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Abstract

Peripheral nerve stimulation is being investigated as a therapeutic tool in several clinical

scenarios. However, the adopted devices have restricted ability to obtain desired out-

comes with tolerable off-target effects. Recent promising solutions are not yet employed in

clinical practice due to complex required surgeries, lack of long-term stability, and implant

invasiveness. Here, we aimed to design a neural interface to address these issues, specifi-

cally dimensioned for pudendal and sacral nerves to potentially target sexual, bladder, or

bowel dysfunctions. We designed the adaptable intrafascicular radial electrode (AIR)

through realistic computational models. They account for detailed human anatomy, inho-

mogeneous anisotropic conductance, following the trajectories of axons along curving and

branching fascicles, and detailed biophysics of axons. The model was validated against

available experimental data. Thanks to computationally efficient geometry-based selectiv-

ity estimations we informed the electrode design, optimizing its dimensions to obtain the

highest selectivity while maintaining low invasiveness. We then compared the AIR with

state-of-the-art electrodes, namely InterStim leads, multipolar cuffs and transversal intra-

fascicular multichannel electrodes (TIME). AIR, comprising a flexible substrate, surface

active sites, and radially inserted intrafascicular needles, is designed to be implanted in a

few standard steps, potentially enabling fast implants. It holds potential for repeatable

stimulation outcomes thanks to its radial structural symmetry. When compared in-silico,

AIR consistently outperformed cuff electrodes and InterStim leads in terms of recruitment

threshold and stimulation selectivity. AIR performed similarly or better than a TIME, with

quantified less invasiveness. Finally, we showed how AIR can adapt to different nerve

sizes and varying shapes while maintaining high selectivity. The AIR electrode shows the

potential to fill a clinical need for an effective peripheral nerve interface. Its high predicted

performance in all the identified requirements was enabled by a model-based approach,

readily applicable for the optimization of electrode parameters in any peripheral nerve

stimulation scenario.
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Author summary

The potential of peripheral nerve stimulation in treating health conditions is limited by

current technology, most importantly by the selectivity of the electrodes employed, i.e.,

their ability to obtain the desired clinical outcomes with limited collateral effects. Using

highly realistic tridimensional models of the nerves and of the electrodes there implanted,

we are able to estimate the outcome of stimulating with a specified electrode and protocol

by simulating the behavior of each axon of the nerve. We used this computational frame-

work to optimize key geometric parameters of a novel electrode design, specifically

dimensioned for pudendal and sacral nerve stimulation for the potential treatment of

bladder, bowel, and sexual dysfunctions. Within this in-silico framework, our electrode

has shown promising results against state-of-the-art electrodes in all identified bench-

marks, showing potential to meet the clinical need for a selective, quickly implantable

electrode. The electrode optimization method we proposed can be applied in many other

peripheral nerve stimulation scenarios for testing and optimizing electrode design param-

eters, aiding in the development of next-generation devices.

Introduction

Peripheral nerve stimulation has been employed in clinics for decades for the treatment of sev-

eral conditions such as severe depression and epilepsy by vagus nerve stimulation [1], and for

the treatment of bladder dysfunctions by sacral neuromodulation [2]. However, the range of

potential applications is much larger, since it extends to all functions which are regulated by

the peripheral nervous system. Peripheral neurostimulation has shown positive outcomes in

clinical trials in several applications such as sensory feedback restoration for amputees [3–5].

However, the efficacy and safety of neurostimulation are bounded by the current electrode

technology. Devices used in clinical practice have a restricted ability to selectively obtain

desired therapeutic effects with tolerable off-target effects, strongly limiting viable applications

[6]. On the other hand, more invasive electrodes such as the transversal intrafascicular multi-

channel electrode (TIME) [7], have shown high performance in terms of selectivity in somatic

nerves [8], but suffer from complex and long implant procedures [9]. With this work, we

aimed to develop a neural interface with comparable or superior performance to current

designs while limiting implant invasiveness and complexity.

We decided in particular to investigate the application of a novel peripheral electrode inter-

face for pudendal and third sacral nerves, which bear the main control role in sexual, bladder,

and bowel functions (Fig 1A). Treatment with peripheral neurostimulation has already shown

promising results for pelvic dysfunctions and represents a great interest for future technologi-

cal development due to their high prevalence and related costs. Indeed, sexual dysfunctions

affect a very important share of the world population of female and male adults, a large portion

of them related to genital arousal [10,11], which is known to be controllable by electrical nerve

stimulation [12–17]. Oral drugs for erectile dysfunction have a limited efficacy [18], and for

female arousal dysfunctions treatment options are very limited [19–21], showing the interest

for a new therapeutic option. Stimulation of the pudendal nerve has been shown to trigger sev-

eral effects such as motor responses of the external anal sphincter, external urethral sphincter,

and intracavernous muscle; bladder contractions [22–24]; and bladder inhibition, exploited in

clinical applications for the treatment of overactive bladder syndrome [25]. The mechanism of

bladder inhibition is considered to be triggered by a spinal reflex [26], arguably mediated by

larger myelinated afferents which are recruited at low stimulation amplitudes. The stimulation

PLOS COMPUTATIONAL BIOLOGY Design of the AIR electrode for selective nerve stimulation by model-based optimization

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011184 May 25, 2023 2 / 21

analysis, decision to publish, or preparation of the

manuscript.

