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Abstract 

 

Nerve conduction block elicited by high frequency electrical stimulation may be used to 

create chronic neuroprostheses to treat diseases that are characterized by pathological 

nervous activities. Previous studies have demonstrated that local and reversible nerve 

conduction block can be achieved using high frequency stimulation (3-6 kHz and above) 

delivered through cuff electrodes. However, cuff electrodes are designed to be placed 

encircling the nerve and demands invasive surgical procedure that may not be desired by 

patients in clinical applications. This study investigated the nerve block effect of high 

frequency stimulation delivered through a percutaneous lead placed next a motor nerve 

trunk in dogs. The optimal frequency and amplitude windows for nerve block using a 

biphasic rectangular waveform were 10-30 kHz and 15-20 V peak-to-peak within the 

tested parameter range (5-40 kHz and 5-20 V). Higher frequencies may require higher 

amplitudes to achieve nerve block effect. In addition, activation threshold of the nerve 

evoked by the biphasic high frequency stimulation also increased with frequency. The 

HFS nerve block was repeatable in more than 40 minutes of repetitive stimulation. This 

study demonstrated that it is feasible to achieve local reversible nerve block using 

percutaneous lead electrodes placed next to a nerve with biphasic high frequency 

waveform. Although it may be difficult to block all the nerve fibers in a nerve trunk with 

a percutaneous lead, partial nerve block can be clinically useful and desired in many 

disease conditions.  



 

 vi 

Table of Contents 

LIST OF TABLES .............................................................................................VIII 

LIST OF FIGURES............................................................................................VIII 

LIST OF ABBREVIATIONS .................................................................................X 

1 INTRODUCTION........................................................................................... 1 

1.1 Clinical motivation..........................................................................................................................1 

1.2 Nerve conduction block techniques ...............................................................................................2 
1.2.1 Definition of nerve conduction block ......................................................... 2 

1.2.2 Overview of existing nerve conduction block techniques .......................... 3 

1.3 Nerve Conduction Block Using HFS .............................................................................................5 
1.3.1 HFS waveforms and parameters ................................................................. 5 

1.3.2 HFS nerve response .................................................................................... 8 

1.3.3 Mechanism of action................................................................................. 10 

1.3.4 HFS safety................................................................................................. 11 

1.4 Specific Aims .................................................................................................................................12 

2 MATERIALS AND METHODS.................................................................... 14 

2.1 Animal preparation.......................................................................................................................14 

2.2 Experiment Setup and Procedures ..............................................................................................15 

2.3 Data analysis..................................................................................................................................17 

3 RESULTS.................................................................................................... 21 

3.1 Nerve conduction block and confirmation..................................................................................21 



 

 vii 

3.2 Block ratio and block efficiency...................................................................................................24 

3.3 Activation threshold......................................................................................................................27 

3.4 Repeatability..................................................................................................................................28 

4 DISCUSSION.............................................................................................. 30 

5 FUTURE WORK AND CONCLUSION........................................................ 37 

5.1 Future work...................................................................................................................................37 
5.1.1 Effectiveness of the nerve block using percutaneous lead........................ 37 

5.1.2 Chronic safety ........................................................................................... 38 

5.1.3 Sensory response and other side effects.................................................... 39 

5.2 Conclusion .....................................................................................................................................39 

6 REFERENCES............................................................................................ 41 



 

 viii 

List of Tables 
 
Table 1: Specifications of percataneous lead Medtronic Model 3776 16 
 

List of Figures 
 
Figure 1:  An illustration of the ideal nerve block effect............................................................................2 
Figure 2:  An illustration of the biphasic HFS waveforms. (a) Rectangular with pulse width 

dependent on frequency. (b) Rectangular with pulse width independent of frequency. (c) 

Sinusoidal. ............................................................................................................................................7 
Figure 3:  Different phases of the nerve conduction block using biphasic sinusoidal HFS.....................9 
Figure 4:  Experimental setup to evoke EUS contraction by LFS and suppress the evoked EUS 

contractions by HFS of the pudendal nerve. ...................................................................................15 
Figure 5: Measurements of block ratio (BR) and block efficiency (BE) illustrated on typical EUS 

pressure responses when HF was delivered alone and when HFS was delivered with LFS.  (a)  

BRHF = 1 – Pb/Pa, BEHF = 1 – Pc/Pa for HF only experiments.  (b) BRHF+LF = (1 – Pf/Pd)·RR, 

BEHF+LF = (1 – Pg/Pd)·RR for HFS+LFS experiments, where RR = Pe/Pd. ....................................18 
Figure 6:  Example of the pressure response at the EUS level in the HFS only experiments. HFS of (a) 

5 kHz, (b) 10 kHz, (c) 20 kHz, (d) 30 kHz, and (e) 40 kHz of amplitudes 5-20 V were delivered. 

Solid lines underneath the pressure response indicate HFS of 20 s duration. Amplitudes tested 

at each frequency were marked below the solid lines. ....................................................................21 
Figure 7:  Example of the pressure response at the EUS level in the HF+LF experiments. HFS of (a) 5 

kHz, (b) 10 kHz, (c) 20 kHz, (d) 30 kHz, and (e) 40 kHz of amplitudes 5-20 V were delivered.  

