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ABSTRACT

Neuroprosthetic devices used for the treatment of lower urinary tract dysfunction, such as incontinence or urinary retention, apply a pre-set
continuous, open-loop stimulation paradigm, which can cause voiding dysfunctions due to neural adaptation. In the literature, conditional,
closed-loop stimulation paradigms have been shown to increase bladder capacity and voiding efficacy compared to continuous stimulation.
Current limitations to the implementation of the closed-loop stimulation paradigm include the lack of robust and real-time decoding strate-
gies for the bladder fullness state. We recorded intraneural pudendal nerve signals in five anesthetized pigs. Three bladder-filling states, corre-
sponding to empty, full, and micturition, were decoded using the Random Forest classifier. The decoding algorithm showed a mean balanced
accuracy above 86.67% among the three classes for all five animals. Our approach could represent an important step toward the implementa-
tion of an adaptive real-time closed-loop stimulation protocol for pudendal nerve modulation, paving the way for the design of an assisted-
as-needed neuroprosthesis.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0156484

I. INTRODUCTION

The lower urinary tract (LUT) is responsible for the storage and
elimination of urine, thanks to the coordinated and antagonist activity
of the bladder, bladder neck, and urethral rabdomiosphincter.1 The
functional activity of these smooth and striated muscles is regulated by
complex neural mechanisms involving both the central and peripheral
nervous system.2 Neurological diseases such as spinal cord injuries,
multiple sclerosis, or cerebral lesions (e.g., Parkinson’s disease, brain
injury, …) may cause neurogenic LUT dysfunctions (LUTD). Such
dysfunctions include urinary incontinence and/or incomplete bladder

emptying2,3 and may profoundly affect the social and emotional well-
being of the affected patients.4

Neuroprosthetic devices have been adopted in the last few years
to restore normal micturition or relieve LUT symptoms.5 These devi-
ces use a tined lead electrode placed beside the nerve to continuously
or intermittently inject an electrical current.2 They are used for sacral
nerve stimulation (SNS) and tibial nerve stimulation (TNS), as well as
used for the treatment of overactive bladder, urinary retention, and
fecal incontinence.6,7 The long-term efficacy of these treatments is still
highly variable: while the success rate (>50% reduction in symptoms)
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of a SNS chronic implant ranges from 29% to 76%, the success rate of
TNS is in the range of 54%–59%.8

The Food and Drug Administration approved neuroprosthetic
devices using a continuous, open-loop stimulation paradigm where
the electrical stimulation does not consider the bladder-filling state. As
a result, there is the possibility of neural adaptation to stimulation,
which causes a decrease in voiding efficacy.9 Researchers are compar-
ing the effects of conditional, closed-loop stimulation paradigm to
those of open-loop stimulation both in animal models and in humans,
confirming the need to move from neuroprosthesis with predefined
activation to assisted-as-needed neuroprosthesis.10–12 State-dependent
pudendal nerve stimulation has been shown to increase both bladder
capacity and voiding efficacy in rats by using cuff electrodes compared
to the continuous stimulation paradigm.9 Challenges in implementing
closed-loop stimulation include predicting the state of bladder filling
and determining the target nerve and electrical stimulation parame-
ters, making clinical protocols for LUTD currently absent.13,14

To take a step forward in the design of a closed-loop system for the
treatment of LUTD, in this study, we designed an algorithm for decoding
bladder-filling states from ElectroNeuroGraphic (ENG) signals of the
pudendal nerve. Our decoding strategy relies on the use of Machine
Learning (ML) to tackle the variability of ENG signals. Our approach
may enable a future implementation of a fully closed-loop neuroprosthe-
sis, which would allow us to predict bladder-filling states and apply nerve

stimulation when necessary, without the need to implant additional pres-
sure sensors, which are prone to erosion and sensor drift.14

We decided to focus on the pudendal nerve because of the prom-
ising results for detrusor contraction detection using information car-
ried by afferent neural pathways.14 Furthermore, pudendal nerve
stimulation has been investigated as an alternative target for neuromo-
dulation systems to restore genitourinary function, showing promising
results in terms of efficacy and bladder control compared to currently
established neurostimulation therapies.15–17