Competing interests: We have read the journal’s

policy and the authors of this manuscript have the

following competing interests: ETH Zürich filed a
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Fig 1. Proposed electrode placements and description of the hybrid modeling pipeline. A. The proposed placements of the electrodes

are the pudendal nerve and the third sacral nerve, portrayed respectively on the top and bottom rows of the panel. On the left, a

representation of the lead and implantable pulse generator placement. On the right, one exemplary modeled placement of InterStim and

AIR electrodes on the target nerves (electrodes represented in blue). For the sacral nerve, the sacrum was also modeled for proper

placement of the InterStim lead with respect to the sacral foramen. B. The hybrid modeling pipeline comprises: i) 3D nerve
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outcome is dependent on the electrode placement [22], therefore, the employment of selective

electrodes may extend the clinical applications to other conditions such as sexual dysfunctions

and on-demand control of bladder and bowel function. Since there exist somatotopic organi-

zation at the proposed implant level (e.g., clustering of fascicles in the pudendal nerve that will

branch to inferior rectal nerve and dorsal genital nerve [27]), fascicular selectivity is necessary

to modulate the function of target organs independently (e.g., control of bowel versus bladder

function). Therefore, we chose it as a primary benchmark measure. However, because of the

coexistence of different fiber types, mainly distinguishable by their diameter and carrying dif-

ferent functions, we also investigated how the selectivity by fiber diameter changes based on

the electrode employed.

The space of parameters in the design of an electrode is extremely high-dimensional, there-

fore an iterative optimization through animal or human experimentation is unfeasible. For this

reason, we decided to use hybrid computational models (Fig 1B) as a platform to identify an

electrode design optimized in all its dimensions [28–30], an approach that is advocated for by

several research groups [31–34]. Due to the high computational and human effort required to

build highly detailed tridimensional models, we developed an optimization framework com-

prising a two-step approach. In the first step, a simplified geometric selectivity estimation allows

to optimize each design parameter with minimal computational cost. The complete highly

detailed computational model can be subsequently used to characterize the response to electri-

cal stimulation down to single-axon resolution. The computational framework we developed

can be applied in the future for the optimization of many peripheral nerve electrode designs.

Using this framework, we designed a novel neural interface, called adaptable intrafascicular

radial electrode (AIR). We defined a mechanical design aiming to reduce invasiveness and

implant complexity with respect to state-of-the-art intrafascicular electrodes. We then opti-

mized its specific dimensions and configuration of active sites through an iterative process to

maximize its selectivity. We chose to compare the AIR electrode with three other electrodes

associated with different invasiveness levels: i) a quadripolar InterStim lead, as it is the clinical

standard for sacral neuromodulation [2,35], and has also been proposed for pudendal neuro-

modulation [25,36]; ii) a multipolar cuff, to represent an extraneural approach typical of clini-

cally used devices [6,30,37,38]; and iii) a TIME [7], an intrafascicular implant used in human

clinical trials, which is highly selective on somatic nerves [8], and highly invasive [9]. Finally,

we validated the model-predicted thresholds against experimental data available in literature

for the InterStim implant on the sacral nerve.

Results

Framework validation

No significant differences were found between the distribution of thresholds predicted by the

model for the InterStim implant on the sacral nerve with experimental thresholds (Kolmogo-

rov-Smirnov test, p> .05) (Fig 2A). Comparable high-quality data for other nerve and elec-

trode configurations were not available in literature. There exist a larger literature body

regarding animal experimentation, but a comparison in absolute values is less meaningful

reconstructions made from histological information, modeled in Solidworks; ii) in-silico electrode implantation, integrating nerve and

electrode geometries into a COMSOL model; iii) population of the fascicles with nerve fibers with diameters sampled from a predefined

probability distribution; iv) 3D fiber path reconstruction through the solution of the curvilinear coordinates problem; v) solution of the

current conservation problem with current injection by each active site and extracellular potential interpolation at each axonal

compartment performed in COMSOL Multiphysics; vi) solution of the neural dynamics with NEURON to obtain fiber recruitment

thresholds, and computation of recruitment curves; vii) analysis and display of results via MATLAB and a web-based interface using

three.js.

https://doi.org/10.1371/journal.pcbi.1011184.g001
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because of large inter-species differences in neuroanatomy. For example, for the stimulation of

feline pudendal nerve with an extraneural needle electrode are reported thresholds of 31 ± 19

nC [22], much lower than those reported in humans in a similar setup (130 ± 40 nC) [23].

Electrode design optimization

The chosen electrode design consists of a cuff-like sleeve with a variable number of protru-

sions in the longitudinal direction of the nerve (referred to as electrode heads, Fig 3A). Each

electrode head holds one surface active site and two sharp pillars (referred to as spikes),

which are deinsulated at the tip, yielding two intrafascicular active sites. This structure was

designed to allow a radial insertion of intrafascicular active sites, and to be able to adapt to

varying nerve shapes and sizes (Fig 3B). Accordingly, we named it adaptable intrafascicular
radial (AIR) electrode. The optimization of the AIR electrode dimensions was obtained by

maximization of geometric selectivity which resulted in a spike pitch and a spike length of

0.6 mm (Fig 3A). The use of the geometric selectivity was justified by its high correlation

with the mean fascicular selectivity computed by the complete hybrid model (R2 = 0.92,

p < 0.001), and its negligible computational cost, requiring only the measurements of dis-

tances between fascicles and active sites (Fig 2B). We set the number of active sites to 12 (4

electrode heads), value at which the increment in selectivity per added active site was lower

than 1% (Fig 3C). The choice of 2 spikes per electrode head was made by a similar compro-

mise between selectivity and invasivity: increasing the from 1 to 2 spikes per head increased

the geometric selectivity by 3% per added spike, while adding a third spike per head increase

the selectivity by less than 1% per spike. Moreover, having two spikes per electrode head

ensures its alignment to the nerve during the implant, aiding the radial insertion (see Fig

3B). We found that the optimized design had a higher selectivity asymptote than cuff elec-

trodes (Fig 3C), arguably due to the more uniform distribution of active sites across the

nerve, possibly justifying the higher invasiveness, which remains still lower than the one of

TIMEs (Fig 3D).

