of 0.25 ms, but were offset along the x axis for visual clarity.

The error bars in (c) represent standard deviation. The error bars in (d)-(g) represent the
amplitude step sizes used clinically; the top and bottom of each error bar is defined by the
lowest amplitudes tested experimentally that evoked an EMG response and the next lowest
amplitude, respectively, and the data point marks the mean. Some error bars in (Ardesch

et al., 2010) are not visible due to the small step sizes used experimentally. The saturation
thresholds from (Bouckaert et al., 2022) are from Boltzmann fits to the experimental data
(95% V,...) and therefore do not have error bars.
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Figure 2.
Comparison of modeled and in vivo pig VNS thresholds. We modeled fiber diameters

(Table 2; color legend) corresponding to the recorded compound action potential fiber types
(Aa, A8/B,, and Ay fibers) and physiological signals (laryngeal EMG and bradycardia)
(Nicolai et al., 2020, 2021; Settell et al., 2023). We used a 0.2 ms/phase biphasic symmetric
rectangular pulse with no inter-phase delay to match the waveform used in vivo. The inset
shows cross sections of 8 pig vagus nerves (Settell et al., 2023), corresponding to the
animals for which we have threshold data (black x’s) (Nicolai et al., 2020, 2021). Additional
cross sections for 12 pigs from (Pelot et al., 2020c, 2020b) are shown in Supplemental
Figure 7f in Appendix 8.
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Figure 3.

In vivo onset and modeled thresholds using fiber diameters chosen for each animal to match
the mean CV across CAP signals collected (Supplemental Table 2 in Appendix 8). The
width of each box was defined by the minimum and maximum model fiber thresholds across
all fascicles, which accounts for uncertainty in location of fascicles that contain the fibers
which produced the recorded response. The top and bottom of each box is defined by the
amplitudes tested in vivo that first produced CAP response and the next lowest amplitude
(i.e., did not produce discernable response), respectively. We used a 0.2 ms/phase biphasic
symmetric rectangular pulse with no inter-phase delay to match the waveform used in vivo.
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Figure 4.

Model of rat cervical VNS compared to published in vivo recordings (n = 9) (Pelot & Grill,
2020). (a): Finite element model geometry of a 235 um diameter nerve in the 300 pm
Micro-Leads cuff. (b): Strength-duration data for “fast” fibers with conduction responses at
>2 m/s, modeled as small, myelinated fibers. (c): Strength-duration data for “slow” fibers
with conduction responses at <2 m/s, modeled as unmyelinated fibers.
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Table 1.

Material conductivities used in finite element models of VNS.

Material Electrical Conductivity o (S/m) | References

Muscle {0.086, 0.086, 0.35} (Gielen et al., 1984)

Silicone 10712 (Callister & Rethwisch, 2012)

Platinum 9.43 x 106 (de Podesta et al., 1996)

Saline 1.76 (Horch, 2017)

Encapsulation Tissue | 0.159 (Grill & Mortimer, 1994)

Epineurium 0.159 (Grill & Mortimer, 1994; Pelot et al., 2017; Stolinski, 1995)
Perineurium 0.0008703 (Pelot et al., 2019; Weerasuriya et al., 1984)

Endoneurium

{0.167, 0.167, 0.571}

(Pelot et al., 2019; Ranck & BeMent, 1965)
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Table 2.

Page 32

Fiber models and diameters to simulate VNS-evoked neural and physiological responses in humans, pigs, and
rats. The third column indicates if the fiber model was chosen from experimental CV (i.e., mean CV value
from recorded signals or the high/low cutoff CV used to ascribe neural signals to fiber types) or from

published distribution of fiber diameters.

Species | Fiber CV Determination: Experimental CV (m/s) Published Fiber Model and Modeled
Type Recorded Mean Diameter (um) Diameter CV (m/s)
Cutoff (Low or High)
Diameter Distribution

Human | Aa Cutoff Low 30.5 (Ardesch et al., 2010) | - MRG 6.5 pm 31.3
Human | Aa Cutoff High 62.8 (Ardesch et al., 2010) | - MRG 11.5 pm 63.2
Human | B Diameter Distribution 3 (Guoetal., MRG 3 pm 131

1987,

Schnitzlein et

al., 1958)
Pig AalAB Recorded Mean 49.79 (Nicolai et al., 2020) | - MRG 9.5 pm 50.8
Pig Aa Cutoff Low 70 (Nicolai et al., 2020) - MRG 12.5 pm 70.1
Pig Aa Cutoff High 120 (Nicolai et al., 2020) - MRG 16 um 90.7
Pig AB Cutoff Low 40 (Nicolai et al., 2020) - MRG 8 ym 41.1
Pig AB Cutoff High 70 (Nicolai et al., 2020) - MRG 12.5 pm 70.1
Pig Ay Recorded Mean 33.93 (Nicolai et al., 2020) | - MRG 7 pm 34.6
Pig Ay Cutoff Low 15 (Nicolai et al., 2020) - MRG 3.5 pm 15.3
Pig Ay Cutoff High 40 (Nicolai et al., 2020) - MRG 8 ym 41.1
Pig A8/B Recorded Mean 14.76 (Nicolai et al., 2020) | - MRG 3.5 pm 15.3
Pig Ad Cutoff Low 5 (Nicolai et al., 2020) - MRG 1 pm 7.65
Pig AS Cutoff High 15 (Nicolai et al., 2020) - MRG 3.5 pm 15.3
Pig B Cutoff Low 3 (Nicolai et al., 2020) - MRG 1 pm 7.65
Pig B Cutoff High 14 (Nicolai et al., 2020) - MRG 3 pm 13.1
Rat “Fast” Cutoff Low 2 (Pelot & Grill, 2020) - MRG 1 pm 7.65
Rat “Fast” Cutoff High 10 (Pelot & Grill, 2020) - MRG 2.5 pm 11.0
Rat “Slow” Cutoff Low 0.5 (Pelot & Grill, 2020) - Tigerholm 0.5 pm 0.55
Rat “Slow” Cutoff High 2 (Pelot & Grill, 2020) - Tigerholm 1.5 pm 0.95
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