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Abstract 

Overactive bladder (OAB) and chronic pelvic pain are prevalent debilitating disorders that 

can command a person’s life. Even though millions of people are affected, most suffer in silence 

and face their symptoms alone. Pudendal neuromodulation, an off-label therapy, is one of the few 

treatment options that can improve symptoms for OAB and pelvic pain. Despite two decades of 

use in the clinic, much is still unknown about the efferent and afferent effects of pudendal 

neuromodulation. In this dissertation I address this gap by characterizing the physiological effects 

of pudendal nerve stimulation in a clinical setting and studying selective activation of pudendal 

afferents with computational models.  

In my first aim, I quantified the association between procedural factors and anal sphincter 

recruitment during intraoperative pudendal nerve stimulation. We recorded external anal sphincter 

(EAS) activation threshold and magnitude during pudendal stimulation with three different pulse 

widths. We also measured the electrode-to-nerve distance for each participant. I found that a pulse 

width of 210 µs balanced charge and current better than 60 or 450 µs. Additionally, a larger 

electrode-to-nerve distance led to increased EAS threshold (p < 0.001) and decreased EAS 

magnitude (p = 0.0011). Our results support the continued use of clinical pudendal 

neuromodulation parameters and suggest better patient outcomes for smaller electrode-to-nerve 

distances.   

 In my second aim, I explored the effects of suprasensory pudendal nerve stimulation on 

lower urinary tract pressures in awake human participants with implanted pudendal 

neuromodulation devices. We applied stimulation at low and high frequencies as the bladder was 

filled and during voiding to examine the effects of pudendal neuromodulation. At tolerable 

stimulation amplitudes there were small urethra pressure increases with low frequency stimulation, 

and large urethra pressure increases with high frequency stimulation throughout the length of the 

urethra. Additionally, we report the first example of stimulation-driven bladder pressure increases 

in an awake non-spinal cord injured individual. Stimulation did not have a significant immediate 

effect on voiding efficiency or maximum flow rate, suggesting that the benefits of pudendal nerve 
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stimulation come from long-term changes. We show that high frequency pudendal stimulation may 

be useful in preventing urinary leakage and driving bladder activation. 

In my third aim, I used computational modeling techniques to investigate if selective 

activation of sensory fascicles in the pudendal nerve was feasible. I modeled a multicontact nerve 

cuff, used in in-vivo experiments, to selectively activate afferent pudendal nerve targets in felines. 

I generated computational models, with 3D geometries based on feline nerve histology, populated 

with fiber diameters that reflect the known population distribution of afferent and efferent 

fascicles, something that other studies failed to do. With the simulated cuff design, fascicular 

selectivity is significantly dependent on the diameter of afferent axons that need to be activated to 

achieve therapeutic benefit. We showed that the different axon diameters for afferent and efferent 

fascicles cause low fascicular selectivity with our current electrode design. 

 This thesis expands our knowledge of the clinical effects of pudendal neuromodulation 

and supports the continued development of pudendal neuromodulation into an on-label therapy. 

The efferent effects of pudendal nerve stimulation may provide new treatment options for people 

with stress urinary incontinence and underactive bladder. From my interactions with individuals 

who benefit from pudendal neuromodulation, I know that the technology can improve the lives of 

many more people. 
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Chapter 1 Introduction 

The origin of the name for the pudendal nerve comes from the Latin “pudere” denoting 

shame1. This meaning stems from the fact that the pudendal nerve innervates the genitalia1. The 

pudendal nerve also innervates other pelvic floor structures like the external anal sphincter, 

external urethral sphincter, and perineum2. Unfortunately, the undue shame originally associated 

with genital innervation has spread to the rest of the pelvic floor. Lower urinary tract symptoms 

(LUTS) and pelvic floor disorders like overactive bladder, retention, incontinence, and chronic 

pelvic pain are common yet seldom talked about3–6. People fear the stigma associated with these 

disorders and will change their lifestyles in response. They become less active and more isolated, 

resulting in a diminished quality of life3–8. In contrast to the word’s origins, recent scientific 

advancements associate the pudendal nerve with hope. When other treatment options have failed, 

pudendal neuromodulation has emerged as a minimally invasive, off-label treatment option for 

overactive bladder and chronic pelvic pain9–11. Continuing this success, decades of promising 

results from preclinical and computational experiments with pudendal neuromodulation suggest it 

can have a greater clinical benefit12–15. In this thesis I investigate how pudendal neuromodulation 

is working in human clinical studies and investigate if future electrode technology could improve 

treatment efficacy in a computational model. 

1.1 Lower Urinary Tract Anatomy 

While the origins of lower urinary tract symptoms are often unknown, or idiopathic, they 

can be the result of an issue in the lower urinary tract or the peripheral nerves that control it. Here 

I describe the lower urinary tract anatomy to inform how deficiencies could lead to dysfunction. 

The urinary bladder and the urethra are the two components of the lower urinary tract16,17. 

They work in tandem to enable two distinct tasks: the storage and elimination of urine17,18. The 

urinary bladder is a hollow organ that stretches to store urine during continence and contracts to 

generate pressure that pushes urine out of the body during micturition18. The bladder wall is 

comprised of different layers that contribute to the function of the bladder18. The innermost layer, 
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the urothelium, serves as an impermeable barrier between urine and the other layers of bladder 

tissue, preventing irritation caused by pathogens and solutes18. The urothelium also sends afferent 

signals that communicate bladder conditions like temperature, pressure, and infection18 to the rest 

of the body. The next layer is the lamina propria. It contributes to nerve signaling, cell growth, and 

inflammatory responses18. The detrusor layer consists of three overlapping layers of muscle that 

stretch as the bladder fills and contract to promote emptying, driving fluid out of the bladder18.  

 

 
Figure 1-1: Innervation of the external anal sphincter, external urethral sphincter, and the genitalia by the pudendal 
nerve in a A) female and B) male pelvis. Adapted from Yang et al. 202619 and Hombach-Klonisch et al. 201920. 

 

The urethra connects the bladder to the outside environment and works with the bladder to 

prevent urine leakage during storage, via urethra contraction, and facilitate urine flow during 

micturition, via urethra relaxation21,22. Similar to the bladder, the urethra is also comprised of 

layers of tissue with unique compositions and functions23,24. The first layer is the epithelium, which 

functions as a barrier between urine and the other urethra layers25. It surrounds the lumen, the 

space inside the urethra that urine flows through. The next layer of tissue is the lamina propria25. 

The lamina propria supports the epithelium and also contains sensory nerve endings that send 

sensory information from the urethra to the spinal cord25. Smooth muscle surrounds the lamina 

propria, arranged in a longitudinal layer and then a circular layer25.  Smooth muscle comprises the 

internal urethral sphincter, which provides continuous, involuntary urethra tone during continence, 

preventing leakage. In men the internal urethral sphincter passes through the prostate26.   Finally, 

striated muscles surround the smooth muscle to form the external urethral sphincter. The external 
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urethral sphincter is under voluntary control and contributes to urethral closure pressure and 

continence23,24. In women, the external urethral sphincter surrounds the distal half of the urethra 

excluding the urethral opening23. In men, the external urethral sphincter covers the portion of the 

urethra between the prostate and bulbar urethra, roughly where the urethra passes the pubic 

symphysis. 

 

 
Figure 1-2: Innervation of pelvic floor muscles by the pudendal nerve in a female pelvis. (1) ischioscavernosus muscle, 
(2) bulbocavernosus muscle, (3) external urethral sphincter, (4) external anal sphincter, (5) superficial transverse 
perineal muscle. Adapted from de Pavia et al. 202427. 

 

1.2 Pelvic Floor Innervation 

1.2.1 The Pudendal Nerve 

The pudendal nerve is a somatic mixed nerve that provides sensory and motor innervation 

to the external urethra sphincter, external anal sphincter, genitals, and perineurium19,28. Innervation 
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of these targets by the pudendal nerve is depicted in Figure 1-1 and Figure 1-2. The pudendal nerve 

is most commonly derived from the S2, S3, and S4 sacral roots. Recent studies have shown that 

the pudendal nerve can also originate from the L4 to the S5 roots19. The sacral roots combine to 

create a singular pudendal nerve trunk, although multiple trunk configurations are also common, 

which enters the pelvis through the lesser sciatic foramen and Alcock’s canal19. From here the 

pudendal nerve branches to create the inferior rectal nerve, dorsal genital nerve, and perineal nerve, 

however there is considerable variation in way that the pudendal nerve branches diverge from the 

main trunk19,28,29. These distal branches of the pudendal nerve are represented in the main trunk of 

the pudendal nerve as individual fascicles or groups of fascicles30. The inferior rectal nerve 

innervates the external anal sphincter and levator ani31. The external anal sphincter lies at the end 

of the anal canal and is consciously controlled for defecation2,32. The dorsal genital nerve 

innervates the penis and clitoris in men and women respectively33, sending afferent signals to the 

spinal cord and brain. The perineal nerve provides efferent motor innervation to the external 

urethral sphincter, bulbocavernosus muscle, and ischiocavernosus muscle. Pudendal nerve 

innervation of pelvic floor muscles is illustrated in Figure 1-2. The perineal nerve also provides 

afferent sensory innervation of the perineum and the urethra29,34. In women it innervates the labia 

majora and in men it innervates the posterior surface of the scrotum29,34.  

1.2.2 The Pelvic Nerve and the Hypogastric Nerve 

The pelvic and hypogastric nerves are responsible for autonomic regulation of the bladder 

and urethra in addition to other pelvic targets16,33. Pelvic nerve afferent fibers reside in layers of 

the bladder wall and respond to stretching, which occurs during bladder filling, and irritation, 

which can be caused by infection16. When signals are sent from the brain to the bladder during 

voluntary initiation of micturition, parasympathetic fibers in the pelvic nerve produce bladder 

contractions in the bladder smooth muscle16. The hypogastric nerve is comprised of sympathetic 

fibers that originate in the T11 through S2 spinal cord segments and innervates the bladder and the 

urethra16. To promote continence, the hypogastric nerve relaxes the bladder smooth muscle and 

contracts the urethral smooth muscle16. Lower urinary tract innervation by the pudendal, 

hypogastric, and pelvic nerves is illustrated in Figure 1-3. 
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1.3 Neural Control of Bladder State 

The lower urinary tract has two functions: urine storage and urine elimination16,35. 

Achieving both requires the coordination of the bladder, urethral sphincters, and the nerves that 

control them16. The bladder stretches as it fills and stretch-sensitive neurons relay stretch 

information to the central nervous system, via the pelvic nerve 16,35. To maintain continence, spinal 

reflex circuits prevent the contraction of the detrusor and promote the contraction of the internal 

urethral sphincter, through the sympathetic nervous system and hypogastric nerve16. The external 

urethral sphincter also contributes to continence. The guarding reflex automatically contracts the 

external urethral sphincter in response to increased bladder pressures, thereby preventing urine 

leakage36. The external urethral sphincter can also be consciously contracted to help maintain 

continence. Conscious contraction of the external urethral sphincter may also suppress 

parasympathetic signals that promote bladder contraction35.  

When there is a conscious decision to urinate, it is important that the urethra and bladder 

work in unison. The pontine micturition center sends signals that initiate bladder contraction 

through the pelvic nerves and parasympathetic system16,35. Subconscious signals cause hypogastric 

nerve inhibition and internal urethral sphincter relaxation while the external urethral sphincter is 

consciously relaxed through the pudendal nerve16,35. If there are no obstructions then urine should 

flow freely through the lower urinary tract. As urine flows through the urethra it triggers a urethra-

detrusor reflex that promotes continued micturition16,37. Once the bladder is empty, pelvic afferent 

firing should be minimal and the sympathetic nervous system should cause bladder relaxation and 

urethra contraction16,35. 

 
Figure 1-3: Innervation of the bladder, urethra, and external 
urethral sphincter by the pelvic nerve (PEL), hypogastric nerve 
(HGN), and pudendal nerve. The pelvic nerves are shown in 
green and provide parasympathetic input to the bladder wall. 
The hypogastric nerves are shown in blue and innervate the base 
of the bladder and the urethra. The pudendal nerve is shown in 
yellow and innervates the external urethral sphincter. The 
pudendal nerve generates contractions in the external urethral 
sphincter. The pelvic nerves generate contractions in the bladder 
smooth muscle. The hypogastric nerves contract urethral smooth 
muscle and relax bladder smooth muscle. S1, first sacral root; 
PP, Pelvic plexus. Modified from de Groat et al. 201516. 
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1.4 Lower Urinary Tract Disorders & Pain 

Lower urinary tract (LUT) dysfunction can lead to a variety of symptoms. Some common 

symptoms associated with lower urinary tract dysfunction are urinary urgency (a more intense than 

normal feeling to urinate), urinary frequency (needing to urinate more often), nocturia (needing to 

urinate multiple times throughout the night), increased post-void residual (a large amount of urine 

remaining in the bladder after urination is finished), and incontinence (unwanted leakage of urine). 

Urgency urinary incontinence is a symptom where there is involuntary loss of urine with sensations 

of urgency38. Multiple symptoms often overlap and are used to classify a particular lower urinary 

tract disorder or disease. Overactive bladder (OAB) is a syndrome defined as “urinary urgency, 

usually accompanied by frequency and nocturia, with or without urgency urinary incontinence, in 

the absence of urinary tract infection or other obvious pathology”38. Non-neurogenic chronic 

urinary retention is defined as “an elevated post-void residual of greater than 300 mL that has 

persisted for at least 6 months …”39. Urinary retention can be caused by bladder muscle 

underactivity and is sometimes referred to as underactive bladder39. Chronic pelvic pain is a 

syndrome associated with dysfunction in the pelvic region and is defined as “chronic or persistent 

pain perceived in structures related to the pelvis of either men or women”6. Chronic pelvic pain 

often arises in the bladder, urethra, genitalia, anal sphincter, or pudendal nerve itself6.  

Unfortunately, chronic pelvic pain, OAB, and retention can be common. One study showed 

that chronic pelvic pain had a prevalence of 14.8%40. Reported rates of OAB vary between 7% 

and 27% for men and 9% and 43% for women41. The prevalence of incontinence varies widely 

and differs between men and women as well. Studies report incontinence occurring in 5% to 64%42 

of women with 45% of them seeking treatment43. Risk factors like pregnancy and menopause42,44 

only occur in women and can partially explain the difference in prevalence rates between women 

and men. Men are half as likely to seek treatment and report lower rates of bothersome 

incontinence43,45. While OAB is more common in women, urinary retention is more common in 

men. In one study of individuals over 60, 22.1% of men and only 10.8% of women had issues with 

bladder emptying46. While both men and women face decreased bladder contractility with age, 

enlarged prostates in older men can increase urethra resistance and worsen retention symptoms46. 

Neurological disorders like multiple sclerosis, Parkinson’s disease, and spinal cord injury can also 

lead to lower urinary tract dysfunction47,48. This dissertation focuses on non-neurogenic lower 
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urinary tract dysfunction, but the therapies presented may be applicable to neurogenic dysfunction 

as well. 

1.5 Treatments for LUT Dysfunction and Pelvic Pain 

There are a wide variety of treatment options for lower urinary tract dysfunction and pelvic 

pain. Treatment options are similar across lower urinary tract disorders and are presented by level 

of invasiveness41,49. The least invasive therapies focus on quality-of-life improvements through 

lifestyle changes and behavioral management. This can involve actions like wearing absorbent 

undergarments to reduce discomfort associated with incontinence,  managing fluid intake to 

prevent urgency or incontinence, or improving diabetes management to improve 

comorbidities49,50. Non-invasive therapies improve the function of muscle and nerves already in 

the body through physical therapy6, dedicated muscle training50, and transcutaneous tibial nerve 

stimulation6,41,50. There are a wide range of pharmacologic therapies to treat OAB, incontinence, 

retention, and pelvic pain 6,39,41,49,50. 