Solid lines underneath the pressure response indicate HFS duration of 20 s. LFS of 1.5 mA was 

delivered for 30 s, with 5 s before HFS, 20 s during HFS, and 5 s after HFS (durations of LFS 

are not shown). ...................................................................................................................................22 
Figure 8:  Example of the pressure response at the EUS level in a HF+LF trial with DS.  The solid 

lines indicate HFS of 20 s duration and LFS of 30 s duration. The dotted line indicates DS 

duration. .............................................................................................................................................24 
Figure 9:  (a) Block ratio (BR) and (b) block efficiency (BE) of the HF only experiments in 3 dogs. ..24 
Figure 10:  (a) Block ratio (BR) and (b) block efficiency (BE) of the HF+LF experiments in 3 dogs..25 
Figure 11:  Reversibility ratio (RR) of HF+LF experiments in 3 dogs. ..................................................26 
Figure 12:  Activation thresholds of HFS measured by pressure response at the EUS level in two 

dogs. Each curve indicates results from a dog.................................................................................27 



 

 ix 

Figure 13:  Repeatability of HFS combined with LFS over more than 40 minutes (sec = seconds, min 

= minutes). The lines underneath the EUS pressure response indicate stimulation durations of 

the HFS and LFS.  The first and last HFS segments during the more than 40 minutes of 

stimulation are enlarged....................................................................................................................29 
 



 

 x 

List of Abbreviations 
 

 

AC  Alternating current 

BR  Block ratio 

BE  Block efficiency 

CAP  Compound action potential 

DBS  Deep Brain Stimulation 

DC  Direct current 

DS  Distal stimulation 

EUS  External urethral sphincter 

HFS  High frequency stimulation 

HH  Hodgkin-Huxley (model) 

LFS  Low frequency stimulation 

MRG  McIntyre, Richardson, and Grill (model) 

RR  Reversibility ratio 

 

Units: 

ºC   degree Centigrade 

Fr  French gauge (0.33mm) 

Hz  hertz 

kHz  kilohertz 



 

 xi 

mA  milliamper 

mm  millimeter 

ms  millisecond 

µC  microcoulomb 

µm  micron (micrometer) 

V  volt 



 

 1 

1 Introduction 
 
1.1 Clinical motivation 
In the past two decades, neuromodulation systems have achieved great clinical success in 

treating patients with various disorders including chronic pain, overactive bladder and 

urinary retention, Parkinson’s disease, essential tremor, and dystonia1-3. While most 

existing clinical neuromodulation systems elicit activation of the target nervous tissue to 

“modulate” the nervous system, creating conduction block of the target nerves may 

provide additional therapeutically opportunities to restore function by reducing or 

eliminating pathological signals in the nervous system. 

 

Nerve conduction block may be used to treat diseases that are characterized by 

pathological afferent activities, such as chronic pelvic pain, interstitial cystitis, abacterial 

chronic prostatitis (Type IIIB), neuromas, neuralgias, and other chronic pain conditions, 

as well as diseases with pathological motor activities, such as spasticity, pelvic floor 

disorders, tics, chorea, and intractable hiccups. Abnormal afferent and efferent 

hyperactivities may cause pain, overwhelm central processing, inhibit associated neural 

activities through reflex pathways, and cause permanent musculoskeletal deformities or 

contractures4. Nerve conduction block may reduce pathological hyperactivities and 

restore normal function. Nerve conduction block can also be used in combination with 

nerve stimulation to provide selective activation of certain nerve fibers and signal 

propagation in a certain direction and generate a normal pattern of neural signals to 

restore function.  
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1.2 Nerve conduction block techniques 
1.2.1 Definition of nerve conduction block 
 

 

Figure 1:  An illustration of the ideal nerve block effect 
 
 

For the purpose creating chronic neuroprostheses to restore function, nerve conduction 

block is defined as preventing propagation of action potentials across the site of 

stimulation, as illustrated in Figure 1. An ideal nerve block effect is local, reversible, and 

repeatable. The block effect should be local, such that the action potentials can still 

propagate away from the block site. For instance, excitations proximal to the nerve block 

site can propagate afferently and excitations distal to the nerve block site can propagate 

efferently. The nerve block should be reversible, such that the nerve and its innervated 

tissues should be responsive to excitations shortly after the cessation of the nerve block 

stimulation. Specifically, when nerve block is applied to a motor nerve, there should be 

minimum fatigue of the neuromuscular junction associated with the nerve, such that the 

musculature can respond to nerve stimulation distal to the nerve block site during the 
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block period, and can respond to stimulation proximal to the nerve block site shortly after 

the block period. Finally, the nerve block should be repeatable, such that the chronic 

neuroprosthesis can achieve effective block effect with repetitive deployment over a long 

period of time.  

 
1.2.2 Overview of existing nerve conduction block techniques 
Many non-electrical techniques exist for nerve conduction block. These include pressure 

application5-6, local temperature manipulation7-8, and surgical and pharmacological 

methods4, 9-13. However these methods are non-specific, have poor or slow reversibility, 

and may cause potential nerve damage and side effects. Therefore they are not suitable 

for chronic neuroprosthetic applications.  

 

Suppression of axonal conduction using electrical stimulation has been a topic of interest 

for many decades14-15. Hypothesized axonal suppression effects through electrical 

stimulation may include the influence of the axonal refractory period on evoked 

excitation, desynchronization of the underlying units of the compound action potential 

(CAP), an increase in the threshold for evoked excitation, and sodium or potassium 

mediated depolarization blockade16-21. The exact mechanisms of the electrical stimulation 

techniques are usually unclear and controversial.  