Fig 2. Validation of detailed and simplified computational models. A. Validation of the detailed computational model with literature available

experimental data. The distribution of thresholds estimated by the model does not significantly differ from experimentally measured thresholds for the

stimulation of the sacral nerve with an InterStim electrode [39] (Kolmogorov-Smirnov test, p> .05). B. Validation of the geometric selectivity as

predictor of the mean fascicular selectivity. On the left, a qualitative representation of the geometric selectivity, where dmin,i is the minimum distance

(dashed line) from the active site (in yellow) to the target fascicle i (in red), and dmin,j are the distances to each other fascicle (in blue). On the right, a

qualitative representation of the fascicular selectivity, where μi is the relative recruitment of the target fascicle i (in red), and μj are the relative

recruitments of each other fascicle (in blue). In the middle, the correlation plot between fascicular selectivity, estimated by the complete hybrid model,

and geometric selectivity, calculated on geometric-only features, without performing any meshing or simulation. The least-square regression is drawn as

dashed line. The geometric selectivity is a good predictor of the fascicular selectivity when averaged for all fascicles per electrode configuration (crosses)

with an R2 = 0.92 (p< 0.0001), while it has lower predictive value for single fascicles (circles) with an R2 = 0.73 (p < 0.0001).

https://doi.org/10.1371/journal.pcbi.1011184.g002
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Fig 3. Optimization of the AIR electrode and estimation of its invasiveness. A. The optimization of the AIR electrode dimensions made by finding

the absolute maximum of the geometric selectivity at varying pitch and depth of the spikes. B. The final design is shown with its dimensions and a

representation of the electrode wrapped around a nerve. C. Selectivity at varying number of active sites, showing that cuff electrodes reach a plateau due

to physical constraints while the AIR electrode can reach higher values of selectivity. For the AIR, the number of active sites was varied maintaining the

ratio of 2 spikes/surface active site. The number of active sites chosen for the final design, 12, is highlighted. D. The invasiveness of the three implants is

evaluated as the volume of endoneurium which is displaced during the electrode implant, showing that the AIR electrode causes lower fascicular

damage than the other intrafascicular electrode.

https://doi.org/10.1371/journal.pcbi.1011184.g003
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Recruitment thresholds and selectivities

The AIR electrode significantly outperformed the InterStim lead used in clinical practice in

terms of recruitment thresholds, which are three orders of magnitude lower; fascicular selectiv-

ity; and axonal selectivity (p< .001) (Fig 4).

We found that the AIR electrode performs significantly better than the cuff in terms of

recruitment threshold, fascicular selectivity, and axonal selectivity, on both pudendal and

sacral nerves (p< .001) (Fig 5). On the pudendal nerve, the AIR electrode shows significantly

higher fascicular and axonal selectivity than the TIME (respectively p< .01 and p< .001),

while the difference in thresholds is not significant (Fig 5A). On the sacral nerve, the AIR elec-

trode outperforms the TIME electrode by all metrics, albeit significantly only in axonal selec-

tivity (p < .001) (Fig 5B). In general, we observed a different behavior between pudendal and

sacral nerve due to their different shape. We found that the flattened shape of the pudendal

nerve allowed for better performance of the cuff electrode compared to implants on the

rounder sacral nerve, due to a higher number of superficial fascicles. On the other side, the

performance of TIMEs on pudendal nerves was highly dependent on proper placement, i.e.,

the outcome is less repeatable than with AIR and cuff electrodes, while on the sacral nerve its

performance is less sensitive to its placement.

Fig 4. Recruitment thresholds, fascicular selectivity, and axonal selectivity of AIR and InterStim electrodes. Reported for A. Pudendal nerve, and

B. Sacral nerve. For each electrode placement (2 for the AIR electrode, 4 for the InterStim), the fascicular threshold and selectivity were computed for 11

and 10 fascicles, and the axonal selectivity for 890 ± 16 and 5664 ± 30 axons (respectively for pudendal and sacral nerves). In the plots, for each electrode

type, placements are grouped together. Results per single placement are reported in S2 Fig. The recruitment threshold plots show how the InterStim

requires much higher injected charge and therefore energy to obtain the same recruitment. The selectivity plots show, for the InterStim, a median

fascicular selectivity lower than 0.1 and axonal selectivity lower than 0.7, with the AIR electrode scoring statistically higher values. On the left of panel A,

and on the right of panel B are drawn cross-sections of the nerve with axons color-coded by axonal selectivity, for the two modeled AIR placements

separately of and for the four InterStim placements together. 3D models of the electrodes are overlaid on the cross-sections. The insulative substrates of

the electrodes are represented in turquoise for the AIR and in blue for the InterStim, as for bar and violin plots. The active sites are represented in red.

https://doi.org/10.1371/journal.pcbi.1011184.g004
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Repeatability of stimulation outcome

The performance of the AIR and of the multipolar cuff in all three benchmark metrics was not

significantly dependent (p> .05) on the modelled possible surgical placement (implemented

in different positions with respect to the nerve), not on the pudendal nor on the sacral nerve.

The axonal selectivity depended significantly on placement for both InterStim and TIME on

pudendal nerve (resp. p< .01 and p< .001) and on sacral nerve (resp. p< .001 and p< .01).

Recruitment thresholds depended significantly on placement for both InterStim and TIME on

the pudendal nerve (resp. p< .001 and p< .05), but on the sacral nerve significantly only for

the InterStim (p< .01). Fascicular selectivity depended significantly on surgical placement

only for the TIME on the pudendal nerve (p< .001). Results for single placements with pair-

wise comparisons are reported in S2 Fig.

Adaptability to variable nerve sizes

The adaptability study has shown that the AIR electrode is able to maintain a high selectivity

level at increasing nerve size when the number of active sites is scaled accordingly. The

Fig 5. Recruitment thresholds, fascicular selectivity, and axonal selectivity of AIR electrode, cuff electrode, and TIME. Reported for A. Pudendal

nerve, and B. Sacral nerve. For each electrode placement (2 for the AIR electrode, 2 for the cuff, and 2 for the TIME), the recruitment threshold and

selectivity were computed for 11 and 10 fascicles, and the axonal selectivity for 890 ± 16 and 5664 ± 30 axons (respectively for pudendal and sacral

nerves). In the plots, for each electrode type, placements are grouped together. Results per single placement are reported in S2 Fig. The AIR electrode

shows significantly lower thresholds, higher fascicular selectivity, and higher axonal selectivity than the cuff electrode on both nerves. It shows

significantly higher fascicular and axonal selectivity than the TIME on the pudendal nerve, and significantly higher axonal selectivity on the sacral

nerve. The difference in thresholds between AIR and TIME was not significant on both nerves. Significant differences between TIME and cuff

electrodes are not shown. On the left of panel A, and on the right of panel B are drawn cross-sections of the nerve with axons color-coded by axonal

selectivity, for the two modeled cuff placements and for the two TIME placements. 3D models of the electrodes are overlaid on the cross-sections. The

insulative substrates of the electrodes are represented in green for the cuff and in gray for the TIME, as for bar and violin plots. The active sites are

represented in red.

https://doi.org/10.1371/journal.pcbi.1011184.g005
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TIME improves its selectivity at increasing nerve sizes when multiple electrodes are

implanted in the same target nerve (panel B of S1 Fig). The AIR electrode outperforms other

electrode designs for all nerve dimensions (p < .001), except for the larger tested nerve

diameter (10.8 mm), for which the difference with 3 implanted TIMEs is not significant.

Additionally, we found that the addition of surface active sites significantly improves the

selectivity at all nerve dimensions (p < .001), with larger improvements (up to about 10%)

for larger nerve sizes (panel A of S1 Fig).

Selectivity by fiber diameter

Moreover, the combination of intrafascicular and surface active sites of the AIR electrode may

also enable differential strategies in recruiting axons of different diameter. Indeed, we observed

how the order of fiber recruitment is fundamentally different between intrafascicular and

extrafascicular stimulation (Fig 6C). For intrafascicular active sites, there is a strong depen-

dance of recruitment threshold (and therefore axonal selectivity) on the distance to the active

site, while for extrafascicular active sites the effect of axon diameter appears to be stronger (Fig

6A and 6B). This difference in recruitment order causes an increase of selectivity for smaller

fiber diameters when using intrafascicular active sites (Fig 6C and 6D). A two-way ANOVA

test with interaction terms highlighted a significantly higher increase of axonal selectivity for

Fig 6. Effects of active site type on potential distribution, recruitment order, and selectivity. Difference in potential field (A) and therefore in fiber

recruitment order (C) and in axonal selectivity (B) between axon diameter classes for an AIR intrafascicular versus extrafascicular active site. The active

sites are represented in red 3D volumes. The black curve drawn within the active sites marks their intersection with the nerve cross-section plane. In

(D) are reported the distributions of axonal selectivities for both placements of AIR on both nerves separately for extrafascicular and intrafascicular

sites. Half intrafascicular active sites have been excluded from this analysis to avoid a bias due to different number of active sites in the two classes. The

effects of active site type and fiber type on axonal selectivity have been analyzed by a two-way ANOVA with interaction terms and Tuckey’s test for

multiple comparisons. Notably, the use of intrafascicular active sites increases the mean axonal selectivity for small axons by 0.11, p< .001, 95% CI

[0.10, 0.12], while for large axons by only 0.04, p< .001, 95% CI [0.03, 0.05].

https://doi.org/10.1371/journal.pcbi.1011184.g006
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smaller diameters (0.11, p< .001, 95% CI [0.10, 0.12]) when using intrafascicular active sites,

with respect to the increase of selectivity for larger axons (0.04, p< .001, 95% CI [0.03, 0.05],

Fig 6D).

Discussion

The high correlation between mean geometric and fascicular selectivity supports the choice of

using the geometric selectivity as a computationally efficient target function when optimizing

an electrode design for overall selectivity, and the use of the more realistic hybrid model when

evaluating the detailed performance of an electrode at the fascicular or axonal level (Fig 2B).

This allowed to optimize the AIR dimensions in a naïve grid-search with negligible computa-

tional costs. Performing the same procedure in the complete hybrid model would have

required an impracticable computational and human effort. The evaluation of the final design

in the complete model has shown promising results in terms of thresholds, selectivity, and

invasiveness against other electrode designs.

The identified design, comprising multiple heads each holding one surface and two intra-

fascicular active sites, was meant to flexibly adapt to varying nerve shapes. Moreover, the split

between heads and the inclusion of two spikes per electrode head guarantees the alignment of

each head to the nerve surface during the implant (see Fig 3B), aiding a radial insertion of the

spikes and reducing shear forces which may damage nerve and electrode. However, these

observations need to be verified by future experiments. Intrafascicular electrodes typically

require long and complex surgeries [9,40,41]. Ultimately, we foresee an implant procedure

where the electrode substrate is wrapped around the nerve and fixed with suture, and then all

electrode heads are tightened simultaneously with an external tightening strip, enabling simple

and repeatable implants, but its feasibility is yet to be verified.

