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Abstract
Study Objectives:  Individuals with obstructive sleep apnea (OSA), characterized by frequent sleep disruptions from tongue muscle relaxation and airway blockage, 

are known to benefit from on-demand electrical stimulation of the hypoglossal nerve. Hypoglossal nerve stimulation (HNS) therapy, which activates the protrusor 

muscles of the tongue during inspiration, has been established in multiple clinical studies as safe and effective, but the mechanistic understanding for why some 

stimulation parameters work better than others has not been thoroughly investigated.

Methods:  In this study, we developed a detailed biophysical model that can predict the spatial recruitment of hypoglossal nerve fascicles and axons within these 

fascicles during stimulation through nerve cuff electrodes. Using this model, three HNS programming scenarios were investigated including grouped cathode (---), 

single cathode (o-o), and guarded cathode bipolar (+-+) electrode configurations.

Results:  Regardless of electrode configuration, nearly all hypoglossal nerve axons circumscribed by the nerve cuff were recruited for stimulation amplitudes <3 

V. Within this range, monopolar configurations required lower stimulation amplitudes than the guarded bipolar configuration to elicit action potentials within 

hypoglossal nerve axons. Further, the spatial distribution of the activated axons was more uniform for monopolar versus guarded bipolar configurations.

Conclusions:  The computational models predicted that monopolar HNS provided the lowest threshold and the least sensitivity to rotational angle of the nerve cuff 

around the hypoglossal nerve; however, this setting also increased the likelihood for current leakage outside the nerve cuff, which could potentially activate axons in 

unintended branches of the hypoglossal nerve.

Clinical Trial Registration:  NCT01161420.

Key words:   obstructive sleep apnea; hypoglossal nerve stimulation; computational model; stimulation settings; electrode configuration; nerve cuff

Statement of Significance

While hypoglossal nerve stimulation is an established therapy for treating obstructive sleep apnea, the anatomical rationale for choosing 
one stimulation setting over another has not been thoroughly investigated. In this study, we constructed a detailed biophysical model to 
simulate the effects of various stimulation configurations on recruitment of axonal activity within fascicles of the hypoglossal nerve. The 
results provide a basis to understand the strengths and weaknesses of using monopolar versus bipolar stimulation; moreover, the data-
driven modeling approach provides a framework for future studies to investigate the role other stimulation settings have on the success of 
selective recruitment of axonal pathways within the HGN.
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Introduction

Obstructive sleep apnea (OSA), which affects over 18 million 
adults in the United States [1], is characterized by frequent 
sleep disruptions that stem from tongue muscle relaxation and 
airway blockage. The standard of care for treating OSA is the use 
of positive airway pressure (PAP) systems, which while effective, 
are limited by high non-adherence rates that range from 46% to 
83% [2]. Hypoglossal nerve stimulation (HNS) is established as 
another safe and effective treatment option for patients with 
moderate to severe OSA, especially for those who cannot adhere 
to PAP in both controlled study [3] and clinical practice [4, 5]. 
These studies have shown HNS reduced OSA severity as well as 
improved daytime sleepiness and other quality of life measures 
that are associated with OSA [3–6].

The main functional outcomes of HNS for OSA involve 
activating the protrusor muscles of the tongue, including the 
genioglossus muscle, while avoiding activation of retractor 
muscles, including the styloglossus and hyoglossus muscles [7]. 
Clinical data support the importance of selective recruitment 
of protrusor muscles, which was shown to yield a more favor-
able therapy response than mixed activation of both protrusor 
and retractor muscles of the tongue [8]. In addition to selective 
recruitment, the degree of anterior movement of the tongue 
has also been found to be a key predictor of responders to HGN 
therapy [7]. The clinical challenge then is to identify the stimu-
lation parameters that will achieve both selective and robust ac-
tivation of the protrusor muscles of the tongue.