 Minimally invasive therapies are procedural or clinical but with a low risk of adverse 

events41. Injection of botulinum toxin type A into the detrusor has been an effective treatment for 

overactive bladder and pelvic pain from pudendal neuralgia. Unfortunately, the benefits of 

botulinum injection fade over time, requiring re-injections at regular intervals41,51–54. Percutaneous 

tibial nerve stimulation (PTNS) is a treatment option for OAB where a needle is placed near the 

ankle and connected to an external neurostimulator to stimulate the tibial nerve. PTNS uses a 

dosing of roughly 30 minutes once a week for 12 weeks followed by regular maintenance sessions 

every 2-3 weeks41,55. Botulinum injections and PTNS are clinical procedures that require continual 

follow-up. Sacral and pudendal neuromodulation are surgical procedures that require device 

implantation but do not require frequent clinical visits afterwards. Sacral neuromodulation is a 

minimally invasive treatment option for OAB, retention, urge incontinence, and chronic pelvic 

pain6,49,50,56. A quadripolar lead electrode is placed in the S3 sacral foramen and connected to an 

implantable pulse generator to continuously stimulate the sacral nerve and improve symptoms57.  

Invasive therapies carry higher risk of adverse effects and are therefore only recommended 

when other treatment options are ineffective and individuals have a large reduction in quality of 

life because of their bladder symptoms41. Due to the risks associated with invasive therapies, 

additional minimally invasive treatment options can provide substantial patient benefit. Over the 

past 20 years, pudendal neuromodulation has emerged as a minimally invasive treatment option 
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for OAB and pelvic pain10,11,58. Recent guidelines for overactive bladder emphasize treatment 

option choice based on clinician and patient judgement41. This may result in more people trying 

minimally invasive therapies and increase the overall benefit from pudendal neuromodulation. 

1.6 Pudendal Neuromodulation 

In pudendal neuromodulation, an electrode is placed along the pudendal nerve to 

electrically stimulate the nerve and provide symptom relief59. A quadripolar tined lead, the same 

lead used in sacral neuromodulation, is placed next to the pudendal nerve using fluoroscopy and 

visual landmarks11,59. Each contact on the lead is stimulated and if an external anal sphincter 

contraction occurs at a low level for multiple electrodes, then the lead location is finalized11. Anal 

sphincter contraction is verified by observing a compound muscle action potential from the anal 

sphincter EMG59. The lead is then connected to an external pulse generator11. If patient symptoms 

improve by at least 50% over the following two weeks, then the lead is connected to an implantable 

pulse generator in a second surgical procedure, mirroring what is done in sacral neuromodulation11. 

The mechanism of action by which pudendal neuromodulation improves overactive 

bladder symptoms is not fully understood. It is thought to work by stimulating pudendal afferent 

pathways that inhibit the micturition reflex and reduce sensory signals sent to the brain11,60–62. 

Additional research suggests that pudendal neuromodulation can improve pelvic pain symptoms, 

like bladder hypersensitivity, by inhibiting sensory signals63. One 2005 cross-over study showed 

a patient preference for pudendal neuromodulation over sacral neuromodulation for voiding 

dysfunction10, but no other studies have been done to corroborate this comparison. A possible 

explanation is that pudendal neuromodulation allows access to 100% of pudendal afferent fibers. 

Sacral neuromodulation can only activate a single sacral root, which contains approximately 60% 

of pudendal afferent fibers64. Activating more pudendal afferent fibers may improve symptom 

relief. 

As mentioned earlier, the electrode used in pudendal neuromodulation for the past 20 years 

was designed for sacral neuromodulation65. The pudendal canal is surrounded by soft tissue while 

the sacral foramen is surrounded by the sacrum. The soft tissue environment of the pudendal canal 

may result in movement of the current lead design and a subsequent reduction in implant 

performance66. An alternate lead designed for pudendal neuromodulation could improve activation 

of pudendal afferent fibers and reduce lead movement. Despite 20 years of clinical use, clinical 

research into pudendal neuromodulation has been limited. As a result, there is still a poor 
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understanding of the effects of pudendal neuromodulation on the pelvic floor and urinary tract in 

humans. Recent advancements in sacral neuromodulation technologies have led to more clinical 

research67,68. This is not the case in pudendal neuromodulation. Most of the recent research on 

pudendal neuromodulation mechanisms comes from preclinical and computational models. 

1.7 Animal and Computational Models 

Much of our current understanding of the neural mechanisms involved in micturition 

comes from rodent, canine, and feline research69–72. Research in felines showed that stimulation of 

pudendal afferent fibers can evoke changes in bladder state, like bladder contractions13,14,73. In 

humans, pudendal stimulation evoked bladder contractions have been observed, but only in 

individuals with spinal cord injury74–76. High stimulation amplitudes, multiple times the magnitude 

required for anal sphincter contractions, are necessary to activate the afferent fibers that evoke 

bladder contractions13,77. The quadripolar lead cannot precisely control where stimulation is 

delivered. Off-target stimulation can result in the activation of off-target fibers and sensations of 

pain and discomfort. Ideally the pudendal neuromodulation electrode would be able to selectively 

activate only the afferent fibers that evoke bladder contractions, if that is the therapeutic goal. If 

bladder contractions could be evoked without pain or discomfort, more people could benefit from 

pudendal neuromodulation. 

Mathematical models of neurons have been available for 70 years, enabling the prediction 

of neural responses before physical experimentation78. Recent advances in computational power 

and finite element modeling allow for the calculation of extracellular potentials in realistic 3D 

geometries79. When biophysical neuron models are combined with these extracellular potentials it 

allows for computational estimations of neural responses that are comparable to in-vivo 

experiments79. These combined computational models have been used to study the performance 

of a wide variety of electrode designs for multiple nerves80–83. Relevant to this dissertation, 

computational models have simulated pudendal nerve activation with multicontact nerve 

cuffs12,84,85. Multicontact nerve cuffs have been used to selectively activate fascicles in several 

different nerves86–89. Studies have shown that multicontact nerve cuffs can selectively activate 

pudendal fascicles as well12,84,90. 

 Computational models need to be initialized with biologically relevant data to provide 

useful results. The pudendal nerve contains sensory and mixed fascicles which have different 

distributions of fiber diameters91. While these distributions have been observed in felines91, they 
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are currently unknown in humans. Previous computational models of the pudendal nerve have not 

included realistic distributions of fiber dimeters for sensory and mixed fascicles12,84,85. This is an 

issue because a fiber’s diameter is related to its function and activation threshold92. For 

computational models to give accurate predictions of fascicular selectivity, accurate fiber 

diameters need to be included. 

1.8 Dissertation Summary 

While pudendal neuromodulation has been in use in humans for many years, its effects on 

human physiology has been poorly characterized. There remain open questions on the feasibility 

of selective pudendal nerve activation with the underlying organization of pudendal nerve fibers. 

The goals of this dissertation are to characterize the effects of clinical pudendal nerve stimulation 

on the lower urinary tract, and use computational modeling methods, that incorporate realistic fiber 

diameters, to evaluate selective pudendal nerve activation with a multicontact cuff. 

For the first two aims of my dissertation, I conducted clinical research investigating the 

effect of pudendal nerve stimulation on the pelvic floor and lower urinary tract in humans. In 

Chapter 2, I investigated the benefit of the stimulation pulse width currently used in pudendal 

neuromodulation and show that anal sphincter EMG can be used to infer electrode-to-nerve 

distances. In Chapter 3, I show that pudendal neuromodulation can cause observable increases in 

urethra pressure in humans at tolerable stimulation amplitudes. Additionally, I demonstrate the 

first reported example of pudendal stimulation evoked bladder contractions in an awake non-spinal 

cord injured individual. In Chapter 4, I evaluate the performance of a novel nerve cuff design with 

a computational model that incorporates realistic distributions of fiber diameters. I show that a 

multicontact nerve cuff placed on the feline pudendal nerve could selectively activate a small set 

of afferent fibers. However, achieving greater selectivity, which might be required to evoke 

bladder contractions without off target effects, will require design changes. 

Overall, this thesis improves our understanding of the effects of pudendal neuromodulation 

and highlights areas to improve in its current and future application. 
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Chapter 2 Factors Affecting Anal Sphincter Recruitment During Intraoperative Pudendal 

Nerve Stimulation: An Observational Study 

(Previously published in the International Urogynecology Journal, August 2025)93 

2.1 Abstract 

Introduction and Hypothesis: 

The relationship between pudendal neuromodulation and patient factors is not well 

understood. This observational study aimed to identify and quantify physiological, demographic, 

and stimulation factors that significantly affect external anal sphincter (EAS) recruitment and 

outcomes in participants receiving pudendal neuromodulation for treatment of lower urinary tract 

symptoms and pelvic pain. 

Methods: 

Participants (N=16) provided demographic and diagnostic information upon entry to this 

observational study. EAS activation at different stimulation amplitudes and pulse widths was 

recorded during lead implantation. Magnetic resonance imaging and computed tomography were 

used to determine the distance of the electrodes on the implanted lead from the nerve. Linear mixed 

modeling was used to quantify the impact of each variable on EAS recruitment.  

Results: 

Participant sex, age, and body-mass index did not significantly affect EAS recruitment. 

Participant diagnoses had significant relationships to EAS recruitment, likely due to unbalanced 

group sizes. A pulse width of 210 µs required less current than 60 µs (p = 0.005) and less charge 

than 450 µs (p = 0.02) to activate the EAS. Increased electrode-to-nerve distance decreased the 

magnitude of the EAS response (p = 0.0011), increased the EAS activation threshold (p < 0.001), 

and was related to reduced bladder symptom improvements. 

Conclusions: 

Of the three tested pulse widths, 210 µs best balances current and charge for EAS 

recruitment. Minimizing the distance between the electrode and pudendal nerve should be a 
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priority during lead implantation. External sphincter activation threshold and response magnitude 

could be useful clinical indicators of electrode-to-nerve distance. 

2.2 Introduction 
Chronic pelvic pain and lower urinary tract disorders (LUTD) affect millions of people in 

the United States11,94. These conditions result in diminished physical health, mental health, and 

productivity95–97 placing a large and growing burden on the healthcare system98. Therapy options 

for chronic pelvic pain and LUTD are typically grouped on their level of invasiveness including 

non-invasive, pharmacologic, and minimally invasive therapies like botulinum toxin injections and 

sacral neuromodulation41.  

When patients fail to respond to traditional therapies they are left with few options. 

Pudendal nerve stimulation has emerged as a minimally invasive off-label therapy for pelvic pain 

and LUTD, successfully improving symptoms even in people who previously failed sacral 

neuromodulation9,99. While pudendal neuromodulation most often improves symptoms, outcomes 

can vary and not all patients gain complete relief100–103. These differences in outcomes could be 

due to differences in patient anatomy, altered LUT function due to their symptom etiology, or 

treatment factors like the distance between the electrode and nerve. Aging can change nerve 

function104 and therefore effectiveness at tolerable stimulation amplitudes, while body 

composition may affect the electrode-to-nerve distance and thus nerve recruitment with electrical 

stimulation. Insights into the factors which have the largest effect on nerve activation and treatment 

outcomes may further improve pudendal neuromodulation outcomes. 

Typically, the neurostimulator implant procedure involves two surgical stages. In the stage-

1 implant surgery, the stimulation lead is placed near the main trunk of the pudendal nerve and the 

pulse generator is placed in a later stage-2 implant surgery. Anal sphincter recruitment in response 

to pudendal stimulation during the stage-1 surgery is a key indicator that the lead is correctly 

positioned and recruiting fibers in the main trunk of the pudendal nerve10. However, to our 

knowledge, no previous study has investigated what factors influence recruitment of the anal 

sphincter. Our primary objective was to determine which stimulation parameters and physiological 

factors have a significant impact on the recruitment of the inferior rectal branch of the pudendal 

nerve during pudendal nerve stimulation. Our primary hypotheses were that smaller electrode-to-

nerve distances, longer stimulation pulse widths, and larger stimulation amplitudes would increase 

pudendal nerve recruitment, as observed via anal sphincter activity. We also hypothesized that 
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smaller electrode-to-nerve distances and longer stimulation pulse widths would reduce nerve 

activation thresholds. Finally, we hypothesized that participant demographics and lower urinary 

tract symptoms would not be significantly related to nerve recruitment or thresholds. 

2.3 Materials and Methods 

Approval for this observational study was obtained from the Institutional Review Board 

(HUM00165005). This study was registered on ClinicalTrials.gov (NCT04236596) before 

commencement of study procedures. This was a single center study with all surgeries performed 

by the same physician. 

We recruited patients 18 years of age or older receiving pudendal neuromodulation for the 

treatment of bladder dysfunction and/or pelvic pain. Individuals were excluded from the study if 

they were pregnant or planned to be pregnant during the study or were diagnosed with atonic 

bladder, neurogenic bladder, pudendal nerve damage, or other conditions affecting the neural 

circuits in control of micturition. Individuals were also ineligible if they were planning to become 

pregnant during the study, unable to provide consent, or unable to complete all study activities. 

Participants were recruited from September 2020 to June 2023. We targeted a sample size of 20 

participants based on the expected number of pudendal implants in our clinical practice within that 

timeframe and similar human subject neuromodulation studies105. 

After providing informed consent, participants completed clinically validated surveys to 

assess bladder health (American Urological Association Symptom Index: AUASI 106 and Michigan 

Incontinence Symptom Index: M-ISI107), sexual function (Female Sexual Function Index-6: FSFI-

6108 or Sexual Health Inventory for Men: SHIM109), bowel function (Colorectal-Anal Distress 

Inventory-8: CRAD-8110), and pelvic pain (Female Genitourinary Pain Index: FGUPI111 or Male 

Genitourinary Pain Index: MGUPI111). Just before or after the final post-op clinic visit participants 

completed the same set of surveys, and we calculated survey score changes. Participants underwent 

a pre-surgery pelvic magnetic resonance imaging (MRI) scan, data collection during their 

scheduled stage-1 implant surgery, and a pelvic computed tomography (CT) scan at least three 

weeks after the stage-2 surgery.  

Data was collected during the stage-1 surgery, in which an Interstim (Medtronic, MN, 

USA) electrode lead was inserted near the pudendal nerve, as described in Peters 201359, using 

fluoroscopy and external anal sphincter (EAS) electromyography (EMG) to confirm lead position. 

Monopolar needle EMG electrodes (Ambu, MD, USA), were placed in the external anal sphincter 
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at the 3 and 9 o’clock positions. The needle electrodes were connected to a Cascade Elite (Cadwell, 

WA, USA) intraoperative neurophysiological monitor on which the EAS EMG data was recorded 

with a 333 hertz (Hz) sampling rate. The EMG data was filtered by the Cascade system with 3 kHz 

low pass and 10 Hz high pass filters, and a 60 Hz notch filter when 60 Hz noise was observable. 

After lead placement, 10-second stimulation trials were performed in which the stimulation 

amplitude, pulse width (among 60, 210, and 450 µs), and electrode combinations were varied. The 

implanted lead had four electrodes (E0 to E3) that could be activated individually (monopolar 

referenced to a surface electrode on the ankle) or used in any bipolar combination once the external 

pulse generator was connected. Stimulation was performed at either 3 Hz for monopolar 

stimulation or 3.1 Hz for multipolar stimulation. For each electrode and pulse width combination, 

threshold amplitude was defined as the lowest stimulation amplitude that elicited an EAS 

contraction. Stimulation trials were performed at and above the threshold amplitude to a maximum 

of 5.5 mA. Charge per pulse was calculated by multiplying the applied current by the pulse width 

for a given trial. 

