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Abstract

Background: Electrical stimulation is an emerging therapy for urologic disorders. The interface
between electrode and neural tissue is a critical region of interest given it affects thresholds of
neural activation. Measures of electrode impedance are used clinically to estimate tissue fibrosis at
the interface; however, the relationship between impedance and fibrosis is not well defined.

Objective: This study aimed to assess the relationship between interface tissue fibrosis and nerve
distance from electrode surface with measurements of impedance and evoked thresholds using a
chronic model of visceral nerve implantation.

Materials and Methods: An extraneural four-platinum electrode array was implanted on the rat
(V= 14) pelvic nerve and measured common ground impedance, transimpedance, and electrically
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evoked neural thresholds during two weeks of implantation. A novel serial block-face staining and
imaging technique was used to assess the electrode-nerve interface in situ.

Results: Analysis revealed no significant correlations between impedance or neural threshold
and fibrotic tissue area (p > 0.05). Proximal electrodes 1 and 2 were significantly further away
from neural tissue than were distal electrodes 3 and 4 (p < 0.011). Despite this, there were no
differences in neural thresholds among electrode configurations (p > 0.05).

Conclusion: Measurements of electrode impedance and neural thresholds indicate the presence
but not the absolute amount of interface tissue fibrosis. Understanding the dynamics of the
nerve—electrode interface is essential for designing suitable peripheral nerve electrode arrays and
informing on stimulation parameters to advance the future clinical use of pelvic nerve stimulation
as a neuromodulation therapy in urologic disorders.

Keywords

Chronic in vivo recording; electrical impedance; grinding histology method; peripheral nerve
interface

INTRODUCTION

Electrical stimulation of the peripheral nervous system is used clinically to treat a wide
range of diseases including epilepsy, depression, migraine, obesity, and fecal and urinary
incontinence.12 However, despite the success of stimulating the autonomic nervous system
to treat disease, clinical trials are often affected by high variability in the response of
patients, with little understanding of ways to improve the outcome.3 The interface between
an extraneural electrode and multifascicle peripheral autonomic nerves is a critical region
that significantly affects the thresholds of activation and the ability to record an evoked
response. Variations in the electrode-nerve interface likely contribute to the variability in
the delivery of treatment, the most notable components being the growth of fibrotic tissue
and the electrode—nerve distance.> Characterization of the conditions within the interface
that affect efficacy of stimulation is important to improve understanding of the causes of
interpatient variability in addition to suggesting refinements in electrode array designs and
stimulation strategies.36

Our own rat’~? and sheep?® vagus nerve long-term implantation studies consistently report
an initial increase in electrode common ground impedance over two weeks, after which
impedance values stabilize. Furthermore, impedance values increase over two weeks after
long-term implantation on the pelvic nerve of male rats, with no further changes to
impedance observed at eight weeks.! Similar changes are reported during long-term
implantation of cervical vagus nerve implantation in rats,12 surface brain stimulation
electrodes (Responsive Neurostimulation System [RNS®]),13 and deep brain stimulation
electrodes in humans.14 Higher impedances can be problematic for safe delivery of electrical
charge, with the higher levels of voltage potentially leading to irreversible electrochemical
reactions at the interface, the formation of gas bubbles, ionic changes, and pH shifts that
are harmful to tissue and the electrode.1>:16 There is a general consensus that increases

in electrical impedance during long-term implantation are a consequence of the growth

Neuromodulation. Author manuscript; available in PMC 2025 December 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Payne et al.

Page 3

of epineural fibrosis within the electrode-nerve interface,1’-1 which occurs owing to an
inflammatory foreign body response to the extraneural cuff electrode array.2% Electrode
impedance also may fluctuate owing to increases in the effective surface area resulting from
high charge stimulation,?! or from electrode biofouling, which naturally occurs from the
accumulation of biological matter (protein deposits, cells, etc) at the electrode-electrolyte
interface during long-term implantation to reduce the active electrode area.22:23

Despite the complex interplay between changes in electrode surface and tissue response,
measurements of transimpedance and common ground impedance are routinely used in
the clinic as measures of the electrode—nerve interface.5 Common ground impedance is a
simple measure of the peak voltage at the end of the active phase of stimulation on the
stimulating electrode and compared with all other electrodes within the array. Although
this measure is simple to perform, its interpretation is complicated by the polarization of
the stimulating electrode. Transimpedance measures the voltage decay along the length of
the electrode array on unstimulated electrodes, eliminating the issue of polarization of the
stimulating electrode. Although both methods are used clinically in cochlear implantation
technology,2* the use of common ground impedance and transimpedance as a tool for
informing on interface tissue fibrosis for autonomic nerve electrode arrays is less well
studied and comprises the first aim of this study.