Computational models can be helpful to improve our con-
ceptual understanding of why some stimulation parameters 
work better than others [9]. In this study, we developed a detailed 
biophysical computational model that can simulate recruitment 
of fascicles and axons within fascicles during HNS with model 
parameters that were tuned to fit previously collected clinical 
data from the Stimulation Therapy for Apnea Reduction (STAR) trial 
(ClinicalTrials.gov identifier: NCT01161420) [3].

Computational models that simulate the biophysics of per-
ipheral nerve stimulation [10–14] have shown utility for other 
clinical applications, including coordinating lower limb move-
ment through femoral nerve stimulation [15], restoring bladder 
function through pudendal nerve stimulation [16], and treating 

epilepsy through vagus nerve stimulation [17, 18], among others. 
Such computational models have provided a number of insights 
into optimizing the arrangement of active electrodes as well 
as the shape and pattern of the stimulation pulses to recruit 
or block activity within a nerve [9]. Previous studies have lever-
aged such approaches to improve targeting of individual fas-
cicles [19], more selective recruitment of axons based on their 
diameter [20, 21], and better control over the directionality of 
stimulus-induced action potentials propagating along axons 
within a nerve fiber [22]. Such approaches that leverage com-
putational models provide a framework for future advances in 
HNS therapy and have direct clinical applicability to optimizing 
patient outcomes.

The model framework consisted of (1) a finite element model 
predicting the spatial distribution of tissue voltages resulting 
from electrical stimulation through one or more electrodes 
along a nerve cuff, and (2) biophysical cable models of axons 
that can predict the effects of electrical stimulation on axonal 
transmembrane currents including the generation of action 
potentials [10, 23]. These models were then used to investigate 
the role of stimulation amplitude and electrode configuration 
(i.e. combination of cathode(s) and anode(s)) in activating axons 
within the hypoglossal nerve. While there are numerous stimu-
lation parameters that one can test when programming a pa-
tient with a hypoglossal nerve stimulator, this study provides 
important context for why stimulation parameters may be more 
or less beneficial for HNS therapy.

Methods

Modeling the fascicular structure of the 
hypoglossal nerve

The human hypoglossal nerve is monofascicular at its prox-
imal and middle portions and polyfascicular at its distal end 
near the innervation points in the geniohyoid and genioglossus 
muscles of the tongue [24] (Figure  1A). Previous studies have 
noted that near the distal end, there is one primary fascicle sur-
rounded by one or more smaller accessory fascicles [25]. For this 
study, a histological cross-section of the hypoglossal nerve was 

Figure 1.  Computational model of hypoglossal nerve stimulation. (A) Nerve cuff placement between the nerve branches to the hyoglossus and genioglossus muscles. 

(B) The nerve cuff consisted of three electrodes arranged along the hypoglossal nerve, which (C) consisted of several fascicles at its distal portion [25]. (D) Nerve re-

construction within the cuff showing a primary fascicle and two accessory fascicles. (E) Axonal membrane dynamics within the fascicles were modeled using a 

multicompartment equivalent circuit cable model approach. (F) The biophysical models incorporated a range of axonal diameters. Histological image in part (C) re-

printed with permission from Springer.
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segmented to include three fascicles of 1,422, 711, and 457 µm 
diameters (Figure 1B and C). Surrounding each of these fascicles 
was a perineurium layer with a thickness defined as 3% of the 
fascicle diameter (42.7, 21.3, and 13.7 µm, respectively) [26]. The 
nerve was modeled with an overall diameter of 2.4  mm and 
epineurium filling in the space amongst the fascicles. These 
cross-sectional features were extruded 9.1  cm in length such 
that the nerve extended approximately 2 cm on either side of 
the nerve cuff.