Lower recruitment thresholds indicate that the AIR electrode can be operated with lower

power consumption and in a safer manner for the nervous tissue. This will allow for smaller

batteries or longer time between re-implants or recharges via wireless power delivery systems,

as well as more miniaturized electronics. Since there is no pre-existing knowledge regarding

the amount of recruitment necessary to obtain clinically relevant effect, we decided to use the

threshold to obtain 10% of fascicular recruitment as it is recurrent in literature [28,29,42–48].

However, because of the characteristic sigmoidal shape of recruitment curves, the recruitment

increases very quickly around the 10% recruitment level. Indeed, when varying the target

recruitment level between 5% and 15%, the thresholds predicted by our model remain quite

stable (S4 Fig). Therefore, the presented results are mostly independent to the precise target

recruitment level used for the determination of threshold.

The promising results in terms of both fascicular and axonal selectivity against neural inter-

faces currently used in research and clinical practice (Figs 4 and 5) suggest that the AIR design

has higher therapeutic potential, since it indicates that the desired outcomes can be obtained

thanks to reduced adverse effects [30].

Axonal selectivity, fascicular selectivity, and recruitment thresholds did not significantly

depend on the modelled surgical placement for AIR and cuff electrodes, while for InterStim

and TIME at least one of these metrics varied significantly. This result suggests that AIR and

cuff electrodes would give more repeatable surgical outcomes, arguably thanks to their radial

symmetry.

The lower invasiveness of the AIR electrode, quantified computationally as displaced fascic-

ular volume, when compared to the TIME suggests that potentially it may be more acceptable

for the use in clinical practice. However, the volume of penetration in the nerve tissue does not

account for all aspects of invasivity, such as compression trauma, microhemorrhages, and
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possible mechanical breakages of the electrode, which would need to be evaluated in-vivo or

through biomechanical models.

The AIR electrode has shown, in the simplified model, stable geometric selectivity values at

increasing nerve sizes when the number of active sites is increased proportionally with the

number of fascicles (S1), which suggest that it may be well applicable in larger nerves than

pudendal and sacral nerves, e.g., it may be investigated for sensory restoration in lower limb

amputees by stimulation of the sciatic nerve, which has an average diameter of 9 mm [49]. The

TIME shows an increase of geometric selectivity when targeting larger nerves, at the cost of

increasing the number of implanted electrodes. This strategy has been employed in the past

[9,50], but it requires long and complex surgeries and is unlikely to be fully repeatable due to

the precision constraints of the highly manual implant procedure.

The employed modeling framework has been validated against experimental results in simi-

lar circumstances [39]. To verify the plausibility of the present implementation we compared

the estimated thresholds with experimental results, finding reasonable agreement. The highest

quality data are available for the InterStim implant on the sacral nerve since it is a widely used

clinical procedure. For this case, the predicted thresholds were not significantly different from

the distribution found in literature [39] (Fig 2A), denoting that the modeled implants on the

sacral nerve are plausible. The simulations respected experimental conditions such as electrode

dimensions and waveform. To account for the natural variability of surgical electrode place-

ment, we compared the experimental population with 12 simulated randomly sampled elec-

trode placements, respecting the surgical implant through the third sacral foramen. Possible

differences between model and reality include an incomplete representation of the tissues sur-

rounding the nerve, a non-unanimous definition of recruitment threshold, and the missing

representation of the electrical double layer between electrode and tissues. However, we con-

sidered reasonable to draw conclusions about the relative performance of different electrode

designs even if systematic biases exist between model and reality. Moreover, the employed

computational modeling framework has been shown in the past to properly replicate experi-

mental results [28,40,43]. Nonetheless, the model predictions regarding the higher perfor-

mance of the newly designed electrode need to be verified in a subsequent experimental study,

which should include more extensive observations such as strength-duration curves for differ-

ent fiber types. The use of flexible materials such as polyimide [7,51] for the manufacture of

the AIR should allow it to conform to the nerve, but the experimental performance of the AIR

may be affected by how electrode and nerve deform during the implant procedure. However,

we accounted for possible variations by including a spacing of 189 ± 87 μm between surface

active sites and nerve, which is likely larger than in real implants (Fig 4). Therefore, we expect

lower thresholds and higher selectivities than estimated by the present models.

The differential behavior in recruitment order between intrafascicular and surface active sites

can be explained by the different potential field generated, especially due to the presence the

highly resistive perineurium, which causes more uniform distributions of potentials within the

fascicles [52], reducing the effect of the distance on the recruitment threshold, emphasizing the

effect of the axon diameter. Specifically, intrafascicular sites are able to obtain higher selectivity

for smaller myelinated axons than extraneural sites. This behavior can be exploited, for example,

when a different balance of large versus small diameter axon recruited is desired (Fig 6).

We recognize further limitations of this study, which include the lack of detailed histologi-

cal information regarding sacral nerves, the use of fiber distributions from the sciatic nerve,

and not modeling unmyelinated fibers. However, we believe that the amount of detail obtained

from anatomical data and previous literature was sufficient to draw meaningful conclusions

regarding the comparison of different electrode designs. The use of an arbitrary distribution of

fiber diameters was also not expected to induce large differences in results regarding the
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comparison of electrodes. Avoiding modeling unmyelinated fibers seemed considerate since

they typically show much higher recruitment thresholds at our chosen low frequency stimula-

tion policy [53] and are not our stimulation target, which instead are mainly myelinated

somatic axons in the pudendal nerve and preganglionic parasympathetic axons in the sacral

nerve [54–56]. Finally, we did not account for the effect of fibrotic encapsulation with chronic

use, which may be interesting to study by further modeling efforts [40].