Significant advances have recently been made in computational modeling of electrical
stimulation and recording from autonomic nerves.>25-27 Surrogate fiber models that
simulate spatiotemporal responses to many peripheral nerve stimulation protocols have been
built based on anatomical and physiologic properties of axons in addition to the dynamic
properties of the cuff electrode array.26 However, in most surrogate fiber models, there is

a paucity of data that account for the effects of the interface tissue fibrosis and electrode—
nerve distance on evoked neural thresholds.2® The electrode—nerve interface significantly
affects both the efficacy of stimulation delivered and the quality of recording.? Visceral
nerves, such as the rat pelvic nerve (rodent homolog of human pelvic splanchnic nerves),
are small, fragile, multifascicular, and constrained within a loose epineurium structure,28.29
and present a significant challenge for the design of electrode—nerve interfaces in peripheral
nerve arrays.30 The recruitment profile of different fascicles in the pelvic nerve will likely
be affected by the fascicle-electrode distance, which has functional implications given
studies show different fascicles in another autonomic nerve (ie, the vagus nerve) can have
different physiologic roles.28 This could have major implications for efficacy in pelvic nerve
stimulation studies as a future neuromodulation therapy for neuro-urologic and other pelvic
functional disorders.11:31.32 As such, the second aim of this study is to assess the correlation
between stimulation threshold of evoked neural responses and interface tissue fibrosis. A
final aim is to assess ways the distance of the pelvic nerve from stimulating and recording
electrodes affects neural thresholds.

In this study, we performed a long-term implantation of a planar extraneural four-electrode
array on the pelvic nerve of rats, which is an exemplar mutifascicle visceral (autonomic)
nerve that has gained recent interest as a potential target site for the treatment of

urologic disorders.11:31:32 To assess the electrode—nerve interface after two weeks of
long-term implantation, we optimized and adapted a novel histologic block face imaging
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technique,33:34 which involves sequential grinding and block-face imaging to visualize

in situ the interface of the four platinum electrodes with the nerve. Common ground
impedance, transimpedance, and evoked potential measurements were correlated with

the thickness of fibrotic tissue buildup within the electrode-nerve interface. Correlations
between stimulation thresholds and the fascicle distance from the stimulating and recording
electrodes also were assessed. The resulting understanding of the impact of the electrode-
nerve distance and fibrotic tissue buildup will likely inform future electrode array designs to
improve efficacy of stimulation and recording.

MATERIALS AND METHODS

Peripheral Nerve Electrode Array Design

Electrode arrays were manufactured in-house (Bionics Institute, Victoria, Australia). As
previously described,!! the array had four platinum (99.95%) electrodes (E1-E4) with an
exposed recessed surface area of 0.36 mm? (1.8 mm x 0.2 mm) contained within medical
grade silicone. Adjacent electrode pairs were 0.75 mm apart (center to center) and electrode
pairs were 3.25 mm apart (center to center) (Fig. 1a). A Dacron embedded silicon tab
surrounded the array to allow securement to underlying subcutaneous tissue. Insulated
platinum/iridium (90/10, 50 um diameter) wires were welded to each electrode and formed
a helical cable that traversed to a percutaneous connector. A subcutaneous ring electrode on
the cable acted as a return. The percutaneous pedestal was secured to the lumbar aspect of
the rat using a Dacron embedded silicon tab.3°

Animals and Anesthesia

A total of 30 male Sprague-Dawley rats (eight—nine weeks at the start of the experiment,
Animal Resource Centre, Western Australia) were used. Of these 30 rats, 7= 7 were
excluded owing to having a broken or shorted electrode; 7= 1 rat died during surgery,

and n = 2 rats were excluded owing to failure of the bladder cannula required for other
experimental aspects and were euthanized early. As such, experimental procedures and data
are reported from A/= 20 rats in this study.

All animal procedures were approved by St Vincent’s Hospital Animal Ethics Committee
and complied with the Australian Code for the Care and Use of Animals for Scientific
Purposes (National Health and Medical Research Council of Australia). After surgical
implantation, rats were housed individually to prevent damage to the percutaneous pedestal,
and environmental enrichment was provided. Rats were kept under a 12-hour light-dark
cycle in a temperature-controlled room and allowed ad libitum access to food and water.
Surgical procedures were conducted under isoflurane anesthesia (3% for induction, 1.5%-—
2% for maintenance in 1 L/min oxygen).

Analgesia (5 mg/kg carprofen, subcutaneous; buprenorphine 0.03 mg/kg, subcutaneous) and
fluids (3 mL/100 g Hartman’s Solution subcutaneous) were provided during surgery. For the
first three days after surgery, animals were given fluids twice a day (3 mL/100 g Hartman’s
Solution) to help prevent the development of cystitis after bladder catheterization surgery.

Neuromodulation. Author manuscript; available in PMC 2025 December 03.
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At the completion of the experiment, animals were euthanized (300 mg/kg, Lethabarb,
intraperitoneal).

Surgical Procedures

The pelvic nerve implantation surgery is described in.11:36 In brief, animals were
anaesthetized, and under aseptic conditions, the abdominal cavity was opened and the

left pelvic nerve exposed and identified. The four electrodes were carefully aligned
perpendicular to the pelvic nerve and the array secured to underlying prostate tissue using
sutures (7°0, Ethicon). Care was taken to avoid mechanical damage to neural tissues during
implantation. The abdominal cavity was sutured closed, and the percutaneous pedestal of the
array was sutured to the dorsal-lumbar aspect of the spine and the skin closed around it.

Impedance Measurements and Electrophysiological Recording

Impedance (transimpedance and common ground impedance), electrically evoked compound
action potentials (ECAPs), and physiologically evoked neural responses were measured.

Impedance Testing

Common Ground. The functionality of the implanted electrodes was evaluated at surgery
and at one and two weeks after implantation by measuring the common ground impedance
of electrodes. To measure the common ground impedance of an electrode, a symmetric
biphasic current pulse (100 pulses per second, 100 pA, 100 ps per phase, 50 us interphase
gap) was delivered to each electrode, with all other electrodes shorted together serving as
the return electrode, using a custom simulator made in-house (Bionics Institute).3” The peak
voltage transient recorded at the end of the first phase used to calculate the total impedance
(ohms law = voltage/current).37-38 For example, a common ground impedance measurement
of 10 kQ for “E1” informs on the impedance of the stimulating electrode (E1) compared
with all other electrodes (E2-E4).

Transimpedance. A transimpedance matrix was generated by passing a symmetric biphasic
current pulse (250 pulses per second, 25 s per phase, 8-s interphase gap, 106.5 pA)
between the electrode of interest and a remote return electrode and measuring the voltage
on all other electrodes in the array at the end of the first phase using a Nucleus Cl24
cochlear implant and Nucleus ESPrit 3G speech processor3? (Cochlear, Englewood, CO).
The voltage is expected to decrease as the distance between stimulating and recording
electrodes increases. The result of the measurement is a matrix of 4 x 4 (transimpedances).
For display and statistical analysis, the transimpedance measurement of the electrode of
interest was measured from the closest adjacent electrode. For example, the transimpedance
measurement for E1 was measured from E2, whereas measurements for E3 were taken from
E4 (Table 1).

Electrically Evoked Compound Action Potentials. Similar to those previously
described,11:38 the thresholds of ECAPs were determined by stimulating with biphasic
current pulses (100 ps; 10 Hz; 0-2 mA) and recording evoked activity (averaged over

50 stimuli and two repeats) using an isolated differential amplifier with an active probe
(1SO-80, World Precision Instruments, FL). Recordings were sampled at a rate of 200 kHz
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and digitally filtered (300-5000-Hz band pass) using a data acquisition device (USB-6210,
National Instruments, TX). The threshold of evoked neural responses was visualized using
Igor Pro 9 software (WaveMetrics, Inc, Portland, OR) and defined as the minimum stimulus
intensity producing a response amplitude above noise (=0.1uV) in both repeat recordings.
The threshold current level for this response was analyzed. If no response was recorded, data
were coded as “300 CL,” a level likely to be an underestimation of the real value.

Histology and Block Face Imaging: At two weeks after implantation surgery, animals
were euthanized and perfused intracardially with saline (0.9% sodium chloride and 5000
IU/mL heparin), then fixative (10% neutral buffered formalin, pH 7.4). The entire electrode
array and attached adjacent prostate tissue were dissected out as a whole specimen and
postfixed (10% neutral buffered formalin, pH 7.4) overnight at 4 °C. After postfixing

and thorough washing in phosphate buffered saline (pH 7.4), samples were dehydrated in
ethanol for two days using serial concentrations progressing from 70% to 100%. Overnight
immersion in acetone was used to clear the tissue. After 5 minutes drying in air, samples
were immersed in an epoxy resin mixture (4:1 composition of epoxy resin and hardener,
EpoTek 301 resin, Epotek 301 hardener, Epoxy Technology, MA) and a vacuum applied

(4 minutes) to ensure full infiltration of the mixture and removal of air bubbles. To aid

in the orientation of the block, a second embedding was performed by repeating the steps
previously described. After appropriate orientation, blocks were reembedded so that the
electrode and adjacent tissue were perpendicular to the plane of sectioning (Fig. 1). The
samples were placed in a holder (AccuStop, Struers, Copenhagen, Denmark) that was set
to allow progressive removal of a specific block thickness (120 um per step) using a
grinding machine (Labopol-30, Struers, Copenhagen, Denmark). After every 120 um, the
surface was polished (with grinding paper) and stained with 1% Toluidine blue (8 minutes,
Westlab, Victoria, Australia). Four levels through the block were imaged (Fig. 1b) to allow
visualization of the pelvic nerve trajectory across the electrode array. Each level was at

the location of an electrode (E1-E4, Fig. 1b). Representative light microscope images of
Toluidine blue stained sections were taken using a Zeiss Axioplan Il microscope (Carl Zeiss
Microscopy, Jena, Germany) and AxioVision Software (Zeiss, New York, NY).

Histologic Analysis of Interface: Images were viewed and analyzed using FIJI / ImageJ
software.0 Key structures such as neural fascicles, the electrode, silicone mold, and fibrotic
tissue response were identified as regions of interest (ROIs, Fig. 1b, 2a).

Fibrotic Tissue Area. The area of the fibrotic tissue response at the electrode interface was
evaluated as in Figure 2a.

Putative Identification of the Pelvic Nerve. The pelvic nerve was defined as a collection
of neural fascicles associated with a signature blood vessel that was typically embedded
amongst the pelvic nerve fascicles.2

Pelvic Nerve Area. The pelvic nerve area was defined as the epineurium boundary and
adjacent blood vessels embedded between fascicles.

Neuromodulation. Author manuscript; available in PMC 2025 December 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Payne et al.

RESULTS

Page 7

Total Fascicle Area. The total fascicle area was defined as the total area of neural fascicle
tissue. This measurement was distinct from the pelvic nerve area because it did not include
blood vessels or space between fascicles and the epineurium boundary.

Fascicle to Electrode Distance. The centroid of each ROl was measured as X, y position,
and the shortest distance between a neural ROI and the electrode ROI was calculated using
the Euclidian distance between the centroids.

Statistics: Details of each statistical test are stated in the relevant results section. In
brief, differences over time in impedance measurements and neural thresholds were tested
using a one-way or two-way repeated measures (RM) analysis of variance (ANOVA) with
appropriate post hoc tests, stated in the Results. A Pearson correlation test was used to
correlate electrical impedance/ECAPs with interface tissue area, or neural thresholds with
measurements of tissue thickness. Statistically significant differences were accepted as
p-values <0.05, and GraphPad Prism 10 (GraphPad Software, Boston, MA) or Igor Pro

9 software used for all analysis.

Impedance and ECAPS as a Measure of Interface Tissue Fibrosis

Interface Fibrotic Tissue Area Across Electrode Array: The area of fibrotic tissue
between the electrode surface and neural tissue was measured from block-face images (Fig.
2a, indicated by red dotted box; Fig. 2b). The four platinum electrodes in each array were
numbered E1 and E2, which were proximal or closest to spinal cord, and E3 and E4,

which were distal or closest to the major pelvic ganglia and bladder. The interface fibrotic
tissue area (Fig. 2a, indicated by red dotted box) was similar across all electrodes (Fig. 2b).
One-way RM ANOVA did not detect a significant difference in fibrotic tissue area across
electrodes (V= 12 rats, F(333) = -2.10; p>0.999; E1: 0.18 £ 0.01 mm?2; E2: 0.19 + 0.02
mm?; E3: 0.16 + 0.01 mm?Z; E4: 0.15 + 0.01 mm?).

Changes in Common Ground Impedance During Long-Term Implantation:
Common ground impedance (CG) was recorded immediately after surgery and after two
weeks of implantation onto the pelvic nerve. Data were only analyzed in animals when

all electrodes (E1-E4, N = 48) remained functional with no open or short circuits. As
expected, CG impedances were similar for all electrodes immediately after surgery and
increased during the two weeks of implantation (Fig. 2c). A two-way (Time x Electrode)
RM ANOVA indicated a significant interaction between Time x Electrode (F(3 33) = 3.05, p
=0.04211) and significant main effects of Time (F(; 11) = 32.8, p=0.0001) and Electrode
(Fz,33) = 9.61, p=10.0001). Owing to significant interaction between Time x Electrode, a
Sidak post hoc analysis of the interaction was performed. Testing shows that there were no
differences in CG impedance among electrodes after implantation (0 week; p = 0.05). At two
weeks after implantation, CG impedance significantly increased in all electrodes (E1-E4;

p < 0.0005). Furthermore, the CG impedance of E3 and E4 (closest to the bladder) was
significantly higher than that of E1 and E2 (p < 0.01, closest to the spine).
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Correlation Between Electrode CG Impedance and Interface Tissue Fibrosis:
Increases in CG impedance are often attributed to tissue fibrosis; however, as illustrated in
Figure 2c1, the increase in CG impedance over the two-week implantation period had little
to no dependence on fibrotic tissue area. This was confirmed through Pearson’s correlation
between an electrode’s change (4) in CG impedance, that is, the net difference between
impedance at 0 and two weeks, and the fibrotic tissue area of that same electrode (/{4g) =
-0.148, p=0.304).

Changes in Transimpedance During Long-Term Implantation: Transimpedance
was recorded from A/ =7 rats from a total of 28 electrodes after surgery and after two
weeks of long-term implantation on the pelvic nerve. As expected, transimpedance was
similar for all electrodes immediately after surgery and appeared relatively stable during

the two weeks of implantation (Fig. 2d). A two-way (Time x Electrode) RM ANOVA was
performed to analyze the effect of Time x Electrode (E1-E4) on transimpedance. There was
no significant interaction between Time x Electrode (F(3 18) = 0.52, p=0.667) or Time
(F(1,6)=0.001, p=0.924), but Electrode (F(3 15) = 14.71, p< 0.0001) had a significant
effect on transimpedance. Sidak’s post hoc analysis on Electrode showed E3 and E4 (distal,
closest to bladder) had significantly higher transimpedances than did E1 and E2 (p < 0.001,
proximal), but there were no differences between the nearest adjacent electrodes E1 and E2,
or E3 and E4 (p> 0.05).

Correlation Between Electrode Transimpedance and Interface Tissue Fibrosis:
Increases in transimpedance are often attributed to tissue fibrosis; however, as illustrated in
Figure 2d1, the transimpedance after two weeks of implantation was not higher with greater
tissue fibrosis. This was confirmed through Pearson’s correlation between an electrode’s
transimpedance, that is, the recorded impedance from the nearest adjacent electrode, and
fibrotic tissue area of that same electrode (/(3p) = —0.334, p=0.082).

ECAP Thresholds

Changes In Neural Threshold During Long-Term Implantation. Similar to that
described previously,1141 at the time of surgery (week 0), three ECAP waveforms were
typically observed in recording from the pelvic nerve. These had distinct latencies of P1
or “Fast” conduction velocity population (<2 milliseconds), P2 or “Medium” conduction
velocity population (2—4 milliseconds), and P3 or “Slow” conduction velocity population
(>4 milliseconds).

For both electrode configurations, stimulating E1-E2 and recording from E3-E4 (Stim 12
Rec 34 [S12R34], Fig. 3a) and stimulating E3 to E4 and recording from E1 to E2 (Stim

34 Record [S34R12], Fig. 3b), faster conduction velocity responses were associated with
lower thresholds and thresholds increased after two weeks of implantation. A two-way
(Time x Neural population) RM ANOVA on S12R34 ECAP thresholds indicated there was
no significant interaction between Time x Neural population (F(2 20) = 2.47, p=0.110);
however, there was a significant main effect of Time (F(1,10) = 40.2, p< 0.0001) and Neural
population (F2,20) = 9.49, p=0.0013).
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A similar analysis of S34R12 ECAP thresholds indicated similar results with no significant
interaction between Time x Neural population (F2 15) = 2.08, p= 0.167) but a significant
main effect of Time (F(y,11) = 138.4, p < 0.0001) and Neural population (F(1314.7) = 2.0, p=
0.178).

At the time of surgery, the ability to record the three waveforms (P1, P2, P3) or the
efficiency of recording was similar when using electrode configuration S12R34 and S34R12.
However, after two weeks of implantation, the efficiency of recording with S12R34
decreased to 41.7% for P1, 33.3% for P2, and 8.3% for P3 (Fig. 3a). The efficiency of
recording was less with electrode configuration S34R12, with only 8.3% recording of P1,
16.7% of P2, and 16.7% of P3 populations (Fig. 3b).

Correlation Between Change in Neural Threshold and Interface Tissue

Fibrosis. Increased tissue fibrosis would be expected to increase neural thresholds by
making the stimulation less efficient and/or decreasing the recorded signal strength.
However, as illustrated in Figure 3c to f, there was little to no dependence of neural
threshold change with fibrotic tissue area, as confirmed by Pearson’s correlations
(S12Rec34: rzp) = 0.128, p=0.459, Fig. 3c; S34R12: 1159) = —0.10, p= 0.585, Fig. 3d)
or recording electrodes (S12Rec34: /o9y = —0.023, p = 0.900, Fig. 3e; S34R12: r(p9) =
-0.324, p=0.065, Fig. 3f).

Effect of Electrode Interface on the Quality of Extracted Neural Activity

Differences in the Distance Between Neural Tissue and Pt Electrode Across the
Array. The distance separating each electrode from the pelvic nerve also was measured
from block-face images after Toluidine blue staining. The representative example in Figure
4a shows electrode 2 and the pelvic nerve (outlined by red dotted lines). The distance
between the center of the electrode and pelvic nerve (indicated by red *) was measured and
correlated with ECAP threshold.

The distance between neural tissue, that being the pelvic nerve and major pelvic ganglia
(indicated in Fig. 4b as red circles), and Pt electrode was assessed at each electrode (E1-E4,
Fig. 4a). One-way RM ANOVA (F(3 49) = 4.151; p=0.011) with Tukey post hoc tests
showed distal electrodes 3 (E3, p=0.0375) and 4 (E4, p=0.0418) were significantly closer
to neural tissue than distal electrode 1 (E1, closest to the spine). There were no significant
differences in interface distance between electrodes 2, 3, and 4 (E2—-E4, p> 0.05; Fig. 4b).

No Difference in the Efficacy of Recording ECAPs Between Electrode

Configurations. Given the shorter electrode-neural distance for E3 and E4 than for E1,

we assessed whether the shorter distance improved the ability to record an ECAP (Fig. 4c).
Responses from Fast (P1, <2 milliseconds), Medium (P2, 2—4 milliseconds), and Slow (P3,
4-8 milliseconds) fiber were combined for this analysis population (V= 12 rats; S12R34:
24 no responses, nine responses; S34R12: 27 no responses, five responses). The relation
between these variables was not significant, XZ (1, N=33) =1.30, p=0.253, suggesting

an ECAP response was no more likely to be evoked in the S12R34 configuration than in the
S34R12 configuration.
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No Correlation of the Distance Between Neural Tissue, Pt Electrode, and ECAP
Threshold. As illustrated in Figure 4a, neural tissue was in closer proximity to electrodes
3 and 4, ie, shorter interface distance, than to electrodes 1 and 2 (longer interface distance),
which may have been expected to decrease neural thresholds. However, as illustrated in
Figure 4d.,e, the shorter distance had little to no effect on neural thresholds. Pearson’s
correlations of ECAP threshold and neural distance were not significant when assessing
either the stimulating (S12: (s27) = 0.209, p=0.295; S34: r(p7) = 0.160, p= 0.455; Fig.

4d) or recording (R12: 7i27) = -0.034, p= 0.868; R34: 1(57) = —0.006, p = 0.978; Fig. 4e)
distance.

Pelvic Nerve Morphology Across the Electrode Array

Migration of the Electrode Array in a Subset of Animals. Block-faced images were
assessed at electrodes 1 to 4 (E1-E4, Fig. 5) within /= 14 rats. During implantation
surgery, there was visual confirmation from the surgeon that all electrodes (E1-E4, Fig.

1a) were placed over the pelvic nerve and not over the major pelvic ganglion. However,
after two weeks after implantation, the positioning of most electrode arrays was displaced,
causing distal electrodes (E3—-E4) to be immediately adjacent to ganglion tissue (Fig. 5a,b).
Specifically, 42% of tissue (6/14 samples) within E3 and 57% of tissue (8/14 samples) at E4
showed ganglion tissue at the interface. This was not observed for E1 or E2 in any animal.

Features of the Pelvic Nerve Across the Electrode Array. Owing to the migration of the
electrode array over the major pelvic ganglion in some animals, the number of electrodes
confirmed to be over the pelvic nerve varied across the array (E1: A= 14, E2: N=14,E3: N
=9; E4: N=5). We have therefore chosen to report population statistics for each electrode
location but have not statistically compared the electrodes.

Number of fascicles: The number of pelvic nerve fascicles across the electrode array ranged
from two to seven (E1: two—five fascicles; E2: two-six fascicles; E3: two—five fascicles;

E4: two-seven fascicles; Fig. 5¢), and the mean number of fascicles was similar across
electrodes (E1: 3.3 £0.32, E2: 3.9 £ 0.34, E3: 3.33 £ 0.47. 3.6 £ 0.93). Therefore, although
it was not possible to trace individual fascicles across the length of the array, there was no
evidence of distal branching.

Pelvic nerve area: The mean area of the pelvic nerve (defined as fascicles and blood vessels
contained with the boundary of the epineurium) across the electrode array was relatively
consistent (E1: 0.07 + 0.01 mm?, E2: 0.07 + 0.01 mm?, E3: 0.04 +0.01 mm?, and E4: 0.05 +
0.02 mm?2, Fig. 5d), although there was a trend toward less pelvic nerve area more distally.

Total area of pelvic nerve fascicles: The total area of all fascicles within a pelvic nerve was
consistent across the array (E1: 0.02 = 0.003 mm2, E2: 0.03 + 0.01 mm?, E3: 0.01 + 0.002
mm?2, and E4: 0.02 + 0.01 mm?, Fig. 5e).

Average area of pelvic nerve fascicles: Consistent with little change in the total area of
pelvic nerve fascicles, the total average area of individual pelvic nerve fascicles did not vary
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across the array (E1: 0.007 + 0.002 mm?, E2: 0.007 + 0.002 mm?, E3: 0.005 + 0.002 mm?,
and E4: 0.007 + 0.002 mm?, Fig. 5f).

DISCUSSION

There is growing interest in using electrical stimulation of the pelvic nerve for the treatment
of neuro-urologic and other pelvic functional disorders.11:31.32 Understanding the impact

of the neural tissue—electrode interface is essential for designing suitable peripheral nerve
interface electrode arrays and informing on stimulation parameters to advance the future
clinical use of pelvic nerve stimulation as a neuromodulation therapy for urologic disorders.
In this study, we used a rat pelvic nerve model to investigate ways the characteristics of

the “interface,” such as the level of fibrosis and distance of the neural tissue from the
electrode surface, affect neural activation thresholds when current is delivered through an
extraneural electrode.26 Unexpectedly, this study found no correlation between fibrotic
tissue area within the interface and standard clinical measurements of fibrosis (CG
impedance, transimpedance) or ECAP thresholds. Interestingly, our results also suggested
that the distances of neural tissue from the stimulating electrode and from the recording
electrode are equally important in recording an ECAP.

In this study, block-face imaging of histologically stained tissue at the interface was adapted
from a previous study33 and optimized to allow analysis of the interface between implanted
electrodes and pelvic neural tissue in situ. Traditional histology techniques in paraffin blocks
of implanted tissue are limited because the electrode array must be removed from the tissues
before processing, risking damage of the delicate tissues at the electrode interface.23 There
also are limitations of conventional microtome sectioning in regions containing metal of

the Pt electrodes.33 In contrast, block-face imaging enables embedding of both tissue and
implanted electrode arrays still intact and applying a grinding technique to erode the surface
to allow block-face imaging of serial sections across the electrode array. This technique was
originally developed for in situ observation of the placement of cochlear implant electrodes
relative to cochlear anatomy.17:34:42 To achieve this, the conventional protocol used to assess
the bony structures of the cochlear was adapted for the soft delicate tissues of the eye

to assess safety and placement of a retinal implant that was secured epiretinally with a

metal tack.33 In this study, for what we believe is the first time, we adapted the epoxy

resin embedding, grinding, polishing, and imaging under various magnifications for the soft
prostate and connected pelvic neural tissues to allow a reliable assessment of the neural
tissue interface.

CG impedance significantly increased at all electrodes (E1-E4) at two weeks after
implantation, which accords with our previous observations of impedance increases after
eight weeks of long-term implantation on the pelvic nerve using the same device.11
Similar increases in impedance are reported after four to five weeks of implantation

on other autonomic nerves, such as the abdominal vagus nerve of rats.”8 Interestingly,
transimpedance showed no changes over time. However, transimpedance measurements
were sensitive to electrode placement in the body because higher transimpedances were
observed in distal electrodes (E3, E4) than in proximal (E1, E2). CG impedance is the
measure of peak voltage at the end of the stimulation phase and is dominated by the
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effects of the current passing through the stimulating electrode. CG impedance is therefore
most sensitive to changes in the stimulating electrode (eg, biofouling, corrosion, etc). In
comparison, the transimpedance matrix, sometimes referred to as the “Stimulation-Current-
Induced Non-Stimulating Electrode Voltage recording,”24 measures the voltage on adjacent
unstimulated electrodes. When removing the confounding issue of the voltage induced
from polarizing stimulating electrode, the voltage readings on unstimulated electrodes
more likely reflect the surrounding environment and have been used clinically to identify
mispositioning of cochlear implants.24 Electrochemical impedance spectrometry can be used
to thoroughly assess impedance at a large range of frequencies* and can provide additional
information compared with the simpler pulse-based CG and transimpedance measurements
used in this study.** However, the scope of the study was restricted to assessing impedance
measurements performed with commercially available devices routinely used clinically.

After implantation of an electrode array around an autonomic nerve, benign epineural

scar tissue is generally formed over two weeks.*° Inflammation due to array implantation
typically causes leukocyte adhesion, cytokine and chemokine release, neurovascularization,
and fibroblast formation, contributing to fibrosis or scar tissue at the interface.23 In this
study, interface tissue fibrosis was generally uniform across all electrodes. However, despite
this uniformity of fibrosis across electrode interfaces, CG impedance of E3 and E4 (distal)
was higher than in E1 and E2 (proximal), even though there was no correlation between
tissue fibrotic area and impedance. One explanation might be the tissue underneath the nerve
near the distal electrodes E3—-E4 (as an example, E4 in Fig. 1b). The different density of
prostate tissue and fatty tissues (Fig. 2a shows E2) likely contributed to the impedance
measures. Taken together, we conclude that neither CG impedance nor transimpedance
reliably detects the amount of fibrotic tissue at the interface.

It is interesting to note that higher CG impedance and transimpedance were detected on E3
and E4 than on E1 and E2, despite the distance between neural tissue and the Pt electrode
surface of E3—-E4 being shorter than that of E1-E2. Our data suggest CG impedance also
was affected by other unknown factors within the interface. Measuring interface fibrotic
tissue area does not consider the density of the fibrotic tissue, with denser tissue likely

to have a larger effect on impedance than less dense fibrotic tissue.23 Other factors, such

as the physical properties of Pt electrodes, including corrosion, pitting, dissolution, or
damage, can lead to an increase in electrode surface area and a subsequent decrease in
impedance.2! However, these changes to electrode physical properties are usually observed
after application of high levels of charge during long-term stimulation, and given these
electrodes received minimal stimulation (<10 min/wk during ECAP testing for two weeks),
this is an unlikely explanation. Electrode biofouling, which involves the accumulation

of biological matter (protein deposits, cells, etc) at the electrode-electrolyte interface, is
another well-known factor that causes the reduction of the effective active electrode area
and subsequent increase in electrical impedance.22:23 Furthermore, electrical stimulation
(130 Hz, 60—us pulse width, 80-100 pA: rat dependent) can readily disrupt the deposited
monolayer of adsorbed protein on the electrode surface to effect impedances in long-term
implanted deep brain stimulation electrodes.*® As such, CG impedance also may have
been affected by other unknown factors within the interface. ECAP thresholds significantly
increased over two weeks of implantation, and the ability to record an ECAP response
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concurrently decreased. There were no differences in recording efficiency among S12R34
and S34R12 configurations, and no correlation between the distance of neural tissue from
stimulating or recording electrodes. This suggests the interface distance of stimulating and
recording electrodes equally affects the recording of an ECAP.

At the time of surgical implantation, the four-electrode array was placed over the pelvic
ganglion, as confirmed visually. Block-face imaging of long-term implanted devices
revealed that the placement of >50% of arrays had moved during the two-week implantation
period so that distal electrodes were directly adjacent to ganglion tissue. Electrode array
migration also occurs in other neuromodulation technologies (eg, spinal cord electrode
migration occurs at 2.1% to 27%%748 and often causes loss of treatment efficacy and the
need for additional corrective surgery).4® However, electrode migration can be reduced by
anchoring technologies and surgical technique,>° or for the current neural target, shortening
the array.

In conclusion, electrode impedance and neural thresholds can indicate the presence of
fibrotic tissue but do not specifically inform on the amount of fibrotic tissue within the
interface. Understanding the electrode-nerve interface is essential for designing efficacious
electrode arrays to advance the future clinical use of neuromodulation therapy for urologic
disorders.
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Figure 1.
Pelvic nerve anatomy and histologic processing of the interface in situ. a. Schematic

diagram indicates the anatomy of the left major pelvic ganglion and its associated nerves,
that is, the pelvic, cavernous, and accessory nerves. The electrode array had two pairs of
platinum electrodes. The location of the electrode array at the time of surgery is indicated in
panel a. Electrodes E1-E2 were positioned proximal or closest to the spinal cord, whereas
E3-E4 were positioned distal or closest to the end organ, that is, the bladder. Images of

the block face were obtained at each electrode (E1, E2, E3, E4, indicated by yellow dotted
lines). The silicon-embedded “tab” was anchored to connective tissue overlying the prostate
gland using sutures. b. Prostate and associated neural tissue (indicated by red dotted box)
and implanted electrode array were dissected together and processed in situ. A large blood
vessel typically associated with the pelvic nerve is indicated by the red arrow. The black
arrows indicate the electrode interface from electrode 4 (E4). The tissue-electrode complex
was processed, double-embedded in an epoxy resin mixture, and stained with Toluidine blue
for block-face imaging. Scale bar for panel b represents 3 mm.
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Figure 2.
No correlation between electrical impedance and fibrotic tissue area within the interface

after two weeks of pelvic nerve implantation. a. Image of epoxy-resin embedded Toluidine
blue stained sample showing electrode 2 in situ implanted long term on the pelvic nerve
and surrounding prostate tissues. T fibrotic tissue response (indicated by red dotted box)
was measured and correlated with recordings of electrical impedance. b. Fibrotic tissue
area at the interface was assessed across all electrodes (E1-E4). c. Graph shows CG
impedance across electrodes 1 to 2 (E1-E4) at time of surgery (0 weeks) and two weeks
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after implantation. c1. Correlation between fibrotic tissue area and A CG impedance at two
weeks after implantation. d. Graph shows transimpedance across electrodes 1 to 2 (E1-E4)
at time of surgery (0 weeks) and two weeks after implantation. d1. Correlation between
fibrotic tissue area and transimpedance at two weeks after implantation. Scale bar in panel
a represents 1 mm. Data in b, ¢, and d show mean = SEM, and symbols are values from
individual rats. In panel b, differences in fibrotic tissue area between electrodes (7= 12)
were analyzed using RM one-way ANOVA. In panels ¢ and d, RM two-way ANOVA and
Sidak’s post hoc test were performed to analyze the effect of Time x Electrode on electrical
impedance. Significant differences across time are indicated as * p< 0.05; ** p< 0.01; ***
p<0.001; **** p< 0.0001. Differences between electrode pairs E3 and E4 and E1 and E2
are indicated by A. In panels c1 to d1, the correlation between fibrotic tissue area and A CG
impedance (net difference between impedance at 0 and two weeks, c1) or transimpedance
(d1) was assessed using Pearson’s correlation and significance accepted as p < 0.05.
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Correlation between ECAP threshold and fibrotic tissue area within the interface after two
weeks of pelvic nerve implantation. Panels a and b: After implantation surgery, electrical
stimulation evoked three distinct neural populations that had fast (P1: <2 milliseconds),
medium (P2: 2—4 milliseconds), and slow (P3: > 4 milliseconds) latency. At two weeks
after implantation, ECAP threshold increased compared with the threshold at implantation
(week 0, p< 0.05), and the recording efficiency decreased across all populations (P1-P3). If
responses were not recorded, these data were represented as having a “threshold” of 300 CL
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(indicated by dotted line, not recorded) for display purposes. Data in panel a indicate evoked
responses acquired using an electrode configuration of stimulating E1-E2 and recording
E3-E4. Data in panel b indicate evoked responses acquired using electrode configuration

of stimulating E3-E4 and recording E1-E2. Panels ¢ and d: Fibrotic tissue area within the
stimulating electrode interface had no correlation with change in neural threshold. Panels

e and f: Fibrotic tissue area within recording electrode interface had no correlation with
whether a response was recorded. Data in the violin graphs in panels a and b show individual
values, median % interquartile range. Significant differences were assessed using a two-way
ANOVA and indicated as * p< 0.05; ** p< 0.01; *** p< 0.001; **** p< 0.0001. Data

in panels c to f show individual pairs, and the correlation between interface tissue area and
ECAP threshold was assessed using Pearson’s correlation and significance accepted as p <
0.05. REC, recording; STIM, stimulation.
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Figure 4.

Correlation between the interface and change in ECAP threshold after two weeks of pelvic
nerve implantation. The representative image in panel a shows an epoxy-resin embedded
Toluidine blue stained sample taken at electrode 2 level and pelvic nerve tissue (outlined
by red dotted lines). The distance between the center of the electrode and pelvic nerve
(indicated by red *) was measured and correlated with ECAP threshold. b. The distance
between neural tissue and the Pt electrode (“interface distance”) was assessed across the
array (E1-E4). Red circles indicate major pelvic ganglion tissue. c. The number of ECAP

Neuromodulation. Author manuscript; available in PMC 2025 December 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Payne et al.

Page 23

tests (V=12 rats, V= 33 tests) that produced a “response” or “no response” from electrode
configurations S12R34 and S34R12. d. The interface distance from stimulating electrodes
(S12 and S34) had no correlation with ECAP threshold. e. The interface distance from
recording electrodes (R12 and R34) had no correlation with ECAP threshold. Scale bar in
panel a represents 1 mm. Data in panel b show individual values, mean + SEM. Data in
panels ¢ and d show individual pairs; the correlation between interface tissue area and ECAP
threshold was assessed using Pearson’s correlation, and significant differences indicated as *
p<0.05. REC, recording; STIM, stimulation.
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Figure 5.

Assessing pelvic nerve morphology in situ after two weeks of pelvic nerve implantation. a.
Representative image of block face stained with Toluidine blue at the interface at electrode
3 (distal or closest to the bladder) that includes an MPG (indicated by red dotted line).

b. Schematic diagram shows the likely placement of >50% of electrode arrays after two
weeks implantation. c. The area of the pelvic nerve (mm?) (defined as fascicles and blood
vessels contained within the boundary of the epineurium) was measured across electrodes
1to 4. d. The total number of fascicles within the nerve was counted. e. The total area
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(mm?) of pelvic nerve fascicles was assessed. f. The average fascicle area (total area/total
number of fascicles) was assessed and data on the y-axis displayed as a Log 10 for display
purposes. Data in panels c to f show individual values, mean + SEM. The y-axis in panels e
and f is shown as Log10 mm?2, Differences were assessed using RM one-way ANOVA and
significant differences indicated as * p < 0.05. The scale bar in panel a represents 500 pum.
Acc n., accessory nerve; Av., average; MPG, major pelvic ganglion.
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Table 1.
Schematic Diagram of the 4 x 4 Transimpedance Matrix Generated for the Four-Planar Pt Electrode Array.
RI R2 R3 R4
S1 X E1l
2 E2 X
s3 X E3
S4 E4 X

The transimpedance measurement of the electrode of interest was measured from the closest adjacent electrode. For example, impedance of E1 was
measured from S1R2; E2 impedance was measured from S2R1; E3 impedance was measured from S3R4; and E4 impedance was measured from
S4R3.
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