 

It has been demonstrated that direct current (DC) can induce conduction block of nerve 

fibers22-23. However, DC nerve block is not a practical tool for chronic neuroprostheses, 

because DC nerve block can damage the nerve due to electrode polarization24.  
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Collision block is a technique that elicits nerve block by intercepting orthodromic nerve 

impulses with evoked antidromic nerve impulses25-26. This technique typically uses quasi-

trapezoidal stimulation and tripolar cuff electrodes with a cathode flanked by two anodes. 

By distributing current unequally between the anodes or placing one anode nearer to 

cathode than the other, action potentials can be allowed to escape unidirectionally during 

stimulation26. There is a window of effective stimulation amplitudes that are needed for 

unidirectional stimulation, below which the anodal block is not effective and above 

which virtual cathodes can be generated to cause stimulation. The collision block 

technique may require cuff electrodes to be placed encircling the nerve, which is a more 

invasive surgical procedure than what is required to implant percutaneous lead electrodes 

in most clinical applications.   

 

Some research has shown that for Deep Brain Stimulation (DBS), frequencies of 50-300 

Hz may be used to suppress somatic and axonal activities in the brain16, 27-28. It was 

suggested that the mechanism of this suppression may be depolarization blockade 

mediated by elevations in extracellular potassium16-17. However, other research has 

suggested that the above frequency range suppresses somatic activity but activates the 

axons in the brain29-33 and replaced the pathological rhythms with regularized firing 

activity34-37. The mechanism of action of DBS is still controversial. It is likely that the 

mechanism involved in the brain activity suppression in the DBS field differs from the 

conduction block observed in peripheral nerves where the frequency range is generally in 

the kilohertz range. 
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Nerve block of peripheral nerves elicited by high frequency stimulation (HFS) of above 1 

kHz has been demonstrated in a number of animal models. The optimal frequencies for a 

nerve block effect were typically in the range of 3-30 kHz 21, 38-44. Nerve block achieved 

in this high-frequency range has been demonstrated to be local and quickly reversible 

(less than one second), verified by muscle response to excitation distal but not proximal 

to the block site21. For frequencies below 1 kHz, it is possible to observe depressed 

response to nerve excitation through a fatigue mechanism45-46, evidenced by lack of 

reversibility of nerve response tens of seconds to minutes after the cessation of the 

stimulation21, 43, 45. The lack of reversibility may be caused by muscle fatigue, depletion 

of the neuromuscular junction transmitter, or a mechanism called “neural conduction 

fatigue”, of which the physiological basis is still undetermined21, 45, 47-49. In addition, 

some modeling work suggested that true nerve block can be achieved with frequencies 

above 2 kHz50, while other models suggested that true nerve block can only be achieved 

with frequencies above 5-6 kHz, where below 5-6 kHz the stimulation would lead to a 

reduction in muscle force caused by depletion of transmitter at the neuromuscular 

junction19, 44. 

 

 
1.3 Nerve Conduction Block Using HFS 
1.3.1 HFS waveforms and parameters  
For our purpose, we are interested in HFS conduction block for peripheral nerves. Using 

cuff electrodes and intrafascicular electrodes, animal studies have shown that the 

amplitude required for nerve block increased with the stimulation frequency21, 38-41, 44, 51. 
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This is consistent with modeling results44, 50. In addition, the required block amplitude 

also increased with decreasing nerve fiber diameter44, 50, 52-53. Among studies that used 

cuff electrodes to deliver HFS, there were disparate results of the optimal frequencies 

(anywhere from 3 kHz to 30 kHz) for nerve conduction block, due to differences among 

experimental conditions, animal species, and stimulation waveforms. Nevertheless, in 

general a complete block can be achieved using a cuff electrode with frequencies of 3-6 

kHz and above, and amplitudes of 0.6-2 mA and above for current controlled 

waveforms21, 38-40 and 1-3 V and above for voltage controlled waveforms38, 41. Using 

intrafascicular electrodes, one study investigated frequencies of 20-40 kHz and achieved 

complete nerve block with amplitudes of 1.5-6.5 mA51. The maximum frequency for HFS 

block has not been evaluated experimentally, mostly due to equipment limitations.  

 

Using a frog sciatic nerve preparation, one study compared various biphasic HFS 

waveforms (constant voltage against constant current, and rectangular against sinusoidal) 

in a frequency range of 600 Hz -20 kHz21. It was found that the electrode-tissue 

impedance appeared to act like a pure resistance at the frequencies tested, and therefore 

the waveform delivered to the tissue was very similar between current-controlled and 

voltage-controlled waveforms. In addition, there was no appreciable difference in the 

characteristics of the responses between the rectangular and sinusoidal waveforms. The 

waveforms produced blocks at the same amplitudes and frequencies on a charge-per-

phase basis. In another study three biphasic HFS waveforms were compared against each 

other in a cat pudendal nerve preparation: rectangular with pulse width dependent on 



 

 7 

frequency (with no pause between cycles), rectangular with pulse width independent of 

frequency (with a pause between cycles), and sinusoidal, as illustrated in Figure 240. It 

was found that rectangular waveform with pulse width dependent on frequency was more 

effective for blocking motor pathways than rectangular waveform with pulse width 

independent of frequency and sinusoidal waveform. This may be due to the fact that a 

rectangular waveform with pulse width dependent on frequency delivers more charge per 

phase at any given frequency and amplitude than the other two waveforms. This 

preference of rectangular waveform with pulse width dependent on frequency over the 

two other waveforms was also confirmed by modeling52-53.  