Our ENG signal acquisition strategy relied on penetrating trans-
versal intrafascicular multichannel electrodes (TIMEs) to acquire
pudendal ENG signals. TIMEs demonstrated good stability and selec-
tivity with proven long-term efficacy, enabling increasing the signal-
to-noise ratio of the ENG recordings.18 Our recent studies have shown
how ML algorithms can successfully allow us to decode different types
of information from TIME neural recordings acquired from median,
ulnar, and vagus nerve.19–21

We collected ENG signals from the pudendal nerve of anesthe-
tized pigs during bladder filling to characterize the various physiologi-
cal conditions of the bladder, starting from empty to full bladder and
micturition (Fig. 1). A large animal model such as the pig allowed us
to work with a LUT anatomy closer to that of humans, facilitating the
translation from preclinical to clinical trials of surgical technique and
analysis of acquired ENG signals.

FIG. 1. ENG signal acquisition implanting two TIME electrodes in the pudendal nerve through transgluteal surgery. Signals, which refer to bladder emptiness, fullness, or leak-
age state, are classified by our decoding algorithm as baseline, full, and micturition, respectively.
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To summarize, the main contributions of this study can be listed
as follows:

• Collecting the first in vivo dataset of pudendal ENG signals in
pigs related to bladder-filling by using intrafascicular TIMEs;

• Designing a ML algorithm able to automatically decode three
bladder-filling states, corresponding to emptiness, fullness, and
micturition, from ENG pudendal nerve signals.

II. RESULTS

A qualitative histological analysis of the pudendal nerve
explanted from pigs was performed to customize the design of TIMEs
implanted to acquire ENG signals during bladder filling, as described
in Sec. IIA. We conducted the experiment of simultaneous bladder
infusion and recording on large animal models, implanting the
custom-designed neural interface. The ENG pudendal nerve signals
were classified through different ML models, as described in Sec. II B,
to predict bladder state between the three different conditions listed in
Sec. I.

A. Electrode design and implantation

Sixteen histological sections, stained with Mallory’s trichrome
protocol and explanted from pudendal nerve samples during previous
studies on pigs, were analyzed. Figure 2 shows histological sections of
the porcine pudendal nerve (Fig. 1S of the supplementary material
also shows different sections belonging to the same nerve). The aver-
age pudendal nerve diameter was 961lm (std 6 88). The average
number of fascicles was 22 (std 6 5). The average smaller diameter
fascicle was 66lm (std 6 13). The electrode design specifications were
selected according to the anatomical characteristics found. Figure 3(a)
shows a three-dimensional model (COMSOL Multiphysics 5.3,
Comsol Inc., SE) of the pig pudendal nerve obtained from a histologi-
cal image, implanted with an electrode having a geometrical design
matching with dimensions of the nerve under investigation. More spe-
cifically, the maximum distance between active sites (ASs) was chosen

FIG. 2. Histological images of the porcine pudendal nerve stained with Mallory’s trichrome protocol belonging to three of the 16 different pudendal nerve specimens described
in Sec. VA. Scale bar 200 lm.

FIG. 3. (a) Three-dimensional model of the pig pudendal nerve generated from a
histological pudendal nerve section with a TIME electrode implanted. The right view
of the three-dimensional model shows the customized position of the ASs within the
pudendal nerve cross-section. Scale bar 200lm. (b) TIME electrode used for
pudendal nerve recording experiments. Scale bar 200 lm.
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to be 1mm based on the diameter of the nerve, while the diameter of
the ASs was chosen to be 60lm in order to have an AS that could
selectively target smaller fascicles. Figure 3(b) shows the fabricated
electrode.

Two TIMEs with 16 ASs were successfully implanted in the five
pigs, named p1, p2, p3, p4, and p5, to record neural activity related to
the bladder-filling states. Figure 4(a) shows spikes detected from fil-
tered ENG signal recorded during the micturition phase, while Figs.
4(b)–4(d) show superimposed detected spikes corresponding to empti-
ness, fullness, and micturition bladder-states, respectively. In the sup-
plementary material are also reported raw signals of pudendal nerve
ENG activity in empty conditions from eight active sites of the TIME
(Fig. 2S, supplementary material), and different shapes of the spikes
detected from ENG signals acquired during the three bladder states
(Fig. 3S, supplementary material). A transgluteal approach was used to
expose surgically the pudendal nerve, as shown in Figs. 5(a) and 5(b).
Figures 5(c) and 5(d) show the two electrodes at the end of the implan-
tation procedure and after the application of biocompatible glue which
ensures implant stability, respectively.