We used volumetric imaging from both the pre-surgery MRI (3T T2 weighted pelvis scan; 

Ingenia 3T system, Philips, Amsterdam, the Netherlands) and post-surgery helical CT scans (L4 

vertebra to the proximal femur shaft with a slice thickness of 0.625 mm; Discover CT750 HD or 

Revolution scanner, GE Healthcare, IL, USA) together to create patient-specific models of the 

pelvic anatomy. We used Mimics Research (v25.0; Materialise, Leuven, Belgium) and the 

Vascular Modeling Toolkit (v1.4.0; http://www.vmtk.org/) to identify and segment the pudendal 

nerve in the MRI scans and to identify and segment the implanted lead artifacts in the CT scan. 

We then used Mimics Research to co-register surface segmentations derived from the MRI and 

CT scans and to position the lead and nerve within the pelvis. We recreated the lead geometry 

from the CT artifacts using the geometry functions of COMSOL Multiphysics (v 5.6; COMSOL, 

Stockholm, Sweden). To measure the electrode-to-nerve distance we calculated the center-to-

center distances between each electrode on the implanted lead and the closest point on the pudendal 

nerve, in Python (v3.7.0), using their recorded positions from the CT and MRI scans respectively. 

We did not blind participant study identifiers or sex during image analysis, however researchers 

performing segmentation were unaware of the intraoperative data collection outcomes for each 

participant. 
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For each stimulation trial, we calculated the average area under the curve (AUC) of the 

rectified EAS EMG for five stimulation events using MATLAB (v2021a, MathWorks, Natick, 

Massachusetts, USA). This value was used to quantify the magnitude of the anal sphincter 

contraction, as done previously112–114. The AUC calculation interval started 10 milliseconds after 

the stimulation artifact onset and continued for 100 milliseconds. This process is visually 

summarized in Supplemental Figure 2-5.  

We performed all statistical analysis with R Statistical Software (v4.4.1; R Core Team 

2024). We used a Shapiro-Wilk test to check for normality of each data set. A Kruskal-Wallis test 

was used to determine if groups had equal medians followed by a pairwise Mann-Whitney U test 

with a Bonferroni correction to determine statistically significant differences between groups. 

Where relevant, values are given for the median and interquartile range (IQR) or average and 

standard deviation. A significance level of α = 0.05 was used. We used linear mixed models to 

estimate the EAS AUC and the threshold current based on participant age, sex, body mass index 

(BMI), lower urinary tract symptoms (overactive bladder (OAB), urinary retention, urinary 

incontinence, and pelvic pain), and stimulation parameters (stimulation amplitude, pulse width, 

electrode-to-nerve distance). We only included participants who had a lead migration distance of 

5 mm or less in models incorporating electrode-to-nerve distance data, based on a comparison of 

each participant’s stage-1 fluoroscopy images and CT images. We chose this distance because 

adjacent electrodes on the lead are roughly 5 mm apart. We used the R packages lme4 and lmerTest 

to calculate the linear mixed model parameters. In the model, pulse width is a 3-level categorical 

variable with a 60 µs pulse width used as the baseline condition. Nerve-to-electrode distance, 

stimulation amplitude, age, and BMI were used as continuous variables with all other variables 

included as yes/no categorical variables. We used ANOVA to compare models and determine 

which fixed effects to include. Participants were classified as having OAB, retention, incontinence, 

or pelvic pain based on the diagnoses given by their examining urologist. Diagnoses of urgency 

urinary incontinence, stress urinary incontinence, or mixed urinary incontinence were all classified 

as incontinence. Diagnoses of pelvic pain, pudendal neuralgia, vulvodynia, and interstitial cystitis 

were all classified as pelvic pain in the statistical analysis.  

2.4 Results 

Of the 23 participants eligible for study inclusion, seven did not complete intraoperative 

data collection for a variety of reasons including: improvement of symptoms, insurance denial or 
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delay, unsuccessful device implantation, inability to record data due to COVID restriction, 

indefinite surgical postponement, or non-signature of consent form and were not included in this 

analysis. We did not observe a relationship between these factors and patient demographics or 

collected data.  Patient information for the sixteen included participants is summarized in Table 2-

1. One female participant had their implanted lead removed and was reenrolled.  

 
Table 2-1 Summary of participant characteristics 

Variable Count 

Sex  

     Female 13 

     Male 3 

Diagnosed Condition  

     Overactive Bladder 12 

     Retention 5 

     Incontinence 7 

     Pelvic Pain 12 

Age (years), mean (standard deviation) 55.9 (10.8) 

BMI (kg/m2), mean (standard deviation) 28.4 (3.8) 

BMI body mass index 

 

The monopolar EAS threshold current for 210 and 450 µs pulse widths were not normally 

distributed (p < 0.01) and had a median of 1.90 (IQR = 1.2), 0.75 (IQR = 0.45), and 0.55 (IQR = 

0.45) mA for a pulse width of 60, 210, and 450 µs, respectively. The three pulse widths had 

significantly different (p = 0.001) median threshold levels, with the threshold current level at 60-

µs significantly higher than 210 µs (p = 0.005) and 450 µs (p = 0.004) (Figure 2-1A). Similarly, 

the charge per pulse at EAS threshold was not normally distributed (p < 0.001). The median charge 

required for 60, 210, and 450 µs pulse widths was 114.0 (IQR = 72.0), 157.5 (IQR = 94.5), and 

247.5 (IQR = 202.5) nC, respectively. These three groups did not have the same median (p = 

0.001). There was a significant difference between the median charge required at anal sphincter 

threshold for 450 and 210 µs pulse widths (p = 0.02) and 450 and 60 µs pulse widths (p = 0.004) 

(Figure 2-1B). Supplemental Figure 2-6 provides individual participant monopolar threshold 

current and charge levels for each tested pulse width. In this figure it is shown that at a 210 µs 
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pulse width, 15 of 16 participants had EAS activation below 2 mA. There was not a significant 

difference between monopolar and bipolar thresholds (p = 0.98) (Supplemental Figure 2-7). 

 
Table 2-2 Linear mixed model estimating anal sphincter activation: 

Summary of the significant fixed effects for the linear mixed model estimating EAS AUC (µV*s). The data 
includes all monopolar trials (N=16). A representative equation for the corresponding linear mixed model 
is shown in Supplemental Equation S1.  
OAB overactive bladder 

EAS external anal sphincter 

AUC area under the curve 

 

In a linear mixed model incorporating all monopolar trials, the estimated AUC was 

significantly impacted by stimulation current, stimulation pulse width, and diagnosis of OAB or 

urinary retention. The model coefficient estimate for each statistically significant fixed effect is 

given in Table 2-2. The equation used to generate the estimates is given in Supplemental Equation 

2-1. Patient demographic data (BMI, age, or sex) did not have a significant fixed effect. The 

relationship between EAS response and applied current across pulse widths and diagnoses can be 

seen in Figure 2-2. The EAS AUC for each observed trial is shown in Supplemental Figure 2-8, 

segmented by each diagnosed condition, highlighting the overlap between OAB and retention 

diagnoses. Overall, we included 343 monopolar trials across sixteen participants in this model.  

 

Fixed Effect Coefficient 

Estimate  

Standard Error 95% Confidence 

Interval 

p value 

Intercept 2.73 0.69 (1.38, 4.08) 4.67e-4 

Current 0.79 0.10 (0.60, 0.98) 1.5e-14 

Pulse Width 210 µs 1.91 0.35 (1.23, 2.61) 8.27e-8 

Pulse Width 450 µs 2.38 0.39 (1.60, 3.15) 4.22e-9 

 OAB yes -2.79 0.58 (-3.91, -1.66) 2.66e-4 

Retention yes -2.28 0.56 (-3.39, -1.17) 8.94e-4 
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Figure 2-1: Characterization of external anal sphincter EMG activation by intraoperative monopolar pudendal nerve 
stimulation. Each dot represents the minimum threshold across all electrodes for an individual participant at a given 
pulse width. A) The threshold current required to activate the EAS for the tested pulse widths of 60, 210, and 450 µs. 
B) The charge per pulse at the EAS activating threshold current depending on pulse width. Box plots represent the 
IQR for the height of each box, with the bold central line indicating the median. Tips of whiskers extend to the value(s) 
within 1.5 x IQR of each box side. * indicates p < 0.05, ** indicates p < 0.01. 

 

Eleven study participants (all female) had fluoroscopy and CT images that allowed for 

identifying lead migration distances. Five participants (all female) had a lead migration distance 

less than 5 mm, and their corresponding electrode-to-nerve distances are shown in Figure 2-3. We 

created two linear mixed models to investigate the impact of stimulation parameters on EAS AUC 

and EAS threshold for participants with valid electrode-to-nerve distances. The coefficient 

estimates for the fixed effect of applied current, pulse width, and electrode-to-nerve distance on 

EAS AUC were all statistically significant and are shown in Supplemental Table 2-3. Additionally, 

when controlling for other variables, each millimeter between the nerve and electrode decreased 

the expected EAS AUC by 0.27 µV*s (95% confidence interval [CI] = -0.41 to -0.13; p = 0.0011). 

A second mixed model showed that electrode-to-nerve distance and pulse width both significantly 

affect EAS threshold (Supplemental Table 2-4). Each millimeter between the nerve and electrode 

increased the expected threshold by 0.22 mA (95% CI = 0.15 to 0.29; p = 2.7e-7). We performed 
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linear regressions between the average electrode-to-nerve distance and change in each survey 

score. There was a significant relationship (p = 0.049) between AUASI score change and average 

electrode-to-nerve distance, indicating greater bladder symptom improvement with reduced 

electrode-to-nerve distance, but not with any other survey score change (Figure 2-4). 

 

 

Figure 2-2: Anal sphincter response magnitude plotted against applied current for all monopolar trials across all 
participants. Data is separated by participant diagnosis of overactive bladder and/or urinary retention.  Each trial was 
performed with a pulse width of 60, 210, or 450 µs and is labeled according to the legend. 

 

2.5 Discussion 

In this observational study, we examined the influence of key patient data and stimulation 

parameters on pudendal nerve recruitment. To our knowledge, this is the first study which 

investigates these relationships in human subjects.  

A pulse width of 210 µs is the current standard of care for pudendal neuromodulation115 

but there is little documentation supporting this choice, particularly in human subjects. We show 

that when compared to 60 µs and 450 µs, a pulse width of 210 µs balances the minimum required 

current (Figure 2-1A) and charge (Figure 2-1B) and therefore requires less energy to recruit the 

pudendal nerve. These results agree with the findings of an earlier study116 that showed a pulse 

width of 200 µs minimizes the energy required to activate afferent fibers of the pudendal nerve 

and align with the most commonly used sacral neuromodulation pulse width of 210 µs117 
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supporting the continued use of common sacral neuromodulation stimulation pulse widths in 

pudendal neuromodulation. Thus, our findings confirm that pulse width does not need to be 

adjusted for pudendal nerve stimulation, and clinicians can focus on amplitude and frequency 

when determining stimulation parameters. 

 

 
Figure 2-3: Measured distances (in millimeters) between each electrode on the implanted quadripolar lead and the 
closest point of the pudendal nerve for the five participants with minimal lead migration (<5 mm). Electrodes are 
labeled from E0 to E3 with E0 representing the electrode most distal to the implantable pulse generator to E3 
representing the electrode most proximal to the implanted pulse generator. 

 

We estimated the relationship between EAS activation and age, BMI, and LUTD diagnosis 

with a linear mixed model. Age, sex, BMI and diagnosis of incontinence or pelvic pain did not 

significantly affect anal sphincter recruitment. However, diagnosis of OAB or retention 

significantly reduced the EAS activation based on 95% confidence interval testing (Table 2-2). 

Participants with diagnoses of OAB or retention had lower EAS activation across all applied 

currents (Figure 2-2). If true, these results would suggest that people with these diagnoses might 

require more current than is typical to activate the EAS and recruit the pudendal nerve. However, 

it is important to note that there was an unbalanced distribution of diagnoses in our study 

population and diagnoses of neither OAB nor retention (n=2) or both OAB and retention (n=1) 

were rare. This limited the amount of data collected for these cases, shown in Supplemental Figure 
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2-8, and implies that the effect of certain diagnoses was mainly dependent on a few participants, 

limiting the generalizability of our results. Also, the model coefficient estimates for OAB and 

retention had large errors of 0.58 and 0.57, respectively, showing that the strength of the effect 

varied across participants. The model also showed that pulse width and current significantly impact 

EAS recruitment (Table 2-2). We saw that larger electrode-to-nerve distances were significantly 

related to reductions in the magnitude of the EAS response and increases in the current required 

to activate the EAS at threshold, as is shown in Supplemental Tables 2-3 and 2-4 and aligning with 

bioelectric principles. Therefore, examining changes in the EAS EMG AUC and EAS activation 

thresholds during intraoperative stimulation could inform estimates of the relative electrode-to-

nerve distance and help clinicians optimize lead placement.  

 

 

Figure 2-4: Linear regression fits between each participant’s average electrode-to-nerve distance and symptomatic 
survey score percent change before and after receiving pudendal neuromodulation treatment. Surveys on 
asymptomatic functions (CRAD-8 (Bowel), FSFI (Female sexual function)) did not have relationships to electrode-
to-nerve distance (p = 0.606, 0.706, respectively). 

 

We observed a significant relationship between electrode-to-nerve distance and AUASI 

scores (Figure 2-4), with improved bladder outcomes when the distance was minimized. We also 

observed that six of eleven participants had lead migration larger than 5 mm between the stage-1 
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implant surgery and CT imaging. Examination of lead migration was not a primary goal of this 

study; however, it is not commonly reported in the literature. Future studies should specifically 

investigate whether lead migration has a significant relationship with the outcomes or changes in 

pelvic floor recruitment. 

Generally, the goal when implanting a pudendal stimulation lead is to activate the anal 

sphincter with a current below 2 mA118 with at least three electrodes119. In this study, 94% of 

participants had EAS activation below 2 mA with a 210 µs pulse width (Supplemental Figure 2-

6). While lead implantation at the pudendal nerve is a challenging procedure, these results show 

that pudendal nerve stimulation can consistently activate the EAS at low current when the lead is 

placed by an experienced surgeon. During the implant surgery, monopolar stimulation is used to 

locate the nerve and adjust the position of the foramen needle or lead. However, most pudendal 

neuromodulation patients use bipolar electrode combinations to manage their symptoms at home. 

In our data, we did not see a significant difference in the threshold current for monopolar trials and 

bipolar trials, shown in Supplemental Figure 2-7, supporting the continued use of monopolar 

stimulation to confirm intraoperative lead location. We provide evidence supporting the typical 

use of electrodes with the lowest EAS activation threshold when performing patient programming, 

as our results show these electrodes are likely closest to the nerve and therefore are expected to 

deliver the most effective therapy. 

It’s important to note some limitations in this study. We did not perform an a priori power 

analysis to support our target sample size due to a lack of relevant effect sizes and fixed capabilities 

in patient recruitment. However, a post hoc power analysis suggests that we had sufficient ability 

to detect our observed findings. We reduced the coefficient estimate of each linear mixed model 

fixed effect by 20%, following good principles to avoid computing the observed power120 and 

taking a more conservative approach than a 15% reduction used previously121, and obtained a 

power of over 90% for each variable in the model that included 16 participants with the simr 

package in R122. The linear mixed model that related electrode-to-nerve distance to AUC 

magnitude obtained a power of 84.8% with 5 participants. This analysis suggests we had an 

adequate sample size to detect our findings. Evoked EAS responses due to stimulation were 

monitored live and identified manually, leaving room for human judgement errors and 

misidentification of threshold current. However, as the amplitude step interval was only 0.1 mA, 

we expect any threshold errors were minimal. The relative depth of the EAS needles was not 
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tracked across procedures. In general, the surgeon seeks to place the needles as deep as possible 

with a consistent position on opposite sides of the sphincter, however it is possible one or both 

needles shifted during a surgical procedure which could affect the EMG recording. Along with a 

relatively small sample size, there is an unbalanced grouping in the number of participants with 

OAB and the gender ratio of participants with OAB, which limit the generalizability of our 

conclusions. Additional studies should be done with larger, balanced samples sizes and diagnoses 

to investigate the relationship between EAS recruitment and OAB diagnosis.  