 

 

Figure 2:  An illustration of the biphasic HFS waveforms. (a) Rectangular with pulse width 
dependent on frequency. (b) Rectangular with pulse width independent of frequency. (c) Sinusoidal. 

 

HFS with monophasic waveform has been used in nerve conduction block43, 46, 54-56, but 

monophasic stimulation is known to be damaging to the tissue and the electrode and 

therefore are not suitable for chronic applications57. 

 

It was demonstrated that the interpolar separation distance of a bipolar electrode 

influences the stimulation amplitudes required to achieve conduction block in both 

computer simulations and mammalian whole nerve experiements58. In computer 
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simulations, the amplitudes required for conduction block was minimized when the 

bipolar separation distance was about 2-3 times node lengths for each of the fiber 

diameter simulated. In experimental results, the optimal bipolar separation distance was 

1-2 mm for rat sciatic nerve that has myelinated efferent fibers ranging from 3-14 µm. 

Bipolar cuff electrodes was shown to be more efficient for nerve block than unipolar 

electrode via computer modeling, and was also theorized to be more efficient than 

tripolar cuff electrodes58.  

 

Furthermore, HFS amplitude required for conduction block was related to the distance 

between the electrode and the nerve fiber and varied approximately as the square of the 

perpendicular distance to the axon, according to modeling results for both bipolar and 

unipolar electrodes50, 58.  

 

1.3.2 HFS nerve response  
Woo and Campbell examined the nerve response to 20 kHz AC (probably sinusoidal) 

waveform using CAP as well as single fiber recordings59. At low amplitudes, axons 

rhythmically fired at a rate of proximally 100 Hz. As the amplitude increased, the firing 

frequencies increased up to maximum firing frequency of 400-700 Hz before the axon 

firing became asynchronous. As the amplitude was further increased to 1-2 V, all firing 

activity ceased and it was demonstrated that the HFS produced a region of nerve 

membrane that blocked conduction of action potentials. Bhadra and Kilgore stimulated 

sciatic nerve in rats with biphasic sinusoidal waveform of 10-30 kHz and 2-10 V and 

measured the nerve response through the force of gastrocnemius muscle38. As shown in 
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Figure 3, the time response to HFS can be described in three phases. The first phase 

constitutes an onset response with amplitude similar to or greater than that of a muscle 

twitch response. The second phase is a period of asynchronous firing featured by slowly 

decreasing muscle response. The final phase is a steady state of either complete, partial 

conduction block or no block. The magnitude of the first two phases has been shown to 

decrease with higher stimulation frequency and amplitude in some15, 38, 40, 60 but not all 

studies21, 41.  

 

 

Figure 3:  Different phases of the nerve conduction block using biphasic sinusoidal HFS 
 

In some applications partial nerve block, rather than complete nerve block, may be 

desired in certain patient conditions. HFS allows partial block of a nerve when the 

amplitude of the blocking waveform is lower than required for complete block. The 
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transition between partial block and complete block can be done by adjusting the HFS 

amplitude. However, the transition from partial block to complete block by increasing 

amplitude is usually accompanied by a second onset response related to this amplitude 

increase 61.  

 

The onset response and the transient firing may not be desirable for clinical applications 

due to potential undesirable sensation or stimulation side effect. Various techniques for 

nerve block induction have been proposed to eliminate or reduce the onset and transient 

response, including coupling DC with AC waveforms62 and nerve cooling63. In both 

techniques, after the initial induction technique the nerve block then is maintained by 

HFS alone. Ramping in amplitude is another proposed technique to minimize the onset 

response. It has been shown to be successful in eliminating the second onset response 

when amplitude is increased from a partial block level to a complete block level61, but not 

eliminating the initial onset response64. 

 

1.3.3 Mechanism of action 
The mechanism of the HFS nerve conduction block is still under debate. Computer 

simulations based on the Hodgkin-Huxley (HH) model and the McIntyre, Richardson, 

and Grill (MRG) model have been used to understand the effects of HFS19, 21, 44, 50, 52-53, 64-

65. Membrane voltage, ionic currents, and gating potentials near the HFS source were 

examined. The proposed mechanisms of HFS induced nerve block include net membrane 

hyperpolarization, deactivation of sodium channels, and the activation of potassium 

channels.  
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Recent work by Joseph and Butera suggested that HFS of unmyelinated nerves may have 

different effects and mechanisms compared to myelinated nerves that are largely studied 

in the literature 66. Unlike myelinated nerves where HFS amplitude required for nerve 

block increased with the stimulation frequencies, HFS amplitude required for blocking an 

unmyelinated nerve peaked at about 13 kHz and decreased as the frequency increased 

further. In addition, for an unmyelinated nerve, the recovery time from nerve block after 

stimulation cessation was shown dependent on the HFS duration. The recovery time of 

unmyelinated fibers was less than 1 s when the HFS duration was less than 60 s and can 

be up to 10 s when the HFS duration was greater than 60 s. As a result, the authors 

proposed that multiple mechanisms may exist for HFS nerve block, especially for 

unmyelinated nerve fibers.  