We proposed a novel peripheral nerve interface which, on complex computational models,

has shown potential improvements in terms of stimulation selectivity, implant repeatability,

adaptability, and invasiveness, compared to devices currently used in research and clinical set-

tings, and that the proposed AIR electrode design may prove an improvement over existing

intrafascicular designs such as the TIME, as predicted by our modeling results.

The electrode design was optimized and tested on in-silico pudendal and sacral nerves with

the aim of developing an effective neurostimulation device to treat sexual, bladder, and bowel

dysfunctions. Nonetheless, the positive results in adaptability to varying nerve sizes makes it a

candidate to target a wide range of nerves, from small autonomic nerves such as the vagus

nerve, up to large somatic nerves as the sciatic nerve for sensory restoration.

The method to optimize electrode parameters we hereby proposed, consisting of a first grid

search optimization on a simplified geometric selectivity index and test on a complete hybrid

computational model, publicly available [57], can be moreover adopted for the identification

and optimization of other peripheral electroneutral interfaces. Thus, our framework represents

a novel cost-effective tool to design and optimize neural electrodes, avoiding long and costly

iterative processes involving animal experimentation. Notably, the predictions regarding the

performance need to be followed by experimental validation. Future steps will regard the eval-

uation of electrical and mechanical stability, safety and biocompatibility, and efficacy in

obtaining desired physiological outcomes.

Methods

Novel design

The development of the design was guided by four main aims: stimulation selectivity, a requi-

site to obtain desired clinical outcomes effectively and safely, i.e., with minimal undesired

effects; implant adaptability, the capability of the design to adapt to different nerve shapes and

sizes; low implant invasiveness; and implant repeatability, the independence of the implant per-

formance from specific surgical placement, e.g. rotations of the electrode around the nerve.

The mechanical structure of the newly developed electrode entails a main flexible cuff-like sub-

strate with several longitudinal extensions, each holding one surface active sites and two intra-

neural active sites on rigid parallel needles. This circumferential distribution of paired

intrafascicular active sites was designed so that all needles can radially pierce the nerve simulta-

neously when the electrode is tightened around the nerve (Fig 3B). Its dimensions were opti-

mized, by grid search, by maximizing an approximate geometrical estimation of fascicular

selectivity with low computational cost (see Metrics) (Fig 3A). The design was optimized and

compared to existing neural interfaces exploiting an in-silico platform already validated in pre-

vious works [28,29,43–47], enriched by a novel method to propagate the axons along the longi-

tudinally developing fascicles and to parallelly apply the related inhomogeneous anisotropy

(Fig 1).

Hybrid computational model

Nerve model. The model of pudendal nerve was generated from four histological cross-

sections along a 2 cm long ex-vivo human nerve sample [27] by assisted segmentation in
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MATLAB and 3D reconstruction in Solidworks by Loft features, obtaining a natural represen-

tation of branching and merging of fascicles, as previously described [44,46]. Given that for

the human sacral nerve only analytical information (i.e. total area, area occupied by the endo-

neurium, and number of fascicles) was available [58], a synthetic nerve cross-section was gen-

erated with epineurium and fascicles made of random shapes obtained as convex hulls of a 2D

Gaussian distribution of points, smoothed by periodic cubic spline interpolation. Since at the

level of interest, within and leaving the sacral foramen, the sacral nerve has strong curvatures

which are relevant for electrical modeling, the sacral nerve model was generated by sweeping

the faux segmentation along a realistic trajectory extracted from the whole-body segmentation

model Jeduk [59]. The sacrum was also extracted to later consider the presence of bone, which

has a much lower conductance than soft tissues, and to have a physical reference for proper

transforaminal insertion of InterStim leads. In both models, the perineurium was modeled

with a thickness of 3% the equivalent diameter of each fascicle [60].

Electrodes. The InterStim lead was modeled according to Medtronic Model 3389 specifi-

cations [61], a quadripolar lead with a diameter of 1.27 mm and 3 mm long active sites spaced

by 3 mm. The cuff was modeled as a thin polyimide film conformal to the nerve surface with

12 radially distributed active sites of 400 μm diameter, equally spaced (Fig 5). The choice of 12

active sites is justified by the saturation of selectivity observed with extraneural electrodes (see

Fig 3C). The TIME was modeled according to TIME-3 specifications (due to the small nerves

dimensions) with 12 active sites of 80 μm diameter, 6 per side, with at a pitch of 450 μm and a

shift of half a pitch between the sides, for a total span of about 2.5 mm [62]. These dimensions

were chosen so that the active sites would be distributed uniformly through a whole diameter

of the target nerves (Fig 5). We set the number of active sites for the cuff electrode and the

TIME equal to the number of active sites of the AIR electrode to ensure more meaningful com-

parisons of selectivity. The choice of the AIR electrode design and dimensions are reported in

Fig 3. The diameter of the surface active sites of AIR and cuff electrodes was chosen to assure

sufficient charge injection capacity, given that thresholds are expected to be one order of mag-

nitude higher than for intrafascicular electrodes (Fig 5). In particular, their surface area was set

to be 25 times larger than TIME active sites. The needle tips of the AIR were exposed by

200 μm to obtain a sufficient surface area for charge injection (2.5 larger than the TIME). We

assumed the same contact material for all active sites (e.g., iridium oxide).

Volume conduction. The injection of current from each electrode’s active site was simu-

lated in COMSOL Multiphysics 5.6 (COMSOL AB) by solving the current conservation law in

form (1) with Ohm’s law in vector form (2), and by applying proper conductivity values to

endoneurium (longitudinally 0.571 S/m, radially 0.0826 S/m), epineurium (0.0826 S/m), peri-

neurium (0.00088 S/m), surrounding medium (saline solution, 2 S/m), and electrode substrate

(10−14 S/m); and boundary conditions as described in [46]. The stimulation is applied by a cur-

rent source boundary condition applied at the active site surface.

r � srVE ¼ 0 ð1Þ

J ¼ sE ð2Þ

The endoneurium is anisotropic due to the presence of the axons. A novelty which we

introduced in the hereby presented models regards the way axons are placed and how inhomo-

geneous anisotropy is simultaneously defined. We assumed that the trajectory of the axons

could be compared to the streamlines of a diffusion phenomenon, therefore we created a diffu-

sion physics where the ends of the fascicles on one side of the nerve are set as flow inlets, the

other ends as outlets, and the fascicles’ lateral boundaries as walls. Thanks to the Curvilinear
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Coordinates feature of COMSOL, we could use the normalized gradient of the solution of the

diffusion study as point-wise coordinate system where the anisotropy was then defined, and

extract its streamlines as axon trajectories. This method assures that the anisotropy is always

aligned with the axons and that the axons smoothly follow curvatures, changes of shape,

branching, and merging of fascicles. Previous studies reported the use of similar methods for

the definition of inhomogeneous anisotropic fields in the field of spinal cord stimulation

[63,64]. However, they relied on spline interpolation for the generation of axon trajectories,

which in case of peripheral nerves may not be applicable due to the typical substantial evolu-

tion of the branching fascicles along the nerve [65], and in general does not assure the align-

ment of the axons to the anisotropy field. To the best of our knowledge, a method for the

generation of fiber trajectories intrinsically aligned with the anisotropy field has not been

reported before.

Neural model. The population of axons was generated based on data available for the

human sciatic nerve [66], due to the lack of comparable information for the target nerves.

While the two nerves strongly differ in size, we expect to have similar myelinated fiber density

and diameter distribution. Moreover, we found reasonable to assume that possible discrepan-

cies would not affect the general conclusions regarding the comparison of different electrode

designs. Axons were randomly distributed in the central cross-section of the nerves with den-

sity of 2.33 � 103 mm-2, at a factor 5 subsampling than the reference human sciatic nerve, and

with diameter following a mixing of two normal distributions with means 3.1 μm and 9.2 μm

fit on the available human data [66], similarly to what has been done in previous studies

[28,46,47,67]. The axon trajectories were generated starting from the axon centers previously

placed in the central cross-section, iteratively extending them along the diffusion field result-

ing from the Curvilinear Coordinates study (see previous section) in both directions, until the

first and last cross-sections of the modeled fascicles were reached. The fibers were modeled

according to the McIntyre, Richardson, and Grill mammalian axon model [68] in NEURON

7.7.2 (Yale) [69]. A longitudinal random shift was applied to each initial node to avoid their

alignment at the initial cross-section. The chosen stimulation policy was a cathodic square

pulse with 50 μs width. For each axon, the extracellular potentials at each compartment along

its trajectory were interpolated from the volume conduction solution and scaled iteratively to

obtain the recruitment threshold with a bisection method. Extracellular potential distributions

across the nerve for different electrode designs are reported in S3 Fig.

Validation. We compared the recruitment thresholds estimated by the model for the

InterStim implant on the sacral nerve, for which we modeled 8 additional placements (n = 12),

with experimental thresholds reported in literature (n = 48 implanted subjects) [39]. The

experimental thresholds were obtained from figure 2A of [39]. Originally reported in terms of

current, we converted them to charge by multiplication with the reported average value of

pulse width (210.6 ± 11.6 μs). For each modeled placement, we chose the lowest threshold cor-

responding to the best active site, to replicate the optimal parameters choice made by the prac-

titioner. Finally, we compared the distributions by a Kolmogorov-Smirnov test.

Metrics

Recruitment threshold. To compare the amount of charge required to obtain desired

functional outcomes, we computed a fascicle-specific recruitment threshold defined as the

amount of charge necessary to recruit 10% of axons in the selected fascicle.

Selectivity. We evaluated the selectivity of a certain electrode in terms of the commonly

used fascicular selectivity [45,47], defined in Eq (3), where μi is the relative recruitment of fasci-

cle i; and in terms of axonal selectivity, which we hereby propose, to overcome limitations of
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previously used selectivity metrics which are detailed in S1 Text.

Self ;i ¼ mi �
1

m � 1

Xm

j¼1; j6¼i

mj ð3Þ

The axonal selectivity is defined in Eq (4), where ncoll,i is the minimum number of axons

that are recruited together with the target axon i (i.e., the collateral activation with the best

available stimulation policy), and N is the total number of axons. It quantifies the percentage

of the nerve which must be recruited before reaching the target axon. It ranges from 0, when

the target axon is the last to be recruited, to 1, when there exist a set of stimulation parameters

which recruits the target axon individually.

Sela;i ¼ 1 �
ncoll;i
N

ð4Þ

In case of monopolar stimulation with fixed waveform, such as ours, the best available stim-

ulation policy is a stimulation performed at the recruitment threshold of the target axon using

the active site chosen so that it simultaneously recruits the least number of other axons (with

lower recruitment threshold than the target axon). ncoll,i can therefore be computed as in Eq

(5), where ti,s is the threshold to recruit axon i with active site s.

ncoll;i ¼ min
s 2 S

XN

j¼1; j6¼i

½tj;s � ti;s� ð5Þ

This metric can be adapted to consider groups of axons (e.g., fascicles or functional groups)

by simple averaging, or by excluding the activation of other axons within the target group

from the collateral activation, as detailed in S1 Text.