B. Decoding algorithm

For each pig, each channel recording was divided into time win-
dows, and nine handcrafted features were extracted from each win-
dow: mean, variance, skewness, kurtosis, maximum amplitude,
wavelength, maximum, amplitude, and power. Window length and

overlap ratio were tuned, performing Random Forest (RF) classifica-
tions for each pig while varying these two parameters. Figure 6(a)
shows the mean Balanced Accuracy (BA) values across all test folders
obtained following ten-fold cross-validation for each animal model
independently. A trade-off between the highest BA and smallest win-
dow length for possible further real-time application has been consid-
ered. A time window length equal to 0.55 s and an overlap to increase
the numerical size of the training set equal to 0.11 s were chosen for
the following steps.

Figure 6(b) shows the mean BA between the ten test folds for RF,
as well as Support Vector Machine (SVM), k-Nearest Neighbors (k-
NN), and Multi-Layer Perceptron (MLP), for one animal model.
Results confirmed all four models to be good candidates for real-time
applications, considering their computational performance. RF out-
performed the other classifiers with a mean BA equal to 95.00%, with
an interquartile range equal to 8.33. The RF was used in all subsequent
studies, enlarging the database to all animal data available.

RF classification results were further investigated by compar-
ing single class prediction in terms of average test BA across all ani-
mals. Figure 6(c) shows the BA mean and standard deviation for
each animal. Mean BA values are all above 86.67%. Confusion
matrices are shown in Fig. 7. Correct predictions for the baseline
class were above 97.80%, while full and micturition classes show
satisfying prediction accuracy. Full state has shown an average suc-
cessful prediction equal to 88.36%, while for the micturition state,
the average is equal to 89.76%.

FIG. 4. (a) Spike detection (red dots) after bandpass filtering, with a refractory period of 4 ms. Superimposed detected spikes (bold red line represents mean, and thin red lines
represent standard deviation) from (b) baseline; (c) full; and (d) micturition states, respectively.
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Feature importance was compared between the five animals.
Each value relative to a single animal has been obtained as the average
of all ASs’ results. In order to evaluate the feature importance for each
recording site, the Gini index was computed. Feature importance is
inversely proportional to the decrease in its impurity, quantified by the
Gini index. As shown in Fig. 8, variance, power, mean absolute value,
and skewness showed to be the features with the highest decrease in
impurity, hence the highest importance, across the animals analyzed.
We also observed that ASs contributed unequally to the final BA, even
though the specific channels of major importance appeared to be
strongly dependent on the animal.

III. DISCUSSIONS

Previous literature studies highlighted the need for a neural inter-
face that can selectively detect and differentiate different genitourinary
functions to improve the accuracy of bladder monitoring and the
effectiveness of a closed-loop stimulation system.22 In previous work
conducted on cats, the ENG pudendal nerve trunk signals collected
through a tripolar cuff was explored for hyper-reflexive bladder con-
traction detection through cumulative sum algorithms.23 The results
obtained show a detection delay above 1 s, which could be improved
for real-time applications. In a previous work, another approach on
the same target nerve was investigated,24 applying a nonlinear model
algorithm based on a neural network for bladder pressure estimation.
Despite the high robustness of prediction, its high complexity could be
critical in terms of computational cost for closed-loop applications.
The results of this study showed that ML algorithms can be used to
automatically decode three bladder-filling states from intraneural
ENG pudendal nerve signals in a large animal model.

This work reports the first in vivo dataset of pudendal ENG sig-
nals in pigs related to bladder filling using intrafascicular TIMEs. As
shown in Sec. IIA, TIMEs were used to acquire selective pudendal
ENG recordings. In order to select the optimal implantation position
in the nerve, histological analysis of the target nerve allowed the distri-
bution of ASs within the whole cross-sectional area. Since the puden-
dal nerve is composed of fibers of different natures, pudendal nerve
stimulation is a powerful target to treat multiple pelvic functions using
the here proposed ML decoding algorithm. Depending on the stimula-
tion frequency of efferent fibers, the bladder detrusor can be relaxed to
promote continence or excited to promote micturition.25 The afferent
fibers sense urine flowing through the urethra regulating through neu-
ral reflexes the detrusor muscle activity, thus their activity can be used
as an input of the decoding algorithm here proposed.1