 

1.3.4 HFS safety 
Although the mechanism of HFS induced nerve conduction block is unclear, HFS may 

result in changes in intracellular ion concentrations, which may become harmful to the 

neuron after chronic stimulation. Higher stimulation frequencies have been shown to be 

more likely to damage nerves67-68. On the other side, shorter pulse widths may induce less 

nerve damage than longer pulse widths69-70. HFS of 10 kHz have pulse width maximum 

of 50 µs, which is one-fourth of the pulse width of 200 µs commonly used in peripheral 

nerve stimulation. For biphasic HFS, the waveforms are charge-balanced, which is 

relatively safe compared to unbalanced waveforms71. The experimental results of HFS 

have not been conclusive on the chronic safety. One study in cats showed that biphasic 

charge-balanced stimulation at a frequency of 1 kHz led to reduction of excitability of the 
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auditory nerve in cats72. A subsequent study in cats showed that biphasic charge balanced 

stimulation at a frequency of up to 2 kHz was safe for chronic stimulation of the auditory 

nerve based on physiological and histopathological measurements73. In humans, a 

stimulation frequency of 4.8 kHz was applied to cochlea for up to 3 hours to treat tinnitus 

and no adverse event such as decrease in hearing was reported74. Frequencies as high as 

16 kHz have been used in cochlear implant with clinical success75. The stimulation 

amplitudes used in these studies, however, may be lower than what is required for HFS 

induced nerve block. In summary, the chronic safety of applying biphasic charge-

balanced HFS for nerve conduction block is unknown.  

 

1.4 Specific Aims 
Nerve conduction block may be used to block undesirable pathological signals and treat 

diseases that are characterized by pathological afferent and efferent neural activities, such 

as various pain conditions and muscle spasticity. In spite of research interest by many 

groups, nerve conduction block by HFS has not been adopted clinically as an available 

treatment option. Most research has been conducted using cuff electrodes placed 

encircling a nerve. This demands a complex procedure that may not be accepted by the 

majority of the patients. While most of the clinical neuromodulation therapies use 

percutaneous lead electrodes to stimulate the nerves, nerve conduction block experiment 

using percutaneous lead electrodes has not been reported in the literature.  

 

The overall goal of this work is to characterize peripheral nerve response to HFS 

delivered through percutaneous lead electrodes in a dog model. First, the feasibility of 
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biphasic HFS induced nerve block using a percutaneous lead will be evaluated (Aim 1). 

Specifically, optimal stimulation parameters to achieve nerve block effect and the 

reversibility of the nerve block will be investigated. The pudendal nerve will be 

stimulated using a percutaneous lead placed next to the nerve. Motor response of 

stimulation delivered at the pudendal nerve will be measured by urethral pressure at the 

external urethral sphincter (EUS) level. Second, pudendal nerve activation threshold at 

various frequencies will be investigated to further characterize the nerve response to 

stimulations of high frequencies (Aim 2). Finally, repeatability of the nerve block using 

percutaneous lead electrodes will be investigated (Aim 3). Repetitive HFS will be 

delivered for more than 40 minutes and the motor response will be continuously 

monitored. 
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2 Materials and Methods 
 
2.1 Animal preparation 
All animal care and experimental procedures were performed in accordance with the 

Guide for the Care and Use of Laboratory Animals published by the National Institutes of 

Health (National Institutes of Health Publication 85-23, revised 1996) under protocols 

approved by the Institutional Animal Care and Use Committee at Medtronic 

Physiological Research Laboratories, Minneapolis, MN. Four (4) intact adult male dogs 

weighing 25 to 27 kg were anesthetized with propofol (initial dose 4-6 mg/kg 

intravenously) for induction and anesthesia was maintained by isoflurane (1.0-1.9% 

expired). An anesthetic monitoring system (AS/3, Datex-Ohmeda) was used to observe 

body temperature, ECG, blood oxygen saturation, blood pressure, and expired pCO2. The 

appropriate depth of anesthesia was maintained by monitoring blood pressure, heart rate, 

and withdrawal and blink reflexes. Respiration was maintained by a pressure-regulated 

respirator (7810, Ohmeda) and expired pCO2 measurements. Body temperature was 

maintained between 36.6-38.2ºC with a forced warm air (Bair Hugger) temperature 

management unit. The bilateral pudendal nerves were accessed dorsally between the 

sciatic notch and the tail on both sides. The pudendal nerve trunks were carefully isolated 

from the adjacent artery and connective tissue in the ischial rectal fossa. Both nerves 

were cut to eliminate any effect of the pudendal-to-pudendal spinal reflex on 

experimental results. 
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2.2 Experiment Setup and Procedures 
 
 

 

Figure 4:  Experimental setup to evoke EUS contraction by LFS and suppress the evoked EUS 
contractions by HFS of the pudendal nerve. 