To optimize the electrode dimensions, it was not efficient to iteratively compute complete

hybrid models since a change in the electrode geometry requires complete re-meshing and

solving, meaning hours of computation for each iteration. Instead, we defined a new metric of

selectivity which can be computed at extremely low cost, which we called geometric selectivity
(Fig 2B). It estimates the fascicular selectivity based only on 2D geometric measures (6), where

dmin,i is the minimum distance from fascicle i to the active site (0 if the active site is intrafasci-

cular).

Selg;i ¼ 1 �
dmin;i

1

m� 1

Xm
j¼1; j6¼idmin;j

ð6Þ

This metric is able to estimate the mean fascicular selectivity of a certain electrode configu-

ration with an R2 = 0.92, allowing to optimize the dimensions of the electrode naively by a fast

grid search, while per-fascicle is only moderately correlated, with an R2 = 0.73, showing that a

more complete model is necessary to properly evaluate the performance of an electrode (Fig

2B). For all selectivity metrics, it is always reported the value corresponding to the best avail-

able active site for each target. The effects of electrode type and placement on thresholds and

selectivities were evaluated by a two-way ANOVA where the effect of placement was nested in

the effect of electrode type, with Bonferroni correction for multiple comparisons.

Invasiveness. The invasiveness of the implant was measured as the fascicular volume dis-

placed when the electrode is inserted into the nerve. The results for the TIME electrode are

likely a conservative estimate since the surgical procedure requires piercing a through-hole

with a 150 μm diameter surgical needle prior to the electrode insertion [7]. As argued in Dis-
cussion, this metric allows to quantify only part of contributions to implant invasiveness.
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Adaptability. The adaptability was estimated by generating synthetic nerve cross-sections

from the four available pudendal nerve segmentations. The cross-sectional area was increased

up to 9 times the mean original area. A kernel distribution was fit to the areas of the segmented

fascicles and used to generate populations of fascicles in the synthetic cross-section. The distri-

bution of the fascicular areas, the number of fascicles, and the number of active sites were

scaled proportionally with the equivalent diameter of the nerve. The choice of scaling with the

diameter and not with the area of the nerve was made to maintain: i) the density of active sites

constant; ii) a constant ratio between number of active sites and number of fascicles; and iii) to

represent the fact that larger nerves typically hold larger fascicles. Indeed, we obtained a mean

ratio of single fascicle area to nerve diameter of 0.024 μm for the pudendal nerve, which is

comparable with values found in literature for larger nerves, e.g. 0.026 μm for the sciatic nerve,

which has a cross-sectional area on average 10 times larger than our pudendal nerve samples

[70]. The results were obtained in terms of geometric selectivity and analyzed by a three-way

ANOVA (effects of nerve diameter, electrode type, and random nerve sample) with Tukey’s

test for multiple comparisons.

Repeatability. The repeatability–or invariance to placement–, was tested for the TIME

model by inserting the electrode in two perpendicular placements. The InterStim leads were

placed in four corners around the nerves, parallel to the pudendal nerve to represent an

implant along the nerve in Alcock’s canal as described in literature [25], and slanted to the

sacral nerve to simulate different insertion trajectories through the third sacral foramen [35].

The 12-polar cuff was modeled in two positions with a relative rotation of 15˚ (since the elec-

trode is 12-fold radially symmetric, i.e., it matches the starting configuration when rotated by

30˚). The AIR electrode, which is radially symmetric by 90˚ rotations, was modeled in two

placements 45˚ apart. Repeatability was verified by evaluating the effect of placement on

recruitment threshold, fascicular selectivity, and axonal selectivity by one-way ANOVA tests.

Bonferroni correction was applied for pairwise comparisons.

Selectivity by fiber diameter. To study the differential effect of active site type of the AIR

on different fiber types, we divided the fibers in two classes: small (diameter < 6 μm), and

large (� 6 μm). We then compared the recruitment order and axonal selectivity obtained by

selecting either all 4 surface active sites of the AIR electrode, or half of the 8 intrafascicular

active sites. We performed this analysis on both pudendal and sacral nerves for both electrode

placements. Finally, we analyzed the effects of active site type and fiber type on axonal selectiv-

ity by a two-way ANOVA with interaction terms and Tuckey’s test for multiple comparisons.

Supporting information

S1 Text. Supplementary methods.

(PDF)

S1 Fig. Adaptability to variable nerve sizes. A. Geometric selectivity of AIR with surface

active sites and of AIR without surface active sites and the relative increment brought by the

addition of surface active sites. Each electrode head holds two intrafascicular active sites, and

one or no surface active site (green and gray lines respectively). B. Adaptability of AIR elec-

trode, cuff electrode, and TIME to varying nerve size. For every nerve size, in both A. and B., it

is reported mean ± std of geometric selectivity for 20 random synthetic nerve cross-sections.

For both panels, a three-way ANOVA (effects of nerve diameter, electrode type, and random

nerve sample) with Tukey’s test for multiple comparisons was performed. The star-signs label

significant differences between the AIR and other electrode types across nerve sizes.

(PNG)
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S2 Fig. Effect of placement for each electrode type. The star-signs label significant differ-

ences within electrode type among placements, computed by one-way ANOVA tests with Bon-

ferroni correction for multiple comparisons.

(PNG)

S3 Fig. Distribution of electric potential interpolated at the fiber centers across the middle

cross-section of the pudendal nerve. Obtained at a reference injected current of 1 mA for a

selection of different active sites of InterStim, TIME, and AIR electrodes.

(PNG)

S4 Fig. Distribution of thresholds for different target recruitment values. All electrode

placements and fascicles are grouped. It can be observed how the relative performance of the

four electrode types does not appreciably depend on the target recruitment level.

(PNG)
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