Each model is animal-specific, hence training and testing are per-
formed for each pig separately. Considering the models tested, the RF
showed better results than other classifiers in terms of mean testing
BA. The states characterizing bladder condition from empty to pro-
gressive filling are well-predicted with an overall successful prediction
of above 86%. Feature importance reflects expectations, showing a
common signal behavior to results obtained in previous work.20 Mean
BA results confirm, as suggested in previous studies20 for the classifica-
tion during cardiac and respiratory challenges, that this approach can
be used to tackle data scarcity to classify bladder state with ML
algorithm.

Collected data showed a mean BA above 80% in all animals.
However, it was noticed both during the experimental phase and from
the spectral power density analysis that specific animals’ recordings
were affected by distributed noise that worsens classification outcomes,
as evident looking at the p2 BA boxplot in Fig. 8. Minor changes in the
implantation site, operating room conditions, number of operators
present, and instrumentation noise were revealed to impose a signifi-
cant effect on ENG recordings in specific cases. During the pre-
processing phase, data were filtered by a Butterworth bandpass filter,
without any additional pre-processing for enhancing signal-to-noise
ratio. Improvements to recording experiments’ instrumentation could
be refined by developing a lightweight pre-amplifier system to be
attached in close proximity to the intrafascicular electrode implanted.
In addition, a proper filter to be applied for signal refinement could be
investigated.

Feature comparison between animals highlighted that variance,
maximum amplitude, and power carry the most important contribu-
tion in decreasing the trees’ impurity for the majority of the animals
analyzed, confirming recent results.25 Furthermore, our results seem
to confirm that ASs did not perform equally. This underlines the
importance of a multichannel intrafascicular interface recording but
also the presence of an implantation site that could guarantee afferent
fibers detection.

Most frequent misclassifications were noticed between full and
micturition classes. However, this was expected since the two states
occur physiologically in sequence with a strongly nonlinear detrusor
pressure change. Therefore, there is a chance that the pudendal activity
experiences a period of increasing adaptation during advancing blad-
der filling. The prediction error was most noticeable in experiments
most affected by high-frequency noise or electronic instrumentation
noise. A multi-animal trained model would be a powerful tool for fur-
ther real-time applications if the performance in classifying a new

FIG. 5. (a) Transgluteal surgical approach to expose the pudendal nerve in pigs.
(b) Close-up of pudendal nerve exposure. Scale bar 4 mm. (c) TIMEs implanted
within the pudendal nerve. Scale bar 1.5 mm. (d) TIMEs implanted and stabilized in
position with biocompatible glue. Scale bar 1 mm.
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animal would confirm the results obtained in the presented study.
Additionally, a future algorithm could take care of misclassifications
by observing consequent time windowed dataset classification output
before determining the actual class, evaluating the class in majority.
This strategy would be similar to the one implemented in several
implantable devices such as pacemakers (e.g., Amplia MRITM Quad
CRT-D SureScanTM, Medtronic, USA). This secondary check could
help avoid misclassifications and, consequentially, non-necessary
stimulations.

The time interval resulting from time window analysis evaluation
in terms of mean test accuracy between the animals could be compati-
ble with online windowing and consequent classification. These results
would incite the development of a real-time closed-loop system for
simultaneous classification and stimulation of the pudendal nerve for
the treatment of LUTD. Computational performance appeared to be
compatible with real-time applications, with an observed mean time of
16.2ms between feature extraction and model prediction for a single
sample, corresponding to each time frame.

This study has some limitations. In particular, the results were
obtained from a limited number of animals, with a limited number of
classes considered. Hence, further investigation should be done.
Similarities between target animal and human anatomy could facilitate
the possible translation of the presented procedure and analysis to the

clinic. Nevertheless, experimental translation to humans still needs to
be investigated.

Even though the results of computational performance and opti-
mal time window obtained from the corresponding analysis should be
compatible with real-time applications, online recording, and conse-
quential decoding still needs to be tested. Future work will be dedi-
cated to the deployment and consequent testing of the presented
algorithm in customized hardware in substitution of the TDT system
for online decoding during in vivo tests.

Considering the promising results obtained from the MLP model
classification, additional multi-animal model training could be further
investigated through deep learning algorithms. Hence, the presented
results may be implemented in real-time applications for appropriate
conditional stimulation of the pudendal nerve for LUTD treatment
stimulation based on the classification of the signal recorded via the
intrafascicular interface.

IV. CONCLUSIONS

In this study, intraneural signals were recorded from the puden-
dal nerve of anesthetized pigs during in vivo experiments, with the aim
of decoding neural information related to bladder fullness. We devel-
oped an ENG decoding algorithm for bladder state detection, consti-
tuting a promising tool for extracting information from the pudendal

FIG. 6. (a) Mean test BA for each animal model (p1–p5) at varying time window length. (b) Average BA in tested Classifiers. The colored boxes’ lower and upper extremities
represent the first and third quartiles delimitating the interquartile range, the whiskers show the outliers, the lines in the middle of the boxes represent the medians, and the
notches in correspondence of them represent their confidence interval. (c) Boxplot comparison between animals in terms of BA.
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intrafascicular signal in real-time. This leads to the possibility of imple-
menting a closed-loop stimulation protocol based on online bladder
information.

Further studies involving pudendal nerve signal analysis related
to LUTD will take advantage of this strategy focusing on the imple-
mentation of a closed-loop setup in future animal studies, assisting the
correct micturition act while restoring natural bladder control and
sensation.

V. METHODS
A. Intrafascicular electrode design specifications

The design of intrafascicular electrodes used for the experimental
data acquisition described in Sec. VB was inspired by TIME design,26

as a good trade-off in terms of stability and selectivity with proven
long-term efficacy.18 In fact, tined lead electrodes used in clinical prac-
tice can move from the implant site, losing effectiveness in the long
term,11 and show low selectivity in fascicle recruitment,18 causing side
effects such as pain or toe dorsiflexion.11,18 Highly selective Utah
slanted electrode arrays within the pudendal nerve in cats22 implants
demonstrated a high recording efficiency, yet their implantation
implies a hazardous level of invasiveness in the long-term.

The electrodes consisted of a polyimide intrafascicular electrode
with platinum AS coated with iridium oxide (IrOx). We derived ana-
tomical characteristics of the porcine pudendal nerve to tailor the elec-
trode design to target as many fascicles as possible maximizing neural
selectivity.

A total of eight pudendal nerve samples were explanted from five
farm pigs (Sus scrofa domesticus, 3months of age, 30 kg weight) by
using the surgical approach described in Sec. VB. For three out of five
of the animals, both the right and left pudendal nerves were explanted.
Two centimeters long pudendal nerve samples were fixed in buffered
10% formalin (Bio-Optica, ITA), dehydrated, and embedded in paraf-
fin wax.

FIG. 7. Confusion matrices obtained from RF models output for each pig (noted as p1, p2, p3, p4, and p5).

FIG. 8. Average feature importance assessed with the Gini importance index for all
pigs (noted as p1, p2, p3, p4, and p5). The features computed from signals’ time
windows were mean (MEAN), variance (VAR), skewness (SKEW), kurtosis (KUR),
maximum amplitude (MAV), wavelength (WL), maximum (MAX), amplitude (AMP),
and power (POW).
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Samples were cut with a microtome (Leica RM 2055) into 5lm
thick sections 100lm apart and stained following Mallory’s trichrome
protocol.

Microphotographs were acquired under a Nikon Ni-e light
microscope (Nikon Instruments Spa, Calenzano, ITA), with a 4�
objective, connected to a personal computer via a Nikon digital image
processing software (Digital Sight DS-U1, NIS-Elements BR-4.51.00
software).

Two sections per nerve around 1 cm apart for a total of 16 sec-
tions were selected and analyzed (Fig. 2). For each section, the maxi-
mum and minimum diameter of the nerve, the number of fascicles,
and the diameter of the smaller fascicle were estimated using the
open-source software Fiji (ImageJ, National Institutes of Health, US).
The maximum and minimum diameters of the nerve were used to
evaluate the mean nerve diameter for each section. The average and
standard deviation were calculated for each of the parameters.