This study emphasizes the benefits of a 210 µs stimulation pulse width, as compared to 60 

and 450 µs, and provides support for its continued use in pudendal neuromodulation. Pudendal 

nerve stimulation is effective at activating the pudendal nerve and EAS in patients with a wide 

range of LUT symptoms and backgrounds. Minimizing the distance between the nerve and 

electrode is critical for recruitment of the pudendal nerve. Our results show that readily available 

physiological measurements like EAS threshold and AUC magnitude may be good indicators of 

electrode-to-nerve distance and useful for determining when that distance is minimized. Larger 

distances require more current to activate the nerve and may therefore reduce the battery lifespan 

of implanted devices and reduce the size of the therapeutic window. Future studies can utilize the 

data collected in this work towards a priori sample size calculations and more comprehensive 

designs. Additionally, future studies can more accurately determine the relationship between 

electrode-to-nerve distance and observed AUC response, examine how bipolar stimulation affects 

pudendal nerve recruitment at different distances from the electrode to the nerve, and look deeper 

at how LUT dysfunction may affect recruitment of the EAS with pudendal nerve stimulation. 

Finally, this study supports that pudendal neuromodulation has a role in treating refractory 

overactive bladder and pelvic pain. The relationships observed here may be similar in sacral 

neuromodulation, and analogous studies with patients receiving SNM are warranted. 
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2.7 Supplemental Information 

 
Supplemental Table 2-3 The significant fixed effects on EAS EMG AUC (µV*s) for a linear mixed model 
incorporating electrode-to-nerve distance. The data includes all monopolar trials with electrode-to-nerve distance data 
(N=5). 

Fixed Effect Coefficient 

Estimate  

Standard 

Error 

95% Confidence 

Interval 

p-value 

Intercept 0.76 0.73 (-0.68, 2.19) 0.32 

Current 0.90 0.15 (0.60, 1.20) 7.3e-8 

Pulse Width 210 µs 2.69 0.50 (1.71, 3.67) 5.6e-7 

Pulse Width 450 µs 2.60 0.57 (1.44, 3.67) 2.2e-5 

Distance -0.27 0.07 (-0.41, -0.13) 1.1e-3 

 
 

Supplemental Table 2-4 The significant fixed effects on EAS threshold (mA) for a linear mixed model incorporating 
electrode-to-nerve distance data. The data includes all monopolar trials with electrode-to-nerve distance data (N=5). 

Fixed Effect Coefficient 
Estimate  

Standard 
Error 

95% Confidence 
Interval 

p-value 

Intercept 0.78 0.35 (0.11, 1.46) 0.030 

Pulse Width 210 µs -0.86 0.32 (-1.49, -0.23) 0.011 

Pulse Width 450 µs -1.47 0.36 (-2.17, -0.77) 2.8e-4 

Distance 0.22 0.03 (0.15, 0.29) 2.7e-7 
 
Supplemental Equation 2-1 The equation relating the statistically significant factors in interest to the observed EAS 
response magnitude written in R lme4 format to generate the coefficient estimates shown in Table 2.   

𝑬𝑬𝑬𝑬𝑬𝑬 𝑨𝑨𝑨𝑨𝑨𝑨 ~ 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 + 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 + 𝑶𝑶𝑶𝑶𝑶𝑶 + 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 + (𝟏𝟏|𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷) 
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Supplemental Figure 2-5: Anal sphincter EMG and AUC Quantification procedure. (A) Example EAS EMG after 
signal filtering showing five consecutive responses during a single trial. Stimulation was applied at 3 Hz. (B) Each 
individual response in A is segmented, rectified, and aligned at the stimulation artifact. Individual traces in are in gray 
and the average signal is in black. (C) The shaded area under the rectified average EMG trace, between the vertical 
dashed lines, is the calculated area under the curve (AUC).  

 

 

Supplemental Figure 2-6: Monopolar threshold current and charge for all participants at each tested pulse width. A) 
EAS threshold current for each participant. If we tested the threshold for multiple electrodes at a given pulse width 
then the lowest threshold is shown. B) The charge at EAS threshold for each participant.  
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Supplemental Figure 2-7: EAS activation thresholds for 210 µs pulse width monopolar and bipolar trials. A) The 
minimum EAS threshold for monopolar and bipolar stimulation is shown for each participant. B) Aggregated EAS 
thresholds across all participants for monopolar and bipolar trials. Box plots represent the inter-quartile range (25%-
75%; IQR) for the height of each box, with the bold central line indicating the median. Tips of whiskers extend to the 
value(s) within 1.5 x IQR of each box side. 

 

 
Supplemental Figure 2-8: The EAS response magnitude dependence on participant diagnosis of A) Overactive 
Bladder, B) Urinary Retention, C) Urinary Incontinence, or D) Pelvic Pain. The N value under each x-axis indicates 
the number of participants diagnosed with each condition out of 16 total participants. The legends in sub-figures A 
and B show comorbidities of Retention or Overactive Bladder, respectively. 
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Chapter 3 Pudendal Nerve Stimulation Recruits the Urethra During Awake Human 

Cystometry 

(Submitted to MedRxiv,  February 2026)123 

3.1 Abstract 

Objective: 

This study aimed to characterize the activation of lower urinary tract (LUT) targets in 

response to pudendal nerve stimulation (PNS) in awake human participants. 

Materials and Methods: 

In this single center study, recruited participants had an implanted pudendal 

neurostimulator for treatment of their symptoms including overactive bladder, incontinence, 

urinary retention, and/or pelvic pain. Participants came in for a modified urodynamic study where 

a multichannel manometry catheter was placed in the lower urinary tract alongside a dual sensor 

urodynamics catheter. The bladder was filled and after each participant expressed a strong desire 

to void, PNS was applied and LUT pressures were measured. Participants attempted voids with 

the catheters in place to characterize LUT behavior and voiding efficiency with and without 

stimulation.  

Results: 

The study consisted of 15 participants including 13 women. Across 133 total trials, 

contractions were observed at the distal urethra 52 times (39%) and at the proximal urethra 46 

times (35%). The maximum observed pressure change occurred significantly more often at the 

proximal urethra than the distal urethra (p=0.007). There was a significantly higher maximum 

tolerable stimulation amplitude for low frequency stimulation (2-3.1 Hz) when compared to high 

frequency stimulation (30-33 Hz) (p = 0.041). In one participant there were four instances of 

stimulation driven bladder contractions with an average pressure change of 24.3 cmH2O (standard 

deviation = 10.5). There was not a significant difference in voiding efficiency or maximum flow 

rate with and without stimulation (p=0.76 and p = 0.45, respectively). 
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Conclusions: 

PNS can affect LUT pressures at tolerable stimulation amplitudes. The absence of a direct 

effect of PNS on voiding characteristics suggests a similar mechanism of action as sacral 

neuromodulation. 

3.2 Introduction 

Pudendal nerve stimulation (PNS) is an off-label clinical treatment for incontinence, 

retention, and chronic bladder pain that has been in use for 20 years9,10,124. However, there is still 

little information on how pudendal stimulation directly affects the lower urinary tract in human 

subjects11,125. While the relationship between PNS and lower urinary tract activation has been well 

studied in animal models126–128, most findings have not been verified in human subjects. 

The pudendal nerve is a mixed nerve that innervates the perineum, genitals, and external 

urethra sphincter60. While PNS can cause external urethra contractions in preclinical 

experiments126 and in humans under anesthesia129, it’s not clear if PNS can generate urethra 

contractions without bothersome pain or discomfort in awake humans. If feasible, on demand 

urethra contractions in humans could help treat stress urinary incontinence stemming from 

inadequate urethra pressure. 

As a mixed nerve, the pudendal nerve contains sensory afferents60 that contribute to bladder 

function through spinal reflex circuits69,70. Animal studies have shown that PNS can lead to bladder 

contractions14,130 and there are reported cases of PNS evoked bladder contractions occurring in 

individuals with spinal cord injury75,76. However, there have not been any reported instances of 

PNS evoked bladder contractions in non-spinal cord injured individuals. The ability to generate 

bladder contractions with PNS could help people with detrusor underactivity manage their 

symptoms and regain some bladder control. 

PNS can improve symptoms for patients with overactive bladder and retention, but the 

mechanism that causes symptom improvement is unclear. The effectiveness of PNS is counter 

intuitive as overactive bladder and retention are issues with contradictory bladder symptoms. 

Preclinical studies have shown that PNS can directly affect voiding and bladder function127,131 but 

no studies have looked at the direct effects of PNS on voiding characteristics in human participants. 

A study on voiding performance with and without stimulation may improve our understanding of 

how PNS improves patient symptoms and help improve future therapies. 
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In this work we investigated direct and indirect effects of PNS on the lower urinary tract 

(LUT) in participants with an implanted pudendal neurostimulator. We examined the effect of PNS 

on urethra pressures at multiple locations, attempted to elicit reflex bladder contractions, and 

compared LUT dynamics during voluntary voiding with and without PNS. 

3.3 Materials and Methods 

Recruited participants had an implanted pudendal neurostimulator for treatment of 

symptoms including overactive bladder, pelvic pain, incontinence, and/or urinary retention.  

 

 
Figure 3-1: Experimental setup diagram. With participants in a reclined position, a multi-channel catheter was inserted 
into the urethra to measure urethra and bladder pressures. The multichannel catheter was placed alongside a 
urodynamics catheter which was used to infuse saline into the bladder. A urodynamics system was used to record 
bladder, urethra, and abdominal pressures, anal sphincter EMG, and the voided volume. This figure was modified 
from Karram and Blaivas132. 

 

 A visualization of the experimental setup is shown in Figure 3-1. Each participant was 

seated, in a reclined position. We recorded pressures in the bladder and urethra with a 2.75 mm 

diameter manometry catheter (MSC-3886: Manoscan, Medtronic, MN, USA) with solid-state 

pressure sensors at a 7.5 mm center to center distance between adjacent sensors. We estimated the 

position of each pressure sensor in the LUT from the pressures recorded by the manometry catheter 

and from the number of the sensor located outside of the body. We identified the proximal urethra 
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sensor as the sensor with the highest pressure outside of the bladder. For female participants we 

set the distal urethra sensor as the first sensor inside the body and for male participants we set the 

distal urethra sensor as three sensors away distally from the proximal urethra sensor. We followed 

standard cystometry practice with a 7 French air-charged dual sensor catheter (CAT880: Laborie, 

NH, USA) placed in the LUT to record bladder pressure and urethra pressure and to infuse saline 

into the bladder. An abdominal catheter (CAT875: Laborie, NH, USA) was placed in the rectum 

(if possible) or else in the vagina to record abdominal pressure. A pair of patch electrodes were 

placed on opposite sides of the anal sphincter to record anal sphincter activation and electrical 

stimulation artifact. A uroflowmeter was placed underneath each participant to measure urine flow. 

At the beginning of each testing session, we determined the sensory threshold and 

maximum tolerable stimulation amplitude (MTSA) at 14Hz, a commonly used stimulation 

frequency, or 31Hz. MTSA was determined for each electrode in a monopolar configuration with 

the implantable pulse generator acting as the positive return. We filled the bladder with saline and 

without PNS until each participant reported a strong desire to urinate. After evaluating a variety of 

stimulation configurations, we applied stimulation with their home program, or a program that 

recruited the pelvic floor, and participants attempted to void. After the first void, if the participant 

agreed, we conducted another filling cycle with additional trials and a second void attempt without 

stimulation. 

During each trial we evaluated different electrode combinations within 2-3.1 Hz, referred 

to as low frequency here after, and within 30-33 Hz, referred to as high frequency here after, in 

monopolar or bipolar configurations. For each trial, the stimulation amplitude was increased to 

MTSA and kept there for at least ten seconds. In preclinical studies low frequency stimulation (2-

5 Hz) and high frequency stimulation (20-40 Hz) can cause bladder inhibition and excitation133–

136 so these stimulation frequency ranges were chosen to see if similar results could be observed 

in humans. For low frequency trials the contraction amplitude was calculated by averaging the 

peak height for five stimulation-driven contractions. For high frequency trials the contraction 

amplitude was calculated by taking the difference between the maximum LUT pressure during 

stimulation increase and a five second average baseline before stimulation was applied. When 

there were multiple sensors in the distal or proximal urethra, the sensor with maximum pressure 

change was used in the analysis. Bladder pressures were reported from the sensor that was closest 

to the tip of the catheter. The bladder pressure change during voiding was calculated as the 
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difference between the mean bladder pressure in the ten-second interval surrounding the peak flow 

rate and in the ten-second interval before the void was initiated. Voiding efficiency was expressed 

as the ratio of voided volume to infused volume. If more fluid was voided than infused then 

efficiency was set at 100%137. 

 We used the Shapiro-Wilk test to check if the data was normally distributed. If the data 

was normally distributed, then it is reported as mean with standard deviation (SD) otherwise data 

is reported as median with interquartile range (IQR). After confirming normality of the data, we 

used a Welch two sample t-test to check for a significant difference between groups. A paired t-

test was used to compare bladder pressure changes during voids. A Wilcoxon rank sum test was 

used if data was non-normal. To evaluate statistical significance, α was set to 0.05. 

3.4 Results 
Table 3-1 Participant demographic information. 

Participant Sex Age (years) Body Mass Index (kg/m2) 

1002ǂ F 64 22.3 

1008 F 56 25.8 

1010 F 79 30.4 

1012 F 52 21.3 

1016 F 46 30.7 

1017* F 64 28.0 

1019 F 58 31.6 

1021* F 65 26.4 

1022 F 60 36.7 

1024 F 53 26.2 

2001 M 34 35.9 

2003 F 69 31.2 

2004 M 54 30.1 

2005 F 68 31.8 

2006ǂ F 65 23.0 

N = 15 F=13 59 ± 11 28.8 ± 4.6 

* Participant 1017 was re-enrolled as 1021 after receiving a new pudendal nerve stimulation implant. ǂ 

Participant 1002 had a second study visit and was (re)enrolled as 2006. Summary statistics are shown as 
mean ± standard deviation. 
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We collected data from 13 participants over 15 cystometry sessions. One participant was 

reenrolled after receiving a new pudendal stimulator on the opposite nerve. Another participant 

was reenrolled after a fall that affected symptom relief from the implanted stimulator. Individual 

participant demographic data is shown in Table 3-1.  

 

 
Figure 3-2: Stimulation driven urethra pressure changes across participants. The urethra position is labeled according 
to each sensors relative position to the sensor with the greatest baseline pressure. A) Lower urinary tract pressure 
changes during stimulation at low frequency. Pressure change is calculated per stimulation pulse. B) Lower urinary 
tract pressure changes during stimulation at high frequency. Pressure change is the maximum difference from the 
baseline pressure during a tetanic contraction. 

 

Across all low and high frequency trials, for 11 cystometry sessions with voltage-controlled 

stimulators, the MTSA was not normally distributed (p=7.4e-9). Trials at low frequency had a 

median MTSA of 2.4V (IQR = 2.0) and high frequency trials had a median MTSA of 1.9V (IQR 

= 1.7). There was a significant difference (p=0.015) between the median MTSA for low and high 

frequency stimulation. Trials at low frequency with observed contractions had a median MTSA of 

1.9V (IQR = 0.6) which was not significantly different (p=0.10) than trials without observed 

contractions which had a median MTSA of 3.5V (IQR = 3.3). Trials at high frequency with 
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observed contractions had a median MTSA of 1.9V (IQR = 0.6) which was not significantly 

different (p=0.69) than trials without observed contractions which had a median MTSA of 1.9V 

(IQR = 2.7).  

 

 
Figure 3-3: LUT pressures from example trials with bladder contractions in participant 2001. A) A trial with 
stimulation applied at 2.1 Hz and a maximum stimulation amplitude of 2V. B) A trial with stimulation applied at 31 
Hz and a maximum stimulation amplitude of 1.3V. Note the different timing dynamics of bladder pressure rise or fall 
as compared to urethra pressure changes. 

 

We observed urethra contractions in response to stimulation in 11 sessions. Across 62 low 

frequency trials in nine different participants, 31 trials had observable contractions at the MTSA. 

The number of responsive trials and the median distal and proximal pressure change for each 

participant are shown in Supplemental Table 3-2. When urethra contractions were observed, the 

maximum pressure change occurred at the distal urethra 19 times and at the proximal urethra 12 

times, with no significant difference (p=0.28) in the proportion of maximum pressure at each 

location. For low frequency stimulation, the median stimulation evoked contraction amplitude was 

2.3 cmH2O (IQR = 3.1) at the distal urethra and 2.6 cmH2O (IQR= 5.9) at the proximal urethra 

with no significant difference (p=0.53) between locations. Figure 3-2A illustrates the relationship 

between the location in the urethra and the observed contraction amplitude during low frequency 

trials. For high frequency stimulation there were urethra contractions in 24 out of 71 trials and in 

seven out of fifteen sessions. The maximum pressure change occurred in the distal urethra 5 times 

and the proximal urethra 19 times, with a significant difference (p = 0.007) in the proportion of 

trials with a larger contraction in the proximal urethra. For high frequency stimulation the median 

stimulation evoked contraction amplitude was 17.5 cmH2O (IQR = 29.9) at the distal urethra and 
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33.8 cmH2O (IQR= 41.3) at the proximal urethra with a significant difference (p=0.013) between 

locations. Figure 3-2B illustrates how pressure changes with urethra location for high frequency 

trials.  

 We observed four instances of stimulation driven bladder contractions in one participant 

(subject number 2001). The pressure traces for two example bladder contractions are shown in 

Figure 3-3. The mean magnitude of the bladder contraction was 24.3 cmH2O (SD=10.5). The 

bladder contractions were observed with 2.1 Hz and 31Hz stimulation, with two different contacts, 

and at pulse widths of 210 and 450 µseconds. All contractions occurred at bladder volumes above 

70 percent with monopolar stimulation or bipolar stimulation and with a MTSA at or below 2V.  

There were five participants who voided both with and without stimulation. During void 

attempts, participants used their at home stimulation parameters. The mean voiding efficiency was 

89.2% (SD=14.5%) with stimulation and 92.1% (SD=9.1%) without stimulation (p=0.76). The 

mean maximum flow rate was 23.3 mL/sec (SD=12.6) with stimulation and 20.3 mL/sec 

(SD=7.28) without stimulation (p=0.45). Figure 3-4A shows a void with stimulation and Figure 3-

4B displays the urethra pressure profile before, during, and after the void. A void from the same 

participant without stimulation is in Supplemental Figure 3-5. Three participants who voided with 

and without stimulation had a pressure sensor in the bladder. In these cases, at the maximum flow 

rate the mean bladder pressure change during stimulation was 23.3 cmH2O (SD = 12.6) and 

without stimulation was 20.3 cmH2O (SD = 7.8), which was not significantly different (p=0.57). 

3.5 Discussion 

Previous studies have shown that PNS can lead to activation of the bladder and urethra in 

preclinical experiments and in humans under anesthesia or with spinal cord injury (SCI) 
76,126,127,129,131,138,139. This present study is the first to report urethra and bladder activation from 

PNS in awake, non-SCI human subjects. 

We observed stimulation driven urethra contractions in 11 out of 15 cystometry sessions. 

Pressure changes occurred along the urethra during high and low frequency stimulation, showing 

that pudendal stimulation can cause urethra contractions in awake, responsive humans, as 

previously demonstrated under anesthesia129. Urethra contractions were more common with low 

frequency stimulation than with high frequency stimulation, occurring in more participants and 

more trials. While low frequency stimulation caused urethra contractions more often than high 
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frequency stimulation, the evoked contractions from high frequency stimulation were generally 

much larger and tetanic and therefore potentially more useful for preventing urine leakage. High 

frequency stimulation also had significantly lower maximum tolerable stimulation amplitudes 

even though urethra contractions did not affect participant’s tolerance for stimulation. For cases 

where urethra contractions were not observed it is possible that high frequency stimulation resulted 

in continuous nerve activation which was typically more noticeable and uncomfortable for 

participants. This resulted in lower tolerable stimulation amplitudes, and potentially less activation 

of motor nerve fibers innervating the urethra. Overall, the large number of urethra contractions 

shows PNS is able to recruit urethra fibers effectively. However, as PNS is typically administered 

before motor fiber activation these results suggest symptom improvement through a mechanism 

involving activation of sensory afferents similar to sacral neuromodulation140. 

 

 
Figure 3-4: A void with pudendal nerve stimulation (PNS) for participant 1002. A) Pelvic pressures and voiding 
response during PNS. B) Urethra pressure profiles (UPPs) from specific time points in A marked with vertical dashed 
lines.  

 

In one participant, PNS generated excitatory bladder responses in several trials. It is not 

clear why this participant was the only one with clear PNS-driven bladder responses, but they were 

especially responsive to stimulation, with a urethra response for 19 out of 21 trials. This might 

indicate that their implanted lead was particularly successful at recruiting pudendal nerve fibers 

and was able to influence the lower urinary tract reflexes that influence bladder state131,141. It is 
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important to note that in two of the trials with a bladder response the participant noted discomfort 

with stimulation. The level of stimulation required to activate the bladder likely activates C-fibers 

as well, potentially explaining why previous reports of bladder pressure changes in response to 

PNS occurred in people with SCI76,142 , preclinical experiments with SCI models127,134, or under 

anesthesia14,143. It is possible that other participants had small, stimulation driven increases in 

bladder pressure during PNS that were indistinguishable from background pressure oscillations. 

We were able to record LUT pressures during bladder voids with and without PNS in a 

subset of participants. We did not see a significant effect of PNS on voiding function or dynamics. 

The lack of an immediate change in LUT function suggest that PNS has an indirect effect on LUT 

function through long term changes in nervous system networks and reflex circuits similar to the 

proposed mechanisms for sacral neuromodulation144. Our findings on the bladder and urethra 

behavior during voiding matched previous findings145. However, using the manometry catheter we 

observed LUT activity during voids with a level of detail not achieved before. One observation, as 

visualized in Figure 3-4B, is that just before voiding starts there is a large decrease in urethra 

pressure at the location of maximum urethra pressure. This reduction in pressure was fairly 

localized, only occurring in a region one to two centimeters in length. Then, during the void, there 

is a gradual decrease in pressure from the bladder to the end of the distal urethra, showing how 

LUT pressures aid in urine flow.  

Collecting data from awake human participants provided some challenges. Each 

participant typically sensed PNS. We gradually increased stimulation amplitude as we approached 

the MTSA. As stimulation increased, baseline pressures could change, or participants could shift 

positions potentially masking out urethra contractions, particularly the sustained contractions 

associated with high frequency stimulation. Additionally, having two catheters in the urethra made 

voiding more difficult. While 14 participants attempted to void with both catheters in place, only 

six participants were able to complete voiding. In some voids the flow curve showed signs of 

restrictive flow, likely from catheterization, potentially masking any effects of stimulation. The 

low number of completed voids limits the strength of any conclusions on the urethra dynamics 

during voiding. Future studies could remove the infusion catheter before void attempts to reduce 

urethra restriction and achieve more consistent voiding. 
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3.6 Conclusion 

This study demonstrates that PNS can evoke urethra and bladder contractions in awake 

humans which could be useful for future treatments of conditions such as stress urinary 

incontinence and urinary retention. Additionally, the minimal effect of PNS bladder or voiding 

function suggests a PNS mechanism acting through long term changes to bladder neural control 

circuits. Future studies should investigate whether generated urethra contractions are sufficient to 

prevent SUI leakage. 
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3.8 Supplemental Information 
Supplemental Table 3-2 Median urethra pressure changes in response to low and high frequency stimulation. 

 Low frequency Trials High frequency Trials 

Participant Responsive 

Trials / Total 

Trials 

Median 

Distal 

Pressure 

Change 

(cmH2O) 

Median 

Proximal 

Pressure 

Change 

(cmH2O) 

Responsive 

Trials / Total 

Trials 

Median Distal 

Pressure 

Change 

(cmH2O) 

Median 

Proximal 

Pressure 

Change 

(cmH2O) 

1002 NA NA NA 3/8 5.0 16.3 

1008 1/3 1.5 0 1/3 10.8 9.7 

1010 0/5 0 0 0/1 0 0 

1012 0/4 0 0 0/5 0 0 

1016 0/3 0 0 3/4 8.1 10.9 

1017 2/5 -0.7 0 0/4 0 0 

1019 0/3 0 0 0/3 0 0 

1021 0/4 0 0 0/5 0 0 

1022 4/4 6.0 1.5 0/4 0 0 

1024 6/6 0.4 2.0 0/6 0 0 

2001 10/11 2.5 8.3 9/10 44.9 55.6 

2003 4/4 3.5 -4.2 3/4 5.8 21.3 
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2004 1/2 3.3 4.9 2/5 34.1 63.7 

2005 1/4 0.9 0 0/4 0 0 

2006 2/4 1.7 0.8 3/5 21.8 26.0 

NA = not applicable, as Participant 1002 had no trials with low frequency stimulation. 

 

 
Supplemental Figure 3-5: A void without pudendal nerve stimulation (PNS) for participant 1002. A) Pelvic pressures 
and voiding response during PNS. B) Urethra pressure profiles (UPPs) from specific time points in A marked with 
vertical dashed lines. 
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Chapter 4 Selective Neurostimulation of Small-diameter Pudendal Fibers is Feasible with a 

Multicontact Nerve Cuff Electrode: A Modeling Study 

 

4.1 Abstract 

Objective: 

 Multicontact nerve cuffs have been used to selectively activate pudendal fascicles in 

computational models. However, previous studies failed to account for anatomical differences 

between different types of pudendal fascicles. This study evaluated the fascicular selectivity of 

pudendal nerve stimulation with a multicontact cuff using a computational model that incorporated 

realistic distributions of axon diameters. 

Materials and Methods: 

 In this computational study finite element models were created using measurements from 

feline pudendal nerve cross-sections processed with histology and from a custom-designed nerve 

cuff. A selectivity metric was calculated to quantify how many off-target fascicles in each nerve 

were activated while trying to activate a target fascicle. Simulations were run to determine the 

impact of cuff stimulation method, cuff diameter, number of contacts, simulation fiber density, 

and fiber diameter on the selectivity of different fiber sizes. 

Results: 

 The study included 5 feline pudendal nerve cross sections and four different cuff designs. 

The cuff had two diameters and was modeled with 8, 10, or 16 contacts. In a low fiber-density 

model, fascicles were populated with different fiber diameters (2, 5.7, and 7.3 μm). Selectivity was 

significantly different (p < 0.001) for fascicles with different afferent fiber diameters. Within each 

fiber diameter, the contact arrangement used to stimulate the nerve had a significant effect on 

selectivity. Bipolar and guarded configurations consistently yielded a larger selectivity than a full 

cuff configuration (p < 0.001). While increasing the electrode contacts count occasionally led to a 

larger selectivity, the difference was not significant. A simulation with a more realistic distribution 
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of fiber diameters than the low fiber-density model showed a significant effect of fiber diameter 

on selectivity.  

Conclusions: 

 Even when including different fiber diameters for afferent and efferent fascicles, low fiber-

density models showed selectivity values that were in line with what was previously reported in 

the literature. However, a higher fiber-density model suggests that achieving a moderate degree of 

selectivity is more difficult than previously reported when fascicles have different distributions of 

fiber diameters. This computational model, incorporating more anatomically relevant fiber 

diameter distributions, shows that sensory-fascicle selectivity is challenging and suggests that 

advanced pudendal nerve electrode designs should be considered 

4.2 Introduction 

Overactive bladder (OAB) is a lower urinary tract disorder that affects millions of 

Americans and negatively impacts quality of life41,146. Individuals with OAB typically suffer from 

urinary urgency, urinary frequency, and can also have urinary incontinence41. Many therapies 

exist, each with their own benefits and side effects. Recent guidelines emphasize therapy choice 

based on shared decision making between patient and clinician. However, the guideline still 

recommends avoiding invasive therapies, like surgical augmentation, unless all other therapies 

have been considered. Any additional minimally invasive therapy for OAB could prevent patients 

from experiencing the significant risks associated with invasive therapies. Pudendal 

neuromodulation (PNM) is an off-label and minimally invasive therapy for OAB9,115,124 that has 

been used clinically for over 20 years10. 

PNM is an acceptable option for individuals with OAB as it has been shown to increase 

bladder capacity and reduce daily incontinence episodes115. However, PNM has room for 

improvement. PNM is an off-label treatment, which limits patient access. Additionally, not all 

participants respond to treatment and few gain complete symptom relief100,115. Changes to the 

PNM electrode could improve therapy performance and response rate. PNM is thought to work by 

activating the sensory fibers in the pudendal nerve60. However, motor fibers can also be activated 

which can lead to patient discomfort. The current design of the quadripolar lead used in pudendal 

neuromodulation can make it difficult to selectively activate the sensory fibers in the pudendal 

nerve without activating motor fibers. This can limit the amount of current delivered and may limit 

the effectiveness of the therapy. While not widely reported, the lead used in PNM can occasionally 
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change position115 which may lead to a reduction in device efficacy. An improved electrode design 

would allow for selective activation of afferent fascicles and minimize the risk of electrode 

movement.  

Computational models are widely used to simulate the activation of neural tissue by 

stimulating electrodes79. They have been used to analyze the performance of electrodes specifically 

designed to interface with peripheral nerves like penetrating electrodes and multicontact nerve 

cuffs80–83. For the pudendal nerve, several computational studies have used a multicontact nerve 

cuff to selectively activate fascicles12,84. These models failed to differentiate between sensory 

fascicles and mixed fascicles. This is important because sensory fascicles have smaller fiber 

diameters than mixed fascicles91. Smaller fibers are more difficult to activate with extracellular 

stimulation than larger fibers92. Thus, selective activation of afferent axons in sensory fascicles to 

drive bladder state change may be more challenging than anticipated. The purpose of this study is 

to investigate whether selective activation of afferent sensory fascicles in the pudendal nerve is 

feasible with a multicontact nerve cuff that has multiple contact locations for improved current 

steering. We used computational modeling methods to calculate fascicular selectivity under a 

range of test conditions. We hypothesized that selectivity would be consistently achievable with a 

specific form factor multicontact nerve cuff design. 

4.3 Methods 

4.3.1 Nerve Processing 

We collected five pudendal nerve specimens from the left (x3) and right (x2) sides of 

three female felines that were used in other studies90. Each sample was fixed in 10% neutral 

formalin buffered solution for 6-18 months. After fixation each sample was embedded in 

paraffin, sectioned, and stained with hematoxylin and eosin (Figure 4-1A). Four of the nerves 

also had sections stained with Anti-Neurofilament 200 antibody to identify myelinated fibers and 

confirm that identified fascicles contained axons (Supplemental Figure 7). Histology scans were 

processed in Adobe Photoshop to segment nerve epineurium and perineurium boundaries (Figure 

4-1B & 4-1C). Four of the nerves were expanded with a 1.25 expansion ratio to reverse nerve 

shrinkage associated with histological processes, following methods reported previously147,148. 

The fifth nerve was not expanded as it would not have fit within the modeled nerve cuff. For 

each nerve sample the outer boundary was deformed and morphed into a circle149 
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Figure 4-1: A) H&E-stained feline pudendal cross section. B) Traced perineurium from A. C) Segmented inner portion 
of the pudendal nerve in A. 

 

4.3.2 Cuff Specifications 

We created computational models of a custom eight-contact nerve cuff with an adjustable 

diameter of either 1.20 mm or 1.91 mm and a length of 5 mm, to directly match a cuff used 

previously in-vivo90 (Figure 4-2 & Supplemental Figure 4-8A & 4-8C). There are a wide variety 

of cuff designs and previous research has shown that including more contacts around the nerve 

would increase selectivity84. We chose to replicate the geometry of a previously used in-vivo cuff 

so that the activation threshold of fibers in the model could be compared to motor threshold from 

the in-vivo experiments. The cuff contacts were 1.225 mm by 0.580 mm. The contacts were 

arranged in a two by four configuration with two rings of four contacts placed along the length of 

the cuff and wrapped around the perimeter of the nerve. There is a 0.23 mm gap between contact 

rings and a 0.17 mm gap between adjacent contacts in each ring. The base material of the cuff is 

0.02 mm-thick parylene C. Each contact consisted of a 0.002 mm thick layer of platinum placed 

0.01 mm deep on the inner surface of the cuff. Two alternate cuff designs were created to test how 

additional stimulation contacts affected selectivity (Supplemental Figure 8-B and 8-D): one with 

an additional contact pair on a 1.20 mm diameter cuff and one with four additional contact pairs 

on a 1.91 mm diameter cuff.  
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Figure 4-2: Example feline pudendal nerves placed inside each of a A) 1.20 mm diameter cuff and a B) 1.91 mm 
diameter cuff. Both cuffs have 8 stimulation contacts. The nerve in B is too large to fit in the cuff in A. C) Example 
depictions of activated contacts for bipolar, guarded, and full cuff stimulation. Four different sets of contacts were 
tested for bipolar and guarded stimulation. The cathode occupied a unique position on the proximal row of contacts 
for each unique set. Cathodes are in red with an inset (-) and anodes are in blue with an inset (+). Materials in A and 
B are colored as follows: white: saline, pink: parylene C, yellow: epineurium, blue: endoneurium, grey: platinum 
contact. 

 

4.3.3 Computational Modeling Details 

We used the ASCENT149 package (v1.14.0) to implement the finite element model (FEM) 

of each nerve and nerve cuff in COMSOL (6.2) and calculate the neural response to stimulation in 

NEURON (8.2.6). Details for this process are given below. 

 
Table 4-1 COMSOL model meshing parameters 

Parameter Inner Mesh Outer Mesh 

Minimum element size 10 (μm) 10 (μm) 

Maximum element size 1600 (μm) 1600 (μm) 

Resolution of narrow regions 1 1 

 
Maximum element growth rate 
 

2.2 2.5 

Curvature factor 2 0.2 

 

4.3.3.1 Model Geometry: 

Processed nerve samples were used to create three-dimensional finite element models. The 

nerve epineurium was defined as the outer boundary of each nerve. The perineurium was modeled 

as a thin layer approximation using the average perineurium thickness measured from histology. 
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Endoneurium filled the rest of the nerve. The cross-section for each nerve was extruded to create 

a three-dimensional model. To minimize the gap between the nerve and nerve cuff, each nerve was 

placed in the smallest cuff it could fit in. The two smaller nerves (diameters 1.1, 1.1 mm) were 

placed in a 1.20 mm diameter cuff (Figure 4-2A). The three larger nerves (diameters 1.3, 1.4, 1.9 

mm) were placed in a nerve cuff with a 1.91 mm diameter (Figure 4-2B). The diameter for each 

cuff replicated the diameters of the in-vivo experiments90. The nerve cuff was placed at the 

midpoint. The cuff was shifted laterally towards the nerve until a 10 µm gap remained between 

the nerve and the closest point on the nerve cuff. Saline was used to approximate bodily fluid and 

span any gaps between the nerve and cuff. Surrounding the saline, nerve, and nerve cuff was an 

outer layer of muscle represented as a cylinder. The muscle layer spanned the entire length of the 

nerve and had a diameter of 10 mm. To reduce the computational size of the model, it was split 

into two parts for COMSOL meshing (Table 4-1). The inner mesh had a diameter of 6 mm and 

encompassed the nerve, nerve cuff, saline, and some muscle. The outer mesh had an outer diameter 

of 10 mm, included the rest of the modeled muscle, and had a lower resolution meshing geometry 

than the inner mesh. The outer boundary of the outer mesh of the model was assigned to electrical 

ground. 

 
Table 4-2 FEM material conductivities 

Material Electrical Conductivity {x, y, z} (S/m) 

Saline 1.76149 

Muscle {0.086, 0.086, 0.35}149,150 

Platinum 9.43*10^6149,151 

Endoneurium {1/6, 1/6, 1/1.75}149,152,153 

Epineurium 1/6.3153 

Perineurium 8.703*10^-4149,154 

Parylene C 10^-14155 

 

4.3.3.2 Electrophysiological Modeling 

 The conductivities for all modeled materials are shown in Table 4-2. A point current 

source was modeled in the middle of each platinum contact. The FEM was solved using Laplace’s 
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equation for each contact delivering 1 mA of current. Electrical potentials were calculated to 

determine the threshold currents for fibers placed throughout the model. Fiber characteristics 

changed for different experimental configurations. Each stimulation simulation was run for 50 ms 

with a time step of 1 μs. At the 1 ms mark of each simulation a single biphasic pulse train was 

applied with a pulse width of 210 µs. 

Activation threshold for a given fiber was defined as the amount of current required to 

activate a fiber. Threshold was detected if there was a transmembrane potential with a rising edge 

greater than -30 mV at 90% of the nerve length on the proximal side of the nerve (Figure 4-2). 

Threshold for each fiber was found using a bisection search algorithm that stopped searching after 

reaching an exit criteria of a 1% difference between the upper and lower bounds149,156.  

We conducted a convergence analysis to verify that the model domain was large enough 

to not change activation thresholds by more than 2% as compared to a larger model. We varied the 

model length (12.5, 25, 35 mm) and radius (5, 10 mm) and compared the mean activation threshold 

for fiber diameters of 2-12 µm (Supplemental Figure 4-9). The final model length and radius were 

set to 25 mm and 5 mm respectively. These same lengths were used for all experimental 

configurations. 

4.3.4 Simulation Configurations 

4.3.4.1 Centrally Placed 4-fiber Simulation: 

This simulation was created to compare fascicular activation between a sensory fascicle 

that contained small diameter axons and mixed fascicles that contained larger diameter axons. In 

this configuration the center of each fascicle was populated with four different diameter fibers, 

each modeled in a separate simulation as an MRG axon157,158 (Supplemental Figure 4-10). We 

chose fibers of 2, 5.7, 7.3, and 10 μm diameters as a representative sample of known fiber 

diameters in the feline pudendal nerve91. The 10 μm diameter axons were used to indicate 

activation of a mixed fascicle and the smaller diameters indicated activation of sensory fascicles.    

For each of the 5 nerves, three copies were created. A nerve cuff was placed on each nerve 

identically for each nerve copy creating 15 models. For each set of three models utilizing the same 

nerve copy, the first copy had the nerve cuff rotated by 0 degrees, the second copy had the nerve 

cuff rotated by 120 degrees, and the third copy had the nerve cuff rotated by 240 degrees. Across 

each of the 15 models, stimulation was applied in bipolar, guarded, and full cuff configurations 
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across different contacts (see Figure 4-2c for examples). Bipolar stimulation current was delivered 

through pairs of proximal cathodic and distal anodic contacts aligned along the z direction and had 

4 unique sets of contact combinations. Guarded stimulation was applied through a proximal 

cathodic contact with each adjacent contact acting as an anode and had 4 unique sets of contact 

combinations. For full-cuff stimulation, all proximal contacts were cathodes and all distal contacts 

were anodes, so only one unique set of contacts was possible. In total, 135 simulations were run 

for each of the four fiber diameters, across all nerves, cuff rotations, and stimulation 

configurations. 

4.3.4.2 10 and 16 Contact Cuff Simulation 

This simulation was created to evaluate how additional cuff electrode contacts can affect 

fascicular selectivity. In four separate simulations, a fiber with a diameter of 2, 5.7, 7.3, and 10 μm 

was placed in the center of each fascicle for each modeled nerve. One of the two nerves with a 

diameter less than 1.20 mm was randomly selected and placed inside a 10-contact cuff. The chosen 

nerve had 6 fascicles. One of the three nerves with a diameter greater than 1.20 mm was chosen at 

random and placed inside a 16-contact cuff. The chosen nerve had seven fascicles. The nerve cuffs 

are illustrated in Supplemental Figure 4-8. Each nerve cuff was applied to its respective nerve with 

a 0-degree rotation. Bipolar stimulation was applied through all 5 pairs of contacts for the 10-

contact cuff and all 8 pairs of contacts for the 16-contact cuff. Selectivity was compared between 

the 8-, 10-, and 16-contact cuff. 

4.3.4.3 Randomly Placed 36-fiber Simulation: 

This simulation was created to assess if a higher density of fibers per fascicle changed 

fascicular selectivity. Fibers with 2, 5.7, 7.3, and 10 μm diameters were modeled with MRG axons. 

For each diameter, 9 fibers were placed randomly throughout each fascicle resulting in 36 total 

fibers per fascicle. The two smaller nerves that fit in the 1.20 mm diameter cuff were used in this 

simulation. Two of the larger diameters nerves, excluding the nerve with 14 fascicles, were also 

used in this simulation. Each of the four nerves had 8-contact cuffs applied to them with rotations 

of 0, 120, and 240 degrees resulting in 12 total models. Only bipolar stimulation was used in this 

simulation. 
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4.3.4.4 Randomly Placed 40-fiber Simulation: 

This simulation was created to examine if a more realistic distribution of fiber diameters 

led to changes in fascicular selectivity91. Forty fibers were placed randomly in each fascicle to 

maximize coverage of the entire fascicular area. The fiber diameters were continuously and 

uniformly distributed between 2 and 13 μm91. The diameter of activated fibers was used to 

calculate the overall percentage of activated fibers in a sensory or mixed fascicle. The overall 

percentage of activated fibers was used to calculate the fascicular selectivity. For all five nerves, 

nerve cuffs were applied with rotations of 0, 120, and 240 degrees, resulting in 15 total models. 

Only bipolar stimulation was applied.  

4.3.5 Data Analysis 

We calculated the selectivity of each fascicle using a modified version of the fascicular 

selectivity presented in other studies and shown in Equation 180,83,85. For simulations with discrete 

fiber sizes, the fascicular selectivity was determined for afferent fascicles populated with 2, 5.7, or 

7.3 μm diameter fiber and compared to fascicles populated by a 10 μm diameter fibers. In 

simulations with one fiber of each fiber size per fascicle, the activation threshold for a 2, 5.7 or 7.3 

μm diameter fiber in fascicle i is compared against the activation threshold for a 10 μm diameter 

fiber in every other fascicle j. If the threshold of the fiber in j is less than the threshold for the fiber 

in i then the jth fascicle was considered activated. The selectivity was calculated as 1 minus the 

ratio of activated fascicles to total nontarget fascicles (Equation 1). The selectivity ranges from 0 

to 1 with 0 indicating no selectivity and 1 indicating perfect selectivity. At a selectivity of 1, all 

fibers in the target fascicle are activated before any 10 μm fibers in any other fascicle. For a given 

nerve cuff rotation and stimulation method (bipolar, guarded), if a fascicle had multiple selectivity 

values when stimulated by different contacts, then the highest selectivity was included in the data 

analysis.  

 

Equation 1:  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 = 1 −  1
𝑚𝑚−1

∑ 𝑢𝑢𝑗𝑗𝑚𝑚
𝑗𝑗=1,𝑗𝑗≠𝑖𝑖  

 

In the simulation with 36 fibers per fascicle, the fascicular selectivity was calculated in a 

similar manner. For 2, 5.7, and 7.3 μm fibers in a fascicle i, the stimulation configuration that 

required the least current to activate all 9 fibers of that diameter was set as the threshold current 



 48 

and was used to determine the fascicular selectivity. For every other fascicle j, the proportion of 

10 μm fibers activated before the threshold current was calculated. These values were then 

averaged across fascicles and subtracted from 1 to yield the selectivity for the fascicle and fiber 

size of interest.  

In the simulation with 40 fibers per fascicle, the fascicular selectivity was calculated for 

afferent fibers with diameters of 2, 3, 4, 6, and 8 μm. These fiber diameters were chosen to 

demonstrate how selectivity changes with the percentage of activated afferent fibers. In pudendal 

afferent fascicles, 91% of fibers are larger than 2 μm. Additionally, 64%, 43%, 20%, and 10% of 

the afferent fibers are larger than 3, 4, 6, and 8 μm respectively (Supplemental Figure 4-11A)91. 

To calculate selectivity for an on-target fascicle in a nerve, the activation threshold that activated 

all fibers of a set afferent fiber diameter was found. In that same nerve that same activation 

threshold was compared against all the activation thresholds of all fibers to find the smallest 

diameter fiber that was activated in every other off-target fascicle. The smallest fiber that was 

activated in each off-target fascicle was used to find the percentage of fibers that would be 

activated if the fascicle had the same fiber distribution as a mixed fascicle (Supplemental Figure 

4-11B). The percentage of activated fibers for each off-target fascicle j was averaged using 

Equation 1 to calculate the selectivity for each on-target fascicle i. 

Data was not normally distributed and reported as median with interquartile range (IQR) 

unless explicitly reported as mean (standard deviation; s.d.). We used a Kruskal-Wallace test and 

a post hoc Dunn’s test with Bonferroni correction to compare selectivity between bipolar, full cuff, 

and guarded stimulation. To determine statistical significance, α was set to 0.05. 

4.4 Results 

Across the five modeled nerves there were 40 total fascicles with a mean of 8.0 (s.d. = 3.4) 

fascicles per nerve (Supplemental Figure 4-12). Four of the nerves had 6 or 7 fascicles and one 

nerve had 14 fascicles. The nerves had an average area of 1.53x106 μm2 (s.d. = 0.74 x 106 μm2) 

and an average diameter of 1366 μm (s.d. = 314 μm). The average fascicle area was 51.3 x 103 

μm2 (s.d. = 53.7 x 103 μm2) with an average diameter of 221 μm (s.d. = 130 μm).  
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Figure 4-3: Box plots of fascicular selectivity for the centrally placed four fiber simulation. A) Selectivity comparison 
across fiber diameters. b) Selectivity comparison for different stimulation configurations for each fiber diameter. The 
borders of each box correspond to the first and third quartiles (interquartile range [IQR]). The upper whisker extends 
to the largest value that is less than or equal to 1.5 times the IQR from the upper box boundary. The lower whisker 
extends to the smallest value than is no more than 1.5 times the IQR from the lower box boundary. Significance was 
examined with a post-hoc Dunn test with Bonferroni correction.  *** denotes significant difference (p < 0.001). 

 

  In the centrally placed 4-fiber simulation there was a significant difference (p < 0.001) 

between the selectivity of fascicles populated with 2, 5.7, and 7.3 μm diameter fibers (Figure 4-

3A). There was also a significant difference in selectivity when comparing across stimulation 

configurations for each afferent fiber diameter (Figure 4-3B). For 2 μm fibers, the selectivity was 

significantly different between each cuff configuration (each p < 0.001). For both 5.7 μm and 7.3 

μm fibers, the selectivity for the full cuff configuration was significantly lower than the bipolar 

(p < 0.001) and guarded (p < 0.001) configurations. Selectivity was not compared within 

stimulation configurations for different fiber diameters. With bipolar stimulation, the mean fiber 

activation threshold was 269 μA (s.d. = 422 μA). 

In the 10- and 16-contact simulation there was not a significant difference in selectivity 

between the 8-contact and 10-contact cuff designs for each of the three tested fiber diameters 

(Figure 4-4A). There was also not a significant difference in selectivity between the 16-contact 

cuff and the 8-contact cuff for each fiber diameter (Figure 4-4B). In the randomly placed 36-fiber 

simulation there was not a significant difference in selectivity for each diameter when bipolar 

stimulation was applied (Figure 4-5). However, in the 36-fiber model the selectivity was lower for 
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5.7 and 7.3 μm fibers. With bipolar stimulation, the mean fiber activation threshold for the 36-

fiber simulation was 331 μA (s.d. = 491 μA). 

 

 
Figure 4-4: Selectivity of 8-, 10-, and 16-contact nerve cuffs with bipolar stimulation for fascicles with afferent fiber 
diameters of 2, 5.7, and 7.3 μm. A) Selectivity for an 8-contact and 10-contact cuff when both are used to stimulate 
the same 1.2 mm nerve. B) Selectivity for an 8-contact and 16-contact cuff when both are used to stimulate the same 
1.91 mm nerve. Box plots are organized as in Figure 4-3. 

 

In the randomly placed 40-fiber simulation there was a significant effect of fiber diameter 

on fascicular selectivity. The fascicular selectivity for bipolar stimulation was significantly 

dependent on the afferent fiber diameter. For diameters of 8, 6, 4, 3, and 2 μm, each fiber had a 

significantly lower fascicular selectivity (p < 0.001) than all fibers larger than itself (Figure 4-6). 

With bipolar stimulation, the mean fiber activation threshold for the 40-fiber stimulation was 186 

μA (s.d. = 250 μA). 

 

 
Figure 4-5: Fascicular selectivity with bipolar stimulation for the randomly placed 36-fiber experiment. Box plots are 
organized as in Figure 4-3. 
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4.5 Discussion 

Overall, these results highlight a significant relationship between fiber diameter and 

fascicular selectivity. It is clearly possible to selectively recruit afferent pudendal fibers with a 

multi-contact cuff electrode. However, selectively activating a large proportion of the sensory 

fascicles will be difficult as it is more challenging to activate smaller diameter fibers with extra-

neural stimulation. The organization of stimulating contacts plays a major role in the performance 

of fascicular selectively. 

 

 
Figure 4-6: Fascicular selectivity for the randomly placed 40-fiber experiment. Box plots are organized as in Figure 
4-3. *** denotes significant difference (p < 0.001). 

 

There was a significant effect of fiber diameter on selectivity, greater than initially 

expected. It is well known that larger diameter fibers have lower stimulation thresholds92, so it is 

not surprising that higher selectivities were achievable for larger diameter afferent fibers. In the 

model with a fiber placed at the center of each fascicle, targeted stimulation with a multicontact 

cuff significantly improved selective activation of afferent fibers when compared to full cuff 

stimulation (Figure 4-3B). Selectivities were similar for 7.3 μm fibers for bipolar and guarded 

configurations. The large difference between the bipolar and guarded configurations for 5.7 μm 

fibers suggests that better stimulation configurations can improve the selective activation of small 

diameter fibers. While there is a wide range of afferent fiber diameters in feline sensory pudendal 
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nerves, small diameter (< 5 μm) Aδ fibers make up over half of the myelinated fibers 

(Supplemental Figure 4-11)159,160. Selectivity was occasionally achievable for fascicles with 2 μm 

fibers, as 6% of these fascicles achieved greater than 50% selectivity with bipolar stimulation and 

17% of fascicles achieved greater than 50% selectivity with guarded stimulation. However, no 

selectivity was achievable for most fascicles, even with more spatially focused stimulation 

configurations (Figure 4-3B). This is concerning because roughly 36% of afferent fibers are 

smaller than 3 μm91 and its not currently known what percentage of afferent fibers need to be 

activated to achieve bladder activation responses seen in preclinical experiments127. On the other 

hand, it is not known how many off-target fibers can be activated before causing discomfort and 

limiting the amount of stimulation that can be applied. Choosing a 10 μm fiber may be too 

restrictive in minimizing off-target effects. Advancement in methods to improve small diameter 

fiber activation through manipulation of stimulation waveform characteristics may improve 

recruitment of these fibers161–165. These results likely did not depend on the number and location 

of fibers in each fascicle. It has been shown that the position of a fascicle relative to an electrode 

can affect neural activation158,166. A future study could investigate if sensory and mixed fascicles 

have different relationships between electrode-to-nerve distance and fiber activation. We did not 

observe a significant difference in selectivity with bipolar stimulation between the 4-fiber per 

fascicle model and the 36-fiber per fascicle model (Figure 4-4). However, the median selectivity 

for each fiber diameter of the 36-fiber model was lower. The results from the centrally placed 4-

fiber simulation showed fascicular selectivity values similar to other published results12,84, but the 

randomly placed 40-fiber simulation showed that fascicular selectivity may be more difficult than 

previously predicted. 

With different distributions of fiber diameters for afferent and mixed fascicles, achieving 

a fascicular selectivity greater than 50% with bipolar stimulation was rare, even for fibers larger 

than 7 μm. If a larger percentage of afferent fibers need to be activated to see therapeutic benefits, 

then changes to the cuff design and stimulation techniques are needed to increase the selectivities 

seen in Figure 4-5. However, afferent fascicles tend to have smaller diameter fibers and more fibers 

than mixed fascicles91 (Supplemental Figures 4-11A and 4-11B). At a larger fiber diameter such 

as 8 μm, more afferent fibers are activated than efferent fibers. Activating large diameter fibers 

could maximize the afferent activation while minimizing off-target efferent activation, if fibers of 

different sizes contribute equally to bladder activation.  
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The simulation generated activation thresholds varied between models but were generally 

similar in amplitude. The activation threshold were in the same order of magnitude as the 

stimulation amplitudes required to generate external anal sphincter and external urethral 

contractions in the related in-vivo experiments90. While the comparisons are not robust, they lend 

some credibility to outputs of the model. Activation thresholds for fibers were compared against 

one another to calculate fascicular selectivity. Therefore, the absolute values of the activation 

thresholds do not have to perfectly match the in-vivo values to yield informative results. 

The average fascicular area was 1/30th of the average nerve area and there was a wide range 

of fascicle diameters in our nerve diameters. The feline nerve diameters used for this model are 

almost half the diameter of the 3.3 mm human pudendal nerve diameters used for computational 

models of the human pudendal nerve12,30,84. The feline fascicular diameters are very similar to the 

fascicular diameters in the human pudendal nerve, as both have an average observed fascicular 

diameter between 200 and 250 μm30. This is important because fascicular thickness is proportional 

to perineurium thickness, and perineurium thickness affects activation threshold166. The 

relationship between fascicle diameter and perineurium thickness is not well studied but thought 

to vary by species and nerve148,167. The ratio of fascicle thickness to perineurium thickness is likely 

different for humans and felines which may affect the activation thresholds. There are almost three 

times more fascicles in the human pudendal nerve30 than the feline pudendal nerve, based on our 

feline samples. Still, anatomy can vary widely as one of the feline nerves had twice as many 

fascicles as the other feline nerves, highlighting the potential variation in pudendal nerve 

composition. We did not perform a sensitivity analysis to examine whether this high fascicle-count 

nerve yielded different selectivities than the other nerves. Any observed differences between the 

thresholds for the human and feline nerves will likely be caused by differences in the size of the 

nerve, thickness of perineurium, and number of fascicles rather than the size of the fascicles158.  

 Previous computational research has shown that increasing the number of contacts in a cuff 

electrode can improve selectivity84. While the 10- and 16-contact cuff electrodes did have higher 

median selectivities than the 8-contact cuff (Figure 4-3), the difference was not significant. This is 

surprising because the 8-contact cuff did not completely encircle the nerve with contacts. This 

simulation only looked at bipolar stimulation and it is possible that another stimulation 

configuration could have significantly improved selectivity. The 10- and 16-contact cuffs 

completely encircle the nerve with contacts, which should enable the activation of more fascicles 
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and a lower selectivity. These results can likely be explained by the cuff and nerve geometry. To 

replicate the dimensions of the physical cuff, the cuff diameter was not changed. The additional 

contacts were placed on the empty space of the cuff which was the furthest away from the nerve. 

Any space between the nerve and cuff was filled with conductive fluid that may have shunted away 

most of the current and impeded recruitment of nearby fibers. This aligns with previous 

observations that the gap between the nerve and stimulation contacts needs to be minimized for 

effective extra-neural stimulation168. 

Minimizing the gap between the nerve and electrode is difficult for a nerve cuff with a 

fixed diameter. Helical and spiral nerve cuffs address this issue with spiral designs that gently 

encircle the nerve169–171. The spiral can allow some self-sizing on the nerve, placing electrodes 

directly on the nerve surface while minimizing compression and nerve trauma169,170. Current 

designs add more contacts to self-sizing designs172.  These mulitcontact spiral electrodes can 

provide selective stimulation and minimize the electrode-to-nerve distance. Alternatively, flat 

interface nerve electrodes (FINE) solve the electrode to nerve gap in a different way. They reshape 

the nerve into a long flat cross-section to minimize the electrode-to-nerve distance and bring 

fascicles in the center of the nerve closer to the edges and therefore closer to the contacts173. These 

electrodes also feature multiple contacts to enable maximum selectivity174. Both self-sizing and 

FINE electrodes can reduce the gap between the nerve and nerve cuff and lead to improved 

selectivity. 

A limitation of this study is that there were no C fibers incorporated in the model. C-fibers 

are not typically included in computational models of nerve stimulation unless specifically looking 

for activation of unmyelinated fibers175–177. These fibers transmit painful signals and if activated 

can limit the amplitude of delivered current. C fibers are also unmyelinated and have small 

diameters making them difficult to activate with electrical stimulation. As the majority of fibers 

coming from the dorsal genital nerve are myelinated178,179, if stimulation is delivered at tolerable 

amplitudes, then the number of activated unmyelinated fibers should be small. Another limitation 

is that a random distribution was only used once for the simulations with random fiber locations. 

A uniform distribution would have allowed for more generalizable results. With random fiber 

locations there can be gaps in the nerve where no fibers reside and activation threshold cannot be 

calculated. A key assumption in this study is that the fascicular organization in the main trunk of 

the pudendal nerve mirrors the targets of distal branches. Recent studies in the vagus nerve have 
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shown that there is a constant shuffling of axons between fascicles180. If this happens in the 

pudendal trunk, then selective activation of afferent fibers in fascicles that innervate sensory distal 

targets may be challenging. A mixing of sensory and motor fibers could limit selective activation 

of sensory fibers. While the cuff dimensions and nerve histology were taken from previous 

experiments, our results could not be directly compared to in-vivo experiments. This limits our 

ability to translate these results into relatable findings with confidence. However, we can compare 

the activation thresholds of fibers in this model with the activation threshold of efferent targets 

from the related in-vivo experiments. We tested a small subset of possible stimulation 

configurations. Optimizing the contacts used and current delivered can improve selective 

activation of nerve targets84,181–184. However, without prior knowledge of the fascicular 

organization, optimization can be difficult and time consuming184. The goal of this analysis was to 

demonstrate the feasible selectivity of a nerve cuff with simple stimulation configurations to 

replicate potential in-vivo settings. 

This computational study suggests that achieving a high selectivity with a multicontact cuff 

is possible but difficult with this specific cuff design, which was utilized to compare to in-vivo 

results. Increasing the number of contacts, decreasing the circumference coverage of each contact, 

and minimizing the gap between each contact and the nerve could improve selectivity of the cuff. 

The degree of selectivity is heavily dependent on the diameter of the afferent fibers being activated 

and the proportion of afferent fibers that need to be activated to achieve a therapeutic benefit. 

Future computational studies can investigate the ability of different stimulation configurations and 

waveforms to improve the selective activation of pudendal afferent fascicles. More work is needed 

to improve cuff designs and understand the mechanisms behind stimulation driven bladder 

activation if a multi-contact nerve cuff is going to be used to activate the bladder. 
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4.7 Supplemental Figures 

 

 
Supplemental Figure 4-7: Anti-Neurofilament 200 Antibody was used to confirm suspected fascicles contained 
myelinated fibers. Myelinated fibers are identified in yellow.  

 
Supplemental Figure 4-8: 3D visualization of multicontact nerve cuffs. An 8-contact (A) and 10-contact (B) nerve 
cuff with diameters of 1.20 mm. An 8-contact (C) and 16-contact (D) nerve cuff with a diameter of 1.91 mm. 
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Supplemental Figure 4-9: The average activation threshold is minimally impacted by the A) length and B) radius of 
the model. A) Mean threshold is compared to a model 50 mm in length. B) Mean threshold is compared to a model 
25 mm in length. The errors bars show standard deviations. Thresholds were tested for fibers with diameters of 2, 
7.3, 10, and 12.8 μm. 

 

 

 
Supplemental Figure 4-10: Visualization of fiber distribution within fascicles for a single nerve. Each dot represents 
a single modeled fiber. A) A 2, 5.7, 7.3 and 10 μm fiber were each placed at the same point in the center of each 
fascicle. B) Nine fibers of each diameter were placed randomly throughout each fascicle. C) 40 fibers were placed 
randomly throughout each fascicle. Each fiber had a diameter randomly selected from a uniform distribution 
between 2 and 13 μm. 
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Supplemental Figure 4-11: Fiber counts for different diameter fibers with cumulative percentage of fibers displayed 
on the right-hand axis. A) Afferent fiber counts for the sensory branches of the pudendal nerve (dorsal nerve to the 
penis and cranial urethra). B) Efferent fiber counts for the mixed branches of the pudendal nerve (external anal 
sphincter, deep perineal, constrictor vulvae, and bulbospongiosus). The figure was created using data from Martin, 
Fletcher, and Bradly, 197491. 

 
Supplemental Figure 4-12: Labeled nerve fascicles for the five nerves used in the study. Cross sections A and B 
came from the same feline and were placed in the 1.20 mm diameter cuff. Cross sections C, D, and E were placed in 
the 1.91 mm diameter cuff. Sample C and D came from the same feline. The diameter for each nerve is as follows: 
A) 1.1 mm, B) 1.1 mm, C) 1.3 mm, D) 1.4 mm, E) 1.91 mm.
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Chapter 5 Discussion 

Lower urinary tract symptoms and chronic pelvic pain are burdensome and widespread yet 

seldom discussed. Pudendal neuromodulation is a currently available off-label treatment that can 

uniquely address both issues. However, gaps remain in our understanding of how pudendal nerve 

stimulation can affect the lower urinary tract and pelvic floor. In this dissertation I investigate the 

capability of pudendal nerve stimulation to activate afferent and efferent pudendal nerve targets.  

I have demonstrated that current pudendal nerve stimulation devices can evoke changes in pelvic 

floor targets in anesthetized and awake humans, via physiological recordings. I have also 

demonstrated, via biologically informed computational models of nerves and nerve cuffs, that 

functional selective stimulation of small afferent fibers in the pudendal nerve is feasible but 

difficult and dependent on currently unknown biological details. 

5.1 Summary of Clinical Results 

In Chapter 2 I quantified the impact of patient, surgical, and stimulation factors on external 

anal sphincter recruitment and patient outcomes during intraoperative pudendal nerve stimulation. 

This was the first study to collect patient specific data on the distance between the pudendal nerve 

and stimulating contacts on the implanted lead. This study used mixed modeling techniques to 

quantify the impact of various factors on the current required to activate the nerve and the strength 

of nerve activation. Based on the inverse relationship between current and distance185, I 

hypothesized that reduced electrode to nerve distances would lead to better nerve recruitment and 

patient outcomes. My results provided evidence to support this hypothesis and showed that 

increased electrode-to-nerve distance is correlated with increased recruitment threshold, decreased 

external anal recruitment, and reduced symptom improvement. In sacral neuromodulation, the 

ideal lead placement will activate the sacral nerve with all four electrodes using a voltage less than 

two volts186. However, there is conflicting data on the correlation between ideal lead placement 

and patient outcomes187,188. Pudendal neuromodulation uses the same voltage target for lead 

placement11. My results suggest that the level of charge required to activate the pudendal nerve 

may be a better metric to guide lead placement than the number of contacts below two volts. A 
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post-hoc power analysis determined that the sample size was large enough to detect our findings 

but additional studies to support these results would be beneficial.  

In current practice, live fluoroscopy and anal sphincter recruitment threshold are used to 

guide lead placement11. These methods do not inform clinicians about the exact location of the 

nerve. Better knowledge of the pudendal nerve’s location in the pelvis could improve lead 

placement. Fiber tractography is one way to visualize the locations of peripheral nerves, but it is a 

time-intensive and labor-intensive practice189,190. Even if tractography was used to create a model 

of the pudendal nerve, there are no current methods to relate the lead locations to the mapped 

pudendal nerve. Therefore, it would provide little help to the clinician in minimizing electrode-to-

nerve distance during the implant surgery. My results suggest that the external anal sphincter 

recruitment threshold and magnitude of the external anal sphincter contraction can be used as a 

proxy for electrode-to-nerve distance. This provides another tool that clinicians can use to guide 

placement of the lead. My results show that reduced electrode-to-nerve distance is significantly 

related to patient symptom improvement from pudendal neuromodulation. As anal sphincter 

recruitment is related to electrode-to-nerve distance, anal sphincter recruitment may be directly 

related to symptom improvement as well.  

This study also provided some rarely reported information on lead migration during 

pudendal neuromodulation. MRI and CT scans were used to identify the location of the quadripolar 

lead in the pelvis. When the lead position during surgery was compared to the lead position during 

the CT scan a few weeks later, there were several occurrences where the lead position shifted by 

one contact or greater. While lead migration is uncommon when reported9,66, this poses an 

interesting question about the severity of lead migration for pudendal implants. A follow-up study 

could do CT imaging to evaluate the rate and severity of lead migration in pudendal 

neuromodulation. Scans could be done before surgery, immediately after lead implantation, and 

several months after. After a few months enough scarring should have occurred to prevent further 

lead migration66,191,192. In these same studies it would be very interesting to have participants 

complete symptom surveys before and after device implantation, as we did in our study. Symptom 

change could be compared to electrode-to-nerve distance and lead migration with a larger sample 

size. More research on the causes of adverse events like lead migration and a more streamlined 

implantation process, potentially informed by results from this aim, could increase physician and 

industry interest in this therapy. A deeper understanding of pudendal neuromodulation would be 
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very important for attempts to promote pudendal neuromodulation as an FDA approved therapy 

for lower urinary tract symptoms and pelvic pain. 

I quantified the impact that participant factors and diagnoses had on anal sphincter 

recruitment. In my results there was not a significant relationship between participant age, BMI, 

or sex and anal sphincter recruitment, indicating that pudendal nerve stimulation can activate the 

nerve equally well across patients. Additionally, there was a significant reduction in anal sphincter 

recruitment when patients had diagnoses of overactive bladder and retention, but not incontinence 

or pelvic pain. At first glance this seems to indicate that patients with overactive bladder and 

retention may have underlying issues with nerve activation. This is not surprising because both 

overactive bladder and small fiber neuropathy, which can damage peripheral nerves, are 

comorbidities of diabetes41,193. However, this study had an unbalanced distribution of participants 

with and without overactive bladder or retention, so I cannot make this claim with confidence. A 

future study could focus on recording anal sphincter activation from pudendal nerve stimulation 

in individuals with pelvic pain and without overactive bladder or retention. Anal sphincter 

activation was observed in every patient with a successful lead placement. The relative ease in 

activating the efferent fibers that control the external anal sphincter indicated that activating other 

efferent branches of the pudendal nerve might be possible as well. All the lead implantation 

surgeries had local or general anesthesia; therefore, it is not clear if enough stimulation can be 

delivered to activate efferent targets before discomfort occurs in an awake and non-anesthetized 

individual. 

I provided evidence to support the continued use of current stimulation parameters in 

pudendal neuromodulation. The same implanted pulse generator is used in sacral neuromodulation 

and pudendal neuromodulation11,115. It is common to use the same stimulation parameters for both 

as well115,117. However, there is no published evidence specifically validating the use of sacral 

parameters in pudendal neuromodulation. When looking at the maximum (450 μs), minimum (60 

μs), and standard (210 μs) pulse width for pudendal neuromodulation, the standard pulse width 

provides a better balance of threshold current and threshold charge, two important parameters for 

device longevity. The progress made in my first aim represents only a first step towards a better 

understanding of how well nerve recruitment works in pudendal nerve stimulation. Where Chapter 

2 goes into detail about the effects of pudendal nerve stimulation on the external anal sphincter in 



 62 

the operating room, Chapter 3 investigates the impact of pudendal nerve stimulation on the lower 

urinary tract in awake, responsive individuals. 

In Chapter 3 I characterized lower urinary tract pressure changes from pudendal nerve 

stimulation in awake non-spinal cord injured human participants, which has not been previously 

reported. Reflexive contraction of the external urethral sphincter has been demonstrated in 

individuals with spinal cord injury via stimulation of pudendal branches194. We hypothesized that 

pudendal nerve stimulation at tolerable amplitudes could drive measurable changes in the lower 

urinary tract. We used a multichannel catheter capable of recording multiple pressures along the 

bladder and urethra simultaneously. I demonstrated that stimulation at tolerable amplitudes could 

cause direct motor responses in the urethra. The urethra contractions occurred with low and high 

frequency stimulation in most individuals. High frequency stimulation generated tetanic urethral 

contractions with large increases in pressure. As external urethra contraction contributes to 

continence during stress195, high frequency stimulation could be useful for preventing urine 

leakage90,126. Urethra contractions were not observed in every individual. In these cases, the 

electrode may have been closer to off-target fascicles than the fascicles that go to the external 

urethral sphincter. During pudendal stimulation, the fibers in the closest fascicles are activated 

first, which may have led to discomfort and pain from activation of fibers in the off-target fascicles 

before the urethra could be recruited. To ensure that pudendal nerve stimulation can consistently 

generate urethra contractions large enough to prevent leakage, off target activation needs to be 

minimized during lead implantation. A future study could have patients use stimulation 

configurations that recruit the urethra at home to learn if urethral recruitment has any bearing on 

symptom improvement.  

As a part of our experimental procedure, participants attempted to void with and without 

pudendal stimulation. We observed how the lower urinary tract pressure changed in real-time 

during a void with multiple sensors in the bladder and urethra. This is not possible with traditional 

methods for a micturitional urethra pressure profile196,197. We observed a clear drop in mid-urethral 

pressures, an increase in bladder pressure, and a continuous and consistent drop in pressure from 

the bladder to the outer urethral opening. This shows that the entirety of the lower urinary tract is 

altered during voiding and demonstrates the role of the urethra in maintaining continence198. 

Stimulation had no significant effect on voiding efficiency or flowrate, though the sample sizes 

were small which limits confidence in the findings. These results suggest stimulation works 
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through long term changes in central nervous system pathways rather than immediate changes in 

urethra or detrusor pressure66. Large long-term clinical studies with stimulation at 14 Hz and 

tolerable stimulation amplitudes would be beneficial to learn if there are measurable physiological 

changes in the LUT after pudendal neuromodulation.  

This project has the first reported instance of a stimulation-driven reflexive bladder 

response in a non-spinal cord injured individual. Previous examples of stimulation evoked bladder 

contractions occurred in humans with spinal cord injuries74,76. Of the 13 tested individuals in our 

study, only one demonstrated stimulation driven bladder contractions. I hypothesize that this 

occurred because most individuals felt discomfort before enough charge could be delivered to 

activate the afferent fibers that drive bladder reflexes. With the current stimulation lead, fine 

control over the activation of nerve fibers is difficult or impossible. Electrode design changes could 

enable selective activation of afferent fibers.  This finding hints at the underdeveloped potential of 

pudendal neuromodulation to treat bladder issues. The ability to control bladder state could 

improve symptoms from overactive bladder and retention and help those who require 

catheterization manage their bladder level. Chapters 2 and 3 showed the potential and the limit of 

current devices to treat lower urinary tract dysfunction. One major issue noted in both chapters is 

that the current electrode design has a limited ability to change how stimulation affects the nerve 

after the lead is placed. Chapter 4 highlighted the challenges of selective stimulation for a new 

design that may enable more control over stimulation within the nerve. 

5.2 Summary of Computational Modeling Results 

In Chapter 4 I use a computational model to analyze the performance of a multicontact cuff 

electrode on the feline pudendal nerve. While previous computational studies on pudendal nerve 

stimulation determined selectivity for generic fascicles in the pudendal nerve12,84,85, they did not 

account for anatomical differences between sensory and mixed fascicles91. I incorporated these 

anatomical differences in my model and showed that selective activation of sensory fascicles is 

still possible. However, activating a large percentage of fibers in sensory fascicles without also 

activating fibers in mixed fascicles was not achievable with the tested methods. The number and 

type of afferent fibers that need to be activated to cause bladder responses is not yet known199. If 

a large percentage of the afferent fiber population needs to be activated to achieve therapeutic 

benefit, then an alternate design and more complex stimulation methods will need to be used. 

While previous studies have shown that increasing the number of contacts can improve selectivity, 
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they have diminishing returns84,200,201. Future modeling work could evaluate the impact of 

additional contacts while incorporating relevant anatomical data. One of the largest hurdles in the 

development of selective nerve cuffs is a lack of fundamental anatomical knowledge for humans. 

While work was done to count the distribution of fiber diameters in the feline pudendal nerve91, 

this has not been done for the human pudendal nerve. Fiber diameters and fiber types have been 

measured in the human vagus nerve202 and fiber number has been counted in the human spinal 

roots203. Therefore, techniques are available to measure fiber properties, but they have not been 

applied to the pudendal nerve. Any research that can fill this knowledge gap would be a boon to 

the field. When the pudendal anatomy is better understood it can be tested against alternate 

electrode designs to deliver selective activation. 

I modeled two additional nerve cuffs, one with 10 contacts and another with 16, to 

investigate how additional cuff contacts would impact selectivity. While I hypothesized that 

selectivity would be increased with more contacts, there was no significant difference in selectivity 

between either cuff and the original 8-contact cuff. Each cuff had a fixed diameter which resulted 

in a gap between the cuff and the nerve. The nerve cuffs were shifted towards the nerve so that the 

original 8 contacts were within 10 micrometers of the nerve. However, as the additional contacts 

for the 10- and 16-contact cuff were placed on the other side of the nerve cuff, they were moved 

further away from the nerve when the cuff was shifted towards the nerve. Therefore, a large gap 

formed between the additional contacts and the nerve which likely allowed for more current to be 

shunted away, reducing activation of nearby fascicles204. The cuff size could have been modified 

to eliminate the gap between the nerve and the nerve cuff. However, the cuff diameters were 

restricted to align with the true cuff dimensions from the in-vivo study to gain insights into its 

performance. This modeling study illustrated the importance of the close fit between the nerve and 

the nerve cuff. The diameter of the pudendal nerve will likely not be known before the nerve is 

surgically accessed. To ensure that the nerve cuff is appropriately sized, either multiple sizes of 

cuff will need to be available, or the cuff will need to be resizable. In the computational model 

most fibers had activation thresholds in the same order of magnitude as the thresholds for visual 

muscle contractions in the related animal experiments90. Future studies could use other nerve cuffs 

from the literature and examine their fascicular selectivity with the pudendal fiber diameters used 

in chapter 4. Future studies could also create more robust comparisons between computational and 

in-vivo results. The exact position of nerve cuffs relative to each nerve need to be precisely 
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recorded with imaging and selective staining, or by using micro CT if the cuff contacts are 

nonmetallic205. Additionally, nerve imaging or histology could be used to identify fiber sizes and 

the distribution of afferent and efferent fascicles in the main trunk of the nerve. 

5.3 Concluding Remarks  

Overall, this thesis has improved our understanding of the effects of pudendal nerve 

stimulation on the lower urinary tract. While this therapy has been in use for over 20 years, there 

are still ways to improve its current clinical application, and opportunities to develop more 

effective devices. To expand access to pudendal neuromodulation, larger studies with longer 

follow-up times are needed to verify the relationship between electrode-to-nerve distance and 

patient outcomes. The same implantation technique was used for all participants mentioned in this 

paper but alternate approaches exist66,206,207. Additional large-scale studies are needed to compare 

techniques and determine a universal approach that would facilitate widespread adoption of 

pudendal neuromodulation. This could make pudendal neuromodulation more accessible to 

clinicians and therefore more widely available to patients. More widespread clinician adoption and 

more industry supported clinical studies could support FDA approval of pudendal 

neuromodulation. I showed that urethra and bladder contractions can occur during pudendal nerve 

stimulation in human subjects. We need more studies to demonstrate if stimulation driven lower 

urinary tract pressure increases can be an effective treatment for stress urinary incontinence or 

provide on demand bladder contraction. Multicontact nerve cuffs are clearly effective at selectively 

activating large fibers and driving efferent responses172,205,208. However, using them to selectively 

activate afferent fibers in the pudendal nerve is a difficult task. Updates need to be made to the 

cuff design that eliminate the electrode-to-nerve gap and alternate stimulation methods should be 

tested to improve selective activation of afferent fibers in the pudendal nerve. After verification of 

cuff designs in computational models and acute experiments, chronic implant of a nerve cuff in a 

large animal model could be done to see if the cuff can drive bladder pressure change over the life 

of the implant. 

The future of neuromodulation for treatment of lower urinary tract dysfunction is exciting. 

Established medical device manufactures209,210, startups211,212, and research labs90,213 are 

continuing to innovate. Continued industry investment is needed to fund more clinical studies and 

translate lab results into human treatments. If pudendal neuromodulation were more widely 

available and FDA approved, it could help more people receive the symptom relief they need. To 
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support this, most of the data from my second and third chapters is publicly available for use in 

future research214. I hope that my work can contribute to the development of this exciting and 

important field.  
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Appendix: Ovine Preclinical Experiment 

A.1 Introduction 

Animal experiments are widely used to study the lower urinary tract13,14,72. Sheep are a 

common animal model for studying the effects of neuromodulation on the lower urinary 

tract215,216. In this appendix I present data collected in a sheep using pudendal nerve stimulation 

to drive bladder contractions. 

A.2 Methods 

The experiment was prepared as described in Ortiz-Lopez, 202690. After surgical access 

of the pudendal nerve and placement of a multicontact nerve cuff, the animal was switched to α-

chloralose for anesthesia. Studies have shown that α-chloralose is minimally inhibitory towards 

autonomic reflexes217. The bladder was filled until leakage was observed. The pudendal nerve 

was stimulated at and above anal sphincter threshold for different combinations of contacts on 

the pudendal nerve cuff. The volume of urine released during each trial was recorded. 

A.3 Results 

At high amplitudes above the anal sphincter activation threshold, stimulation evoked 

bladder contractions occurred. As shown in Figure A-1 stimulation sometimes led to urethra 

contractions which increased bladder pressure and slowed or halted urine flow.  
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Figure A-1: An example of an evoked bladder contraction from pudendal nerve stimulation.  

A.4 Discussion 

Evoked bladder contractions from pudendal stimulation have been observed in smaller 

animal models. We demonstrated that evoked bladder contractions from pudendal stimulation are 

possible in sheep. However, across seven experiments in sheep only one demonstrated bladder 

contractions. More work needs to be done to consistently evoke bladder contractions in an 

anesthetized ovine animal model. 
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