 

The experimental setup is illustrated in Figure 4. A percutaneous lead (Medtronic Model 

3776) was placed next to the pudendal nerve (usually on the right side). The lead had 8 

platinum-iridium electrodes with polyurethane insulation in-between electrodes. Each 

electrode was 3 mm long, and the separation distance between electrodes was 1.5 mm 

edge-to-edge. The electrode and lead specifications are listed in Table 176. This lead was 

designed and FDA approved for Spinal Cord Stimulation (SCS) for pain therapy. It is 

usually deployed using a minimally invasive percutaneous epidural-access procedure in 

humans. In this study, a proximal pair of lead electrodes was used to deliver low 

frequency stimulation (LFS) of 30 Hz to evoke tetanic contraction of the EUS. A middle 

pair of lead electrodes was used to deliver HFS in the kilohertz range to provide 

conduction block. In some trials, a distal stimulation (DS) of 1 Hz was delivered by a 

distal pair of lead electrodes during the HFS to examine the EUS twitch response due to 

DS during HFS. If the exposed length of the pudendal nerve trunk was not sufficient to 

allow a distal pair of lead electrodes to be positioned next to the nerve trunk, a pair of 

Sphincter 
muscle 

Pudendal nerve Pudendal nerve 

+ - + -
HFS 

+ - + -or

cut 
centrally 

cut 
centrally 

DSLFS  
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bipolar hook electrodes was used instead to deliver the DS. The muscle and skin layers 

were reapproximated with suture after saline irrigation.  

 
Table 1: Specifications of percutaneous lead Medtronic Model 3776  

 

 

 

LFS and DS were generated by custom current-driven stimulators controlled by a 

computer. HFS was generated by FHC bp Optical Isolator in voltage-driven mode.  The 

pressure signals were amplified and filtered (gain 5000, low pass frequency 10 Hz, 

sampling rate 250 Hz). All data were collected by a Biopac MP150 system with a 16-bit 

A/D card. The stimulation waveform for HFS was biphasic charge-balanced square wave 

with pulse width dependent on frequency (with no pause between cycles), while the 

waveform for LFS and DS was monophasic square wave with pulse width of 210 µs.  

A 7 Fr pressure catheter (9021P5892, Mediwatch) was inserted through the urethra to 

measure the urethral pressure at the level of the EUS. To facilitate the catheter 

positioning, a test stimulation train (frequency 1 Hz, pulse width 100 µs, amplitude 0.5 

mA) was delivered on the pudendal nerve while the catheter was slowly moved along the 

urethra. The catheter was positioned such that the urethral pressure port was located at 

the high pressure zone corresponding to the level of the EUS during the test stimulation. 
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The procedure includes four parts. First, HFS was delivered alone (HFS only) for 20 s at 

frequencies of 5, 10, 20, 30, and 40 kHz. For each frequency, peak-to peak amplitudes of 

5, 10, 15, and 20 V were tested and the order of the trials was randomized. The order of 

the frequencies tested was also randomized. Second, HFS was delivered in combination 

with LFS (HFS+LFS) to suppress the EUS contraction evoked by the LFS. The same 

parameters of HFS were tested and the order of the trials was randomized. For each trial, 

LFS was delivered for 30 s and HFS was delivered for 20 s, starting from 5 s after the 

LFS initiation and ending at 5 s before the LFS completion. In some trials, DS was 

delivered during the HFS nerve conduction block to examine EUS twitch response during 

HFS, and further rule out EUS fatigue. Third, in some animals, HFS of frequencies from 

200 Hz to 50 kHz was delivered alone with other stimulations turned off. For each 

frequency, activation threshold was determined by applying HFS of 20 s duration with 

amplitudes of 0.1 V peak-to-peak increment until excitation of the EUS was observed 

from the urethral pressure at the EUS level. Finally, LFS and HFS were delivered for 

more than 40 minutes to test repeatability of the nerve block effect. LFS was delivered 

with a repetitive pattern of 2 s on 6 s off. During this time HFS was delivered with a 

repetitive pattern of 1 minute on, 3 minutes off.  

 

2.3 Data analysis 
Block ratio (BR) and block efficiency (BE) were used to quantify the nerve block effect 

for both HFS only and HFS+LFS experiments. BR measures the degree of conduction 

block achieved by HFS. BE measures the efficiency of the nerve block for the entire 

duration of HFS.  
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(b) 

Figure 5: Measurements of block ratio (BR) and block efficiency (BE) illustrated on typical EUS 
pressure responses when HFS was delivered alone and when HFS was delivered with LFS.  (a)  
BRHFS = 1 – Pb/Pa, BEHFS = 1 – Pc/Pa for HFS only experiments.  (b) BRHFS+LFS = (1 – Pf/Pd)·RR, 

BEHFS+LFS = (1 – Pg/Pd)·RR for HFS+LFS experiments, where RR = Pe/Pd. 
 
 

For HFS only experiments, BRHFS = 1 – Pb/Pa, where Pa was the baseline pressure at the 

EUS level and Pb was the difference between the minimum pressure during HFS and the 

baseline pressure, as shown in Figure 5(a). If the EUS pressure during HFS decreased to 
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the baseline pressure level (Pb = 0), BRHFS was 1 for a complete block. Incomplete or 

poor nerve block would result in smaller BRHF. For HFS only experiments, BEHFS = 1 – 

Pc/Pa, where Pc was the difference between the average pressure during HFS and the 

baseline pressure at the EUS level (Figure 5(a)). BEHFS was 1 for rapid block effect with 

no onset and asynchronous response.  Poor nerve block efficiency with large onset and 

prolonged asynchronous firing phase would result in smaller BEHFS. For the purpose of 

clear data presentation, for HFS parameters where there was lack of activation due to 

insufficient HFS intensity rather than nerve block, BRHFS and BRHFS were substituted 

with the lowest values achieved in that animal to represent no block effect.  