The final electrode design consisted of a total of 16 round ASs
(ø¼ 60lm) distributed eight per each side of the sandwich structure
of the TIMEs. AS diameter was chosen according to the smallest fasci-
cle diameter. The inter-AS distance was set to 0.134lm to have a max-
imum of 1mm distance between most distant ASs, as the nerve mean
diameter. The electrode width at the ASs level was 545lm.

The fabrication process to realize the 10lm thick polyimide
sandwich structure followed standard photolithographic techni-
ques.26,27 A 4-in. silicon wafer was coated first with a sacrificial layer of
Ti/Al (20/100nm) using an e-beam evaporation technique then 5lm
of polyimide (PI2611, HD Microsystems GmbH, GER) were spin-
coated and cured for 2 h at 300 �C in a N2 hard-baking oven. A 4lm-
thick photoresist (ECI 3027, MicroChemicals, GER) was spin-coated,
baked, exposed, and developed on top of the previously described
layer. According to Cogan and Boehler et al.,28 Ti/Pt/IrOx (25/300/
400nm) was sputtered (AC450, Alliance Concept) and patterned
through liftoff.24 Encapsulation of tracks was performed with 5lm-
thick layers of polyimide spin-coated and cured on previous layers. A
12lm positive photoresist (AZ10XT, MicroChemicals, GER) was
spin-coated, baked, exposed, and developed. Shaping of the electrode
and exposure of ASs and contact pads were obtained by O2-based
reactive ion etching (CORIAL 210IL, Plasma-Therm, FL). Anodic dis-
solution of aluminum in a 1.5V bias in saturated NaCl solution was
used to release the devices.

The two ends of the electrodes were fixed with silver conductive
epoxy (Ablestick 84–1LMI, Loctite, GER) on two custom-designed
Printed Circuit Boards (PCBs) (Cad Line, ITA) with eight pads,
respectively. The two PCBs were bonded together with ultraviolet cur-
able glue (1401-M-UR, Dy- max, GER) to have a 10lm-thick polyi-
mide sandwich structure, creating a loop in which a suture needle
(10–0 Prolene, Johnson & Johnson, USA) was threaded.

Two 16 ASs TIMEs were manually soldered with copper wires
on a 32-pin connector (A79022–001, Omnetics Connector
Corporation, USA).

B. Experimental setup and data acquisition

The study was conducted on five castrated male farm pigs (Sus
Scrofa Domesticus) of age 3–4months with weights of 30–32 kg.

The animals were premedicated with ZoletilV
R

(10mg/kg). Next,
the animals were anesthetized using Propofol (2mg/kg intravenously)
and maintained under 1%–3% sevoflurane in air enriched with 50%

oxygen. The oxygen saturation, arterial pressure, and heart rate were
constantly monitored.

Left pudendal nerve was surgically exposed by using the transglu-
teal approach described in our work conducted on pigs.28 Briefly, the
animal was placed in the prone position [Fig. 5(a)]. A cutaneous incision
was made to expose the gluteal fascia and thus access the space between
the superficial and middle gluteal muscles, which were retracted.
Pudendal nerve was identified as medially lining the internal pudendal
artery and vein [Fig. 5(b)].

The nerve trunk was verified via whole-nerve stimulation by
using a custom hook electrode (stimulus frequency¼ 3Hz, stimulus
amplitude¼ 1–2mA). External anal sphincter contraction confirmed
pudendal nerve identification.

For all the animals, the left pudendal nerve was implanted with
two TIMEs endowed with 16 ASs, spaced 5 mm apart [Figs. 5(c)].
Silicone biocompatible glue (Kwick-Sil, World Precision Instrument
LLC, USA) was applied to the implanted electrodes to fix the position
[Figs. 5(d)]. The wound was closed and sutured to prevent TIMEs
displacement.

The animal was then turned over in a supine position. A midline
incision of the abdomen was performed to expose the bladder. A first
16 Fr Foley catheter was inserted and secured within the bladder using
a Tobacco-pouch suture technique. The catheter was then connected
to a syringe pump (New Era Pump Systems, Inc., Farmingdale, NY)
holding a maximum volume of 150ml of solution. The pump was
used to infuse the bladder with saline solution. A second 12Fr Foley
catheter was inserted caudally into the previous one and secured
within the bladder with the same surgical technique. This catheter was
used to measure bladder pressure. The abdomen was closed and
sutured to prevent visceral organ displacement and restore natural
pressure inside the abdominal cavity. Finally, a rectal catheter was
inserted within the rectum to measure the abdominal pressure.

The two 16 ASs TIMEs, implanted in the pudendal nerve and
previously soldered to a 32-pin connector as described in Sec. VA,
were connected to the pre-amplifier (Pz5, Tucker-David Technologies
Inc., TDT, USA) by using a Hirose connector (DF30FC-40DS-0.4V,
Hirose Electric, USA) with an external tungsten needle soldered. The
needle was placed within the wound as a ground electrode. The RZ5D
BioAmp Processor (Tucker-David Technologies Inc., TDT, USA)
acquired the pre-amplified neural data as well as the physiological
parameters (intravesical pressure, rectal pressure, and infused volume)
using the analog-to-digital channels.

A custom code was implemented in Synapse software (Tucker-
David Technologies Inc., TDT, USA) to define data acquisition
parameters: ENG signals were sampled at a frequency equal to
24414Hz while physiological parameters were sampled at a frequency
equal to 1526Hz.

Before starting each experimental session, the bladder was emp-
tied. The intravesical pressure at the beginning of the experiment was
around 2mmHg.

The impedance of all 32 channels of TIMEs was measured after
implanting the electrodes and compared with the same measurement
performed in saline solution immediately before implanting the elec-
trode to verify the proper functioning and electrical conductivity of the
electrodes.

The number of nonfunctioning electrodes was found to be
between 4 and 7 (the latter in only two cases). In each case, all
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channels were considered for analysis, even those that did not work, in
order to simulate the worst case and thus improve the robustness of
the outcome. The neural peripheral activity was recorded by using the
electrodes implanted within the pudendal nerve during a baseline con-
dition and functional urinary challenge that modifies physiological
parameters, such as intravesical pressure. Baseline condition was
defined as a period in which intravesical pressure was stable for at least
5minutes after electrode insertion. The functional urinary challenge
consisted of subsequent steps of saline solution infusion within the
bladder (Fig. 1). Each step consisted of 5minutes of registration dis-
tributed as follows: 1minute of data recording before starting with the
infusion, 3minutes for the infusion of 150ml of saline solution with
50ml/min flow rate, and 1minute of data recording after infusion.
This protocol was repeated until urine leakage was visible. When a
transurethral leakage occurred, the pump was stopped and a full blad-
der recording session lasting 5minutes was acquired. Then, the last
infusion session was performed as described before to acquire data
during urine leakage.

C. Data description, preprocessing, time framing,
and feature extraction

The coding strategy was developed by adapting the algorithm
presented in the previous work from our group for vagus nerve classi-
fication during cardiac and respiratory challenges.20 For each animal, a
dataset constituted by ENG signals obtained from the three state

recordings was created and ordered. Sessions indicated as Micturition
were extrapolated for the micturition time interval of interest. All the
sessions were cut at the same duration in order to avoid class unbal-
ance. For all sessions, all 32 ASs raw ENG signals were imported into
the structure.

The following ENG signal processing steps were illustrated in
Fig. 9. Single-channel recordings were independently filtered using a
Butterworth Band Pass Filter of fourth order with cutoff frequencies
equal to fl¼ 1 kHz and fh¼ 6 kHz. The choice was based on the evi-
dence of a particular localization of spikes of somatic nerve fibers.29

After filtering, all signals were undersampled by a factor of 2.
Data were split into testing and training sets with a ratio equal to

1:10. Single-channel ENG recordings of the training set were indepen-
dently subdivided by using the time windowing, consisting of parti-
tioning the signal in equal length sub-windows with an overlap equal
to 20% between contiguous windows. The test set was windowed using
the same window length without overlapping. Each time sample
obtained was transformed into nine handcrafted features, characteriz-
ing the distribution of electrical potential in the different samples.20

Feature extraction was performed independently for each time
frame of the ENG signal and AS. The chosen features were mean, vari-
ance, skewness, kurtosis, maximum amplitude, wavelength, maxi-
mum, amplitude, and power. Then, for a single time frame, features’
matrices of each channel were concatenated together. Finally, data
were reconstructed by arranging the concatenated features’ matrices
relative to each time frame in columns (Fig. 10).

FIG. 9. ENG signals decoding process from filtering to classification. 32-channel � Nclasses are filtered and structured in order to perform model optimization and final predic-
tion based on BA computation.
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Training dataset was then standardized along features’ dimen-
sions by removing the mean and scaling to standard deviation. Test
set was scaled with reference mean and variance values computed
from the training set. Sample clustering was avoided by shuffling their
order for each set.

D. Machine Learning models

Four classifiers were tested for our goal: SVM, k-NN, RF, and
MLP.

SVM algorithm was widely implemented in various applica-
tions involving ENG signal classification, such as sensory informa-
tion decoding,30,31 and closed-loop applications,32 showing valid
results. The k-NN algorithm was taken into account for the final
model classifier choice since used successfully in upper-limb ampu-
tees ENG closed-loop systems, revealing satisfactory results in
online decoding.19 The RF and MLP models constituted, based on
motor intention recognition from peripheral nerves in amputees, a
possible alternative to DL models in terms of computational cost
and performance.33

The first animal in the analysis was chosen to compare the differ-
ent models’ performances. The models were compared in terms of test
BA performance. The RF model, in particular, showed a lower chance
of overfitting with higher performance, when compared to more com-
plex models, such as neural networks.

E. Model optimization

In order to find the best set of hyperparameters for each model,
Grid-Search was performed during the Nested-Cross Validation
(NCV) phase. The training set was divided between the validation and
the inner training folder. Thereby, inner loops were performed, shift-
ing the validation folder along the time dimension at each loop. For

each round, Grid Search was performed: models were fit and evalu-
ated, respectively, on training and validation sets, considering all possi-
ble combinations of hyperparameters.

The optimal combination was chosen on a model performance
basis and consequently applied to the final model configuration.
Optimized model design was then trained and tested.

Different hyperparameter values were tested for each model. The
following number of trees [50, 100, 200, 300] and depth [5, 10, 20, 30]
values for the RF have been chosen, while the SVM kernel function
was set as a sigmoid or radial basis function, while L2 regularization
value was tuned between the following values: 10–3, 10–2, 10–1, 1. In
k-NN, the number of neighbors varied between 3, 5, 7, 9, and 11; while
for the MLP five neural networks were tested, with the following num-
ber of neurons for each layer: [128, 128, 128, 128] [128, 256, 256, 128],
and [128, 256, 512, 128] [128, 512, 512, 128] [128, 256, 512, 512],
imposing a learning rate equal to 10�3.

A MacBook Pro 13-in., 2016, Apple Inc., with a 2.9GHz dual-
core Intel Core i5 processor and 16 GB RAM memory was used for
performing the overall data processing. Initial importing code for TDT
system acquired data conversion was written in MATLAB
(MathWorks, USA), while preprocessing, classification, model com-
parison, and plotting codes were written in Python, using the following
libraries: Scikit-learn, Pandas, and PyTorch.

F. Time window analysis

Frame window analysis was performed in order to select a time
window length suitable for real-time adequate performance and
proper feature computation. All animals’ classification through the RF
model was performed, varying time window length and overlap. The
time window length values tested were twenty, in the range from
50ms to 1 s. The overlap was always equal to 20% of the picked time
window length. The mean BA trend along all time window values in

FIG. 10. ENG signals features from each class of the ith time frame concatenation and structuring.
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exam was observed by comparing all animals’ results. A trade-off
between time lengths corresponding to the highest BA results obtained
between the pigs was chosen.

G. Performance evaluation

Time window length selection was performed to evaluate the
model performance when applied 20-time frame values in a range
between 0.05 and 1 s for all animals’ ENG classification. Model perfor-
mance has been evaluated by computing the BA score.

BAwas computed as follows:

BA ¼ RecallB þ RecallF þ RecallM;

where Recalln represented the sum of True Positives (TP) across the
Nth class, divided by the sum of all TP and False Negatives (FN) rela-
tive to the class. When RF was implemented, feature importance was
evaluated through the tree impurity quantification by the Gini impor-
tance index for split quality and square root function for deciding the
maximum number of features destined for each tree. Single AS weight
and average feature decrease in impurity were obtained, allowing the
observation of ASs’ effective contribution to the final BA and feature
importance across all animals.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on histological images
of porcine pudendal nerve, pudendal nerve electroneurographic sig-
nals, and associated detected spikes.
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