Modeling the hypoglossal nerve cuff interface

The distal portion of the hypoglossal nerve, particularly distal 
to the styloglossus and hyoglossus branching points [27], has 
been the primary surgical target for placement of a nerve cuff 
along the hypoglossal nerve. The clinical nerve cuff had an inner 
diameter of 3.1 mm as well as a 130 µm slit along its length to 
minimize compression of the nerve. Within the nerve, cuff were 
three curved strip electrodes (1.22 mm length, 1.46 mm2 exposed 
surface area) with 3.68 mm center-to-center spacing along the 
length of the cuff. Surrounding these electrodes were insulated 
layers of silicone. The orientation of the cuff electrodes with re-
spect to the hypoglossal nerve was such that 0° corresponded to 
a cuff placement in which the largest fascicle was located im-
mediately adjacent to the cuff electrodes (Figure 1D).

Implantation of a nerve cuff is known to induce an inflam-
matory response that generates a fibrous tissue encapsulation 
around the nerve and around the implanted cuff. The thickness 
and cellular morphology of this encapsulation tissue depend on 
the shape of the cuff as well as the surface texture and material 
composition of the implant [28]. The tissue consists of a combin-
ation of macrophages, foreign body giant cells, loose collagen, 
and fibroblasts with impedances sufficient to alter the shape 
and magnitude of the electric field generated by chronically 
implanted electrodes [29]. Based on previous reports showing 
postmortem encapsulation layers in canines [30], we incorpor-
ated a 300  µm thick layer of encapsulation tissue attached to 
the inner cuff wall and a thicker 1.2  mm layer of encapsula-
tion tissue attached to the external surface of the nerve cuff. 
Between the nerve and the encapsulation layer, a 50 µm layer of 
interstitial fluid was also included.

Finite element model of HGN stimulation

An important component to understanding the effects of HGN 
stimulation is knowing how electrical current propagates 
through the complex tissue medium within and surrounding 
the HGN. The three-dimensional reconstructions of the hypo-
glossal nerve and cuff interface were thus incorporated into 
finite element model (FEM, COMSOL Multiphysics v5.3a) with 
inhomogeneous (i.e. location-dependent) and anisotropic 
(i.e. orientation-dependent) electrical conductivities that en-
compassed components of the nerve, cuff-electrode, and sur-
rounding tissue. The FEM geometries were assigned electrical 
conductivity properties of the endoneurium, perineurium, 
epineurium, encapsulation tissue within and around the cuff 
interface, and interstitial fluid with values consistent with pre-
vious computational models of peripheral nerve stimulation 
[26] (Table 1). Incorporation of encapsulation tissue on the ex-
ternal portions of the nerve cuff was found to be important for 

aligning the model results to the clinical outcomes. The tissue 
distal from the nerve-cuff interface was assigned an average 
conductivity of 0.2 S/m.

An outer tissue bounding box of 25  mm on each side was 
incorporated around the nerve and cuff interface. The union of 
geometries meshed with Delaunay tesselation and a variable 
resolution of tetrahedral elements ranging from 50 µm to 9 mm, 
which resulted in approximately 1.5 million elements. These 
mesh sizes were such that increasing the mesh resolution re-
sulted in less than 1% change in the predicted tissue voltages 
within the nerve cuff.

Voltage-controlled stimulation was modeled for monopolar 
electrode configurations by setting one or more electrodes as 
the cathode and the bottom “neck” panel of the tissue bounding 
box as the anode. The other panels as well as the insulation of 
the nerve cuff were assigned Neumann boundary conditions 
of zero flux. The monopolar configurations evaluated in the 
model included a single centered cathode (o-o) and a grouped 
cathode (---), in which the cathode(s) were located within the 
nerve cuff and the anode was the neurostimulator metallic shell 
implanted below the clavicle. The bipolar configuration simu-
lated in this study was a guarded cathode (+-+) in which both 
cathode and anodes are within the nerve cuff. These three set-
tings represent nearly all of the electrode configurations used 
in clinical practice. For each of these electrode configurations, a 
stationary simulation was run to estimate the peak tissue volt-
ages resulting during electrical stimulation. These simulations 
solved the Poisson equation using the direct solver in COMSOL 
Multiphysics v5.3a.

Axonal models of hypoglossal nerve stimulation

Another important component to understanding the effects of 
HGN stimulation is knowing how the time-varying, spatially 
nonuniform tissue voltages influence axons within the HGN. 
The human hypoglossal nerve holds approximately 9,000 axons 
at its proximal location [24], and likely half as many at its distal 
location where the nerve cuff is located. While it is possible to 
model and simulate all membrane activity within all axons of 
the hypoglossal nerve, one can greatly reduce the density of 
axons without losing much resolution in the overall percentage 
of axons activated by a particular stimulation setting. In this 
study, a total of 214 axons were modeled (n = 166 for fascicle 1, 
n = 35 for fascicle 2, and n = 13 for fascicle 3).

Multicompartment cable models of the myelinated axons were 
constructed in the programming environment NEURON (v7.3) 
with explicit geometrical and biophysical representations of the 
nodes of Ranvier, myelin attachment sections of the paranode, 

Table 1.  Electrical conductivity properties of the HGN stimulation 
model

Structure Conductivity (S/m)

Perineurium 0.0021
Endoneurium  
  Longitudinal 0.5714
  Transverse 0.0826
Epineurium 0.0826
Encapsulation 0.008
Interstitial fluid 2.0
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main section of the paranode, and internodal sections under the 
Schwann cells [11] (Figure 1E). To assess the relationship between 
axon diameter and recruitment thresholds, a distribution of axon 
diameters were modeled (range from 5 to 20 µm diameter, peak at 
10 µm) (Figure 1F). The internodal spacing of these axons was set 
as 100× the axon diameter, which is consistent with calculations 
from peripheral nerves [31]. This distribution of axon diameters 
was randomly populated within the three fascicles.

The extracellular stimulus waveform was formulated by 
passing the biphasic waveform (used in the Inspire Medical 
Systems voltage-controlled neurostimulator) through an 
equivalent circuit model of the electrode-tissue interface and 
then scaling the waveform according to the extracellular tissue 
voltages calculated from the FEM at each axonal membrane 
compartment. The biphasic waveform had a 92.4  µs stimulus 
phase, followed by a 244.5 µs interphase delay, and then a re-
charge phase that was either 754 µs in duration (bipolar config-
urations) or 620 µs (monopolar configurations).

These waveforms were incorporated into the e_extracel-
lular mechanism in NEURON, which calculates and applies the 
transmembrane currents induced by the extracellular stimulus 
perturbations along the axon. A membrane voltage probe was in-
serted into the distal end of the axon, which was in the direction 
of the geniohyoid and genioglossus muscles. A stimulus train of 
five pulses was simulated for a given stimulus waveform, amp-
litude, and electrode configuration. If the membrane voltage 
exceeded −20 mV, which was the threshold used in this study 
for detecting an action potential, and did so for at least four of 
the five stimulus pulses, the axon was defined as “activated.” 
A binary search algorithm was used to identify the stimulation 
voltage threshold for each modeled axon within the nerve. For 
each stimulation configuration and amplitude, a population re-
sponse was calculated from these threshold values.

Clinical evaluation of hypoglossal nerve stimulation 
thresholds

Retrospective analysis of stimulation thresholds was performed 
based on clinical evaluations from human patients implanted 
with HGN stimulation systems. HNS was defined with respect 
to tongue motion at two threshold levels. The first was a sensa-
tion threshold, given by the lowest stimulation amplitude that a 
patient-perceived tongue motion. The second was a functional 
threshold for bulk tongue movement observed through the 
oral cavity and over the frontal teeth [32]. These threshold data 
across multiple different stimulation cathode and anode config-
urations served as outcome measures to optimize the modeling 
parameters.

Results

Clinical evaluation of hypoglossal nerve stimulation 
thresholds

Clinical HNS thresholds were compiled from a previously pub-
lished trial [3] to compare three different electrode configur-
ations: guarded cathode (+−+), single cathode (o−o), and grouped 
cathode (−−−). Using the guarded cathode configuration, the 
average sensation threshold was 1.3  ± 0.8 V and increased to 
2.2 ± 1.0 V for functional thresholds (Figure 2A). In comparison, 

the monopolar configurations of (o-o) and (---) resulted in re-
duced sensation thresholds and functional thresholds. In both 
cases, the relative ratio of stimulation thresholds between the 
monopolar configurations and the guarded bipolar configuration 
was consistent for both sensation and functional thresholds.

Calibration of computational models using clinical 
thresholds

Tissue encapsulation conductance was modified in the models 
to simulate the guarded cathode setting yielding the highest 
thresholds and the grouped cathode setting yielding the lowest 
thresholds. The conductance was also modified (tuned to 0.008 
S/m) in order for the model-based sensation thresholds, which 
were defined as activation of 15% of HGN axons, and model-
based functional thresholds, which were defined as activation 
of 85% of HGN axons, were consistent between electrode con-
figurations (Figure  3). The sensation thresholds were found to 
predominantly activate the largest diameter axons in the nerve 
for both grouped cathode and guarded cathode configurations, 
whereas the functional thresholds activated a broad range of 
axon diameters.

Hypoglossal nerve activation depends on electrode 
configuration

The distribution of activated axons within the hypoglossal nerve 
was more uniform for monopolar (--- and o-o configurations) 
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Figure 2.  Clinical hypoglossal nerve stimulation thresholds. (A) Stimulation 

amplitude thresholds for both perception of tongue muscle contraction by the 

patient (sensation) and observation of tongue muscle contraction by the clin-

ician (functional). (B) Relative thresholds for single cathode (o-o) and grouped 

cathode (---) configurations in comparison to the guarded cathode configur-

ation (+-+). Thresholds were collected from 52 patients for (+-+), 28 for (o-o) 

and 38 for (---).
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than for bipolar (+-+) stimulation settings (Figure 4A). As stimu-
lation amplitude increased for the monopolar configurations, 
the distribution of activation was first characterized by cap-
ture of large-diameter axons throughout all three fascicles 
(Figure 4B). As stimulation amplitude was further increased, the 

density of activation within each fascicle also increased such 
that smaller diameter axons were in turn recruited at higher 
stimulation amplitudes. In contrast, the guarded bipolar con-
figuration was characterized by a spatial activation profile in 
which activated axons were located proximal to the electrodes 

Figure 3.  Effects of electrode configuration on hypoglossal nerve activation. Shown are thresholds for grouped cathode (---) and guarded cathode bipolar (+-+) config-

urations. Clinical sensation and functional thresholds are from Figure 2 and consistent in the model with 15% and 85% activation of the axons within the hypoglossal 

nerve.

Figure 4.  Comparison of the spatial distribution of axon activation within the hypoglossal nerve amongst grouped cathode (---), single cathode (o-o), and guarded 

cathode (+-+) configurations. Shown are A, spatial activation at −1.3 V for each configuration, as well as amplitude sweeps for B, grouped cathode and C, guarded 

cathode configurations.
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within the nerve cuff (Figure 4C). Again, as stimulation ampli-
tudes increased, the density of activation also increased within 
the hypoglossal nerve, but in comparison to the monopolar 
configurations, this followed a pattern of axonal activation that 
was more aligned with axonal proximity to the active electrodes 
than axonal diameter.

Monopolar electrode configurations are less 
sensitive to hypoglossal nerve orientation

Given the propensity of guarded bipolar configurations to 
have nonuniform spatial activation profiles within the hypo-
glossal nerve, we investigated how axonal activation depends 
on the nerve orientation with respect to the cuff electrodes 
(Figure 5). For all three fascicles, axonal activation using the 
grouped cathode configuration had minimal dependency on 
nerve orientation within the cuff. This grouped cathode con-
figuration also showed a relatively steep uptick in axonal 
activation once reaching a critical threshold of around 0.4 
V for all three fascicles. The guarded bipolar configuration, 
however, had a much greater dependency on the rotation 
of the nerve cuff, especially for the two smaller fascicles. 
Additionally, the likelihood of axonal activation with bipolar 
stimulation had a more gradual increase in increasing stimu-
lation amplitude.

Discussion
While HNS is an established therapy for treating OSA, the physio-
logical rationale for choosing one stimulation setting over an-
other has not been thoroughly investigated. In this study, we 
constructed a detailed biophysical model to simulate the effects 
of various stimulation configurations on recruitment of axonal 
activity within the hypoglossal nerve. The results provide a basis 
to understand the strengths and weaknesses of using monopolar 
versus bipolar stimulation; moreover, the computational 
modeling approach provides a framework for future studies to in-
vestigate the role other stimulation settings have on the success 
of selective recruitment of axonal pathways within the HGN.

One of the primary findings in this study was that monopolar 
stimulation generated a uniform spatial pattern of axonal re-
cruitment within all three modeled fascicles with the lowest 
thresholds for activation reserved for the largest diameter axons. 
This suggests that the initial “sensation” thresholds reported 
by the patient correspond to activation of these large diameter 
axons and that the distribution of the sensed muscle activation 
is likely to be broad in distribution. Additionally, given that the 
“functional” threshold amplitudes of stimulation were found to 
be approximately twice as large (~1.0 V versus ~0.5 V, Figure 2) 
as the “sensation” thresholds, it is also likely that to achieve a 
positive functional outcome, one needs to recruit axons across a 
wide range of axonal diameters within the HGN.

Figure 5.  Effects of hypoglossal nerve orientation on axonal activation for grouped cathode (---) and guarded cathode (+-+) configurations. Shown are activation profiles 

for nerve orientations for 0° (primary fascicle is proximal to the cuff electrodes), 90°, 180°, and 270°.
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The models also indicated monopolar stimulation results 
in relatively high current densities at the nerve cuff end such 
that the resulting electric field lines project parallel to the 
nerve. Both high current densities and electric field orien-
tation along a nerve have been shown to be important con-
tributors to axonal activation [12, 23]. Thus, when a nerve cuff 
is positioned near nerve branches to the styloglossus and 
hyoglossus muscles, there would be a higher likelihood that 
stimulation may inadvertently activate these branches re-
sulting in a muted or antagonizing effect on tongue motion 
patterns and the ability to open a patient’s airway [33]. In such 
a case, one would want to have more selective stimulation of 
only the fascicles projecting to the genioglossus muscle and/
or use a guarded bipolar configuration to constrain the cur-
rent within the nerve cuff.

In comparison to the monopolar stimulation configurations, 
the guarded bipolar configuration proved to be more capable 
of selective activation of individual nerve fascicles that were 
proximal to the electrodes within the nerve cuff. Guarded bi-
polar configurations are often used during the initial activa-
tion protocol after nerve cuff implantation, and the models 
suggested that the approach may be useful to explore the rela-
tionships between tongue motion patterns and more selective 
fascicular activation especially in the context of cuff rotation. 
The effects of nerve cuff rotation on HGN activation were most 
prominent for the two smaller fascicles, which suggests that 
tongue motion patterns underlying stimulation of the small fas-
cicular branches may be especially susceptible to the rotation 
of the cuff [34]. Additionally, in retrospective analysis, a more 
lateral rotated electrode position was associated with a higher 
presence of right protrusion and bilateral protrusion of the 
tongue, which is associated with better apnea–hypopnea index 
reduction [8, 33]. Cases in which there are changes in tongue 
motion patterns over time have been implicated in having a 
higher likelihood of being subprime responders [33].

If a nerve cuff were placed in a location distal to the nerve 
branches of the styloglossus and hyoglossus muscles, one 
may want to activate all fascicles contained within the nerve 
cuff to achieve a robust clinical response. In this case, the 
models suggest that in comparison to monopolar stimulation, 
guarded bipolar stimulation would require a larger voltage to 
activate all of the fascicles. The models correctly predicted 
the clinical “sensation” and “functional” threshold voltages 
and the ratio between monopolar and bipolar configurations 
[33, 35] showing a significantly higher stimulus threshold for 
the guarded bipolar stimulation setting. The models indicated 
that this difference in threshold voltages stemmed from cur-
rent being shunted between anodes and cathode through 
the interstitial fluid and encapsulation layers. These layers 
were located between the active electrodes and the nerve 
and are likely to vary in conductance and thickness as the re-
active tissue response to the implanted device develops and 
stabilizes [36]. While the models were based on a fascicular 
structure with one primary and two secondary fascicles, other 
fascicular structures may occur in practice, especially when 
one considers the surgical location of the nerve-cuff assembly 
along the HGN. The models would indicate that for nerve seg-
ments with a higher number of fascicles that, as shown in 
Figure 5, monopolar (o-o and ---) configurations will be more 
successful at recruiting all of the fascicles than the case of bi-
polar (+-+) configurations.

The computational models of HGN stimulation were tuned 
to the clinical data in Figure 2 in terms of encapsulation tissue 
conductivity and encapsulation layer thicknesses [28, 29, 36, 
37]. While the encapsulation tissue conductivity broadly 
changed the thresholds for axonal activation, we found that 
the encapsulation tissue thickness surrounding the cuff and 
especially at the nerve-cuff openings was a critical factor 
in aligning the relative ratios of axonal activation between 
guarded bipolar and grouped monopolar configurations. In 
clinical practice, the significance of the initial postimplant 
inflammatory response underlying formation of this encap-
sulation tissue is respected through the allotted time delays 
from nerve cuff placement to initial activation of stimulation 
and subsequent polysomnography-based titration of pro-
gramming settings. However, previous studies have also noted 
changes in tongue motion patterns within the first year fol-
lowing implantation [33, 34], and these clinical observations 
may stem from changes in the interstitial fluid within the 
cuff and the encapsulation tissue both within the cuff and at 
the openings of the cuff. It is important to acknowledge that 
several other model parameters will likely vary from patient 
to patient, including the location of the cuff along the hypo-
glossal nerve; the number, size, and distribution of fascicles 
within the cuff; and the diameter, myelination, and excit-
ability properties of the axons within each fascicle [38]. These 
parameters, in part, provide context for why one should ex-
pect the degree of variation in clinical stimulation thresholds 
as shown in Figure 2 among patients.

The interpatient variability of HGN computational model 
parameters emphasizes the importance of a standardized 
best-practice approach to therapy programming and trouble-
shooting to optimize clinical outcomes. Based on this data, a 
“one-size fits all” electrical programming will likely leave many 
patients suboptimally treated. During the initial device activa-
tion as well as subsequent follow-up visits, clinicians should 
synthesize available intraoperative information (e.g. individual 
neuroanatomy, cuff location along the nerve, cuff rotation) and 
clinical feedback (e.g. tongue motion, patient comfort, OSA out-
come measures), and interpret both in the context of this model 
of electrical stimulation. Subsequent personalized and targeted 
therapy modifications have the potential to increase successful 
treatment in both the sleep clinic and sleep laboratory settings.

Postimplant healing and fibrosis over time, and associated 
changes in encapsulation layer thickness and conductivity, also 
support the need to closely monitor therapy long-term. From 
the initial device activation at 4-week postimplant, through 
the initial acclimation phase, through objective sleep testing 
in the first 6–12  months, and through the expected generator 
battery life of ten years or more, stimulation requirements may 
change. The model-based results of this study support a longitu-
dinal care model, in which therapy outcomes and adherence are 
regularly reassessed, and stimulation parameters are adjusted 
accordingly. In summary, a firm understanding of the funda-
mentals of electrical stimulation parameters can help guide 
clinical decision-making and ultimately optimize long-term 
outcomes.
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