 

For HFS+LFS experiments, BR and BE took into account a reversibility ratio (RR) to 

penalize fatigue mechanism versus true nerve block. As shown in Figure 5(b), RR = 

Pe/Pd, where Pd was the average pressure evoked by LFS before HFS minus the baseline 

pressure, and Pe was the average pressure evoked LFS after HFS minus the baseline 

pressure. The RR was 1 for full recovery of the LFS evoked EUS response after HFS 

cessation and 0 for no EUS response after HFS cessation, indicating a fatigue 

mechanism. As shown in Figure 5(b), BRHFS+LFS = (1 – Pf/Pd)·RR, where Pf was the 

difference between the minimum pressure during HFS and the baseline pressure at the 

EUS level. Similarly, BEHFS+LFS = (1 – Pg/Pd)·RR, where Pg was the difference between 

the average pressure during HFS and the baseline pressure at the EUS level. Taking into 

account of RR, for HFS+LFS experiments, BRHFS+LFS was 1 for a complete block with 

full reversibility of the EUS response after HFS, and 0 for no block effect during HFS or 
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no recovery of the EUS response after HFS, indicating a fatigue mechanism regardless of 

the EUS pressure suppression effect during HFS. 

 

Digitized data sets were processed using commercial software programs (MATLAB, 

Math Works, Natick, MA and AcqKnowledge MP150 Manager, BIOPAC Systems, 

Goleta, CA) to derive the required data variables. 
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3 Results 
 
3.1 Nerve conduction block and confirmation 
For HFS only and HFS+LFS experiments, complete data sets were collected in three (3) 

out of 4 dogs. In one dog, stimulation trials were only delivered at certain promising 

parameters for proof of principle due to time constraint caused by a technical difficulty. 

Figure 6 shows an example of the pressure responses at the EUS level evoked by HFS 

alone with parameters of 5, 10, 20, 30, and 40 kHz and 5, 10, 15, and 20 V. The pressure 

responses generated by HFS plus LFS of the same dog are shown in Figure 7.  
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Figure 6:  Example of the pressure response at the EUS level in the HFS only experiments. HFS of (a) 
5 kHz, (b) 10 kHz, (c) 20 kHz, (d) 30 kHz, and (e) 40 kHz of amplitudes 5, 10, 15, and 20 V were 

delivered. Solid lines underneath the pressure response denote HFS of 20 s duration. Amplitudes 
tested at each frequency were marked below the solid lines.  
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Figure 7:  Example of the pressure response at the EUS level in the HFS+LFS experiments. HFS of 
(a) 5 kHz, (b) 10 kHz, (c) 20 kHz, (d) 30 kHz, and (e) 40 kHz of amplitudes 5, 10, 15, and 20 V were 

delivered.  Solid lines underneath the pressure response denote HFS duration of 20 s. LFS of 1.5 mA 
was delivered for 30 s, with 5 s before HFS, 20 s during HFS, and 5 s after HFS (durations of LFS are 

not shown). 
 
 

As shown in Figure 6(a), HFS of 5 kHz induced and maintained EUS contraction that 

caused elevated urethral pressure throughout the 20 s duration of HFS, although the 

pressure rapidly decreased during the HFS, especially at higher amplitudes (15 and 20 

V). HFS of 5 kHz also produced inadequate suppression of the LFS evoked response 

(Figure 7(a)). There was poor recovery of the LFS evoked pressure after the cessation of 

HFS of 5 kHz at higher amplitudes, indicating a fatigue effect. When delivered alone, 

HFS of 10 kHz elicited less EUS response compared to HFS of 5 kHz. At higher 
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amplitudes, the EUS response of HFS of 10 kHz decreased close to baseline toward the 

end of the HFS duration (Figure 6(b)). HFS of 10 kHz was also able to suppress LFS 

evoked EUS response at higher amplitudes (Figure 7(b)). HFS of 20 and 30 kHz showed 

good blocking effects at higher but not lower amplitude levels. HFS of 20 and 30 kHz at 

lower amplitude levels provided poor suppression of the LFS evoked response (Figure 

7(c,d)), in spite of lack of EUS contraction response when the HFS was delivered alone 

(Figure 6(c,d)). This suggests that the lack of EUS contraction with these HFS parameters 

was due to lack of activation of the EUS, rather than a true nerve block. Similarly, HFS 

of 40 kHz at lower amplitudes generated zero or minimum EUS response (Figure 6(e)), 

but demonstrated no suppression or poor suppression of LFS evoked EUS response 

(Figure 7(e)). This also indicates lack of activation from the HFS versus a true nerve 

block. HFS of 40 kHz at the highest amplitude of 20 V demonstrated good suppression of 

LFS evoked EUS response, indicating a nerve block effect (Figure 7(e)).  

 

Figure 8 provides an example of a stimulation trial with DS delivered before, during and 

after HFS and LFS to confirm a true nerve block by distal nerve activation during HFS. 

When DS was delivered alone before LFS and HFS started, it elicited a EUS muscle 

twitch response. The EUS twitch response was replaced with a tetanic EUS contraction 

when LFS was turned on but HFS remained off. When HFS was turned on in addition to 

LFS, the tetanic contraction was suppressed but the EUS twitch response elicited by DS 

was present, indicating a distal activation of the nerve during a true local nerve block 

versus a fatigue mechanism.  
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DS: 1 Hz, 0.5 mA
LFS: 30 Hz, 1.5 mA
HFS: 20 KHz, 20 V

 
Figure 8:  Example of the pressure response at the EUS level in a HFS+LFS trial with DS.  The solid 
lines denote the HFS duration (20 s) and LFS duration (30 s). The dotted line denotes DS duration.  
 
 
 
3.2 Block ratio and block efficiency 
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     (a)            (b) 

Figure 9:  (a) Block ratio (BR) and (b) block efficiency (BE) of the HFS only experiments in 3 dogs.  
 

Figure 9 summarizes the BR and BE of the HFS only experiments and Figure 10 
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summarizes the BR and BE of the HFS+LFS experiments. When HFS was delivered 

alone (Figure 9), BR and BE increased with amplitude, with the exception at the lowest 

frequency of 5 kHz, where BR and BE remained low over the tested amplitude range due 

to large EUS contraction response. Similarly, at the lowest amplitude of 5 V, BR and BE 

of HFS only remained low over the tested frequency range. The lack of nerve block at 5 

V was in general due to large EUS contraction response with lower frequencies (5 and 10 

kHz) and lack of activation but no block with higher frequencies (20, 30, and 40 kHz). At 

higher amplitudes, BR and BE increased with frequency, but often decreased again at the 

highest frequency (40 kHz) when amplitudes are not high enough (10 and 15 V).  
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Figure 10:  (a) Block ratio (BR) and (b) block efficiency (BE) of the HFS+LFS experiments in 3 dogs. 
 
 

When HFS was delivered together with LFS to suppress the LFS evoked EUS response, 

BR and BE in general increased with amplitude, with the exception at the lowest 
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frequency (5 kHz), where BR and BE remained low for all the tested amplitudes due to 

both insufficient suppression of the EUS response and poor RR (Figure 11). BR and BE 

of HFS+LFS remained low at the lowest amplitude (5 V) over the tested frequency range 

due to lack of suppression of the LFS response. At higher amplitude levels, BR and BE 

were higher at mid-frequencies (10, 20, and 30 kHz) compared to those at low frequency 

of 5 kHz, but decreased again at the highest frequency (40 kHz) due to insufficient 

suppression of the LFS response.  
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Figure 11:  Reversibility ratio (RR) of HFS+LFS experiments in 3 dogs. 
 

As shown in Figure 11, reversibility measured by RR was poor for HFS of 5 kHz, 

especially at higher amplitudes, possibly due to fatigue mechanisms occurred at a 

frequency level lower than required for nerve block. Note that the RR was higher at 

higher frequencies, but never reached 1 for complete recovery of the LFS evoked 

response. This suggests that there may be a certain level of fatigue in some nerve fibers. 

It is possible that these are nerve fibers that are distant to the percutaneous lead compared 
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to other fibers in the nerve trunk and might not be in the electric field with enough 

intensity for nerve block.  

 

The observed latency from the cessation of HFS to a sufficient recovery of the pressure at 

the EUS level evoked by LFS was in general 300-400 ms. The rise time from initial 

deployment of LFS to a sufficient rise of Pus was about 100 ms. This suggests that the 

recovery time from the cessation of HFS to the nerve responding to LFS after HFS was 

about 200-300 ms. This is within the time frame of fast recovery (<1 s) reported in the 

literature77. 

 

3.3 Activation threshold 
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Figure 12:  Activation thresholds of HFS measured by pressure response at the EUS level in two 
dogs. Each curve indicates results from a dog. 

 
 
To further characterize the nerve response to the biphasic HFS, in two dogs the pudendal 
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nerve motor activation thresholds measured by the pressure response at the EUS level 

were tested at various frequencies. As shown in Figure 12, the activation threshold of the 

biphasic HFS increased with frequency. The activation threshold increased about 8-14 

times from 200 Hz to 50 kHz and the increase appeared to be nonlinear. The high 

activation threshold at high frequencies is consistent with the lack of activation observed 

with HFS of high frequencies and low amplitudes. 

 
 
3.4 Repeatability  
As shown in Figure 13, pressure response evoked by LFS (2 s on 6 s off) was repeatedly 

blocked by HFS of 30 kHz and 20 V (1 minute on, 3 minutes) for more than 40 minutes. 

During the 1 minute duration of each HFS segment, there was a slight gradual reduction 

of the nerve block effect, indicated by an increased EUS response evoked by repetitive 

LFS during HFS. This effect was consistent throughout the 40 minutes of stimulation. 

The block onset and asynchronous firing phase of the HFS segments also prolonged over 

time during the 40 minutes of repetitive stimulation. This can be observed by comparing 

the onset and asynchronous firing phase of the first and the last HFS segment, as shown 

in Figure 13.  

 

The EUS contraction recovered rapidly following each HFS segment of the entire 40 

minutes. There was a slight decrease in EUS response amplitude soon after the HFS 

cessation. The EUS response recovered gradually within the first two minutes of HFS 

cessation to about 90% of the EUS response of the first pre-HFS segment, but never 

reached full recovery of the EUS response of the first pre-HFS segment.  



 

 29 

 

Figure 13:  Repeatability of HFS combined with LFS over more than 40 minutes (sec = seconds, min 
= minutes). The lines underneath the EUS pressure response denote stimulation durations of the HFS 

and LFS.  The first and last HFS segments during the more than 40 minutes of stimulation are 
enlarged. 

 

Although the repeatability of the LFS response was not a focus of this study, we observed 

a decrease in LFS evoked EUS response over time in all animals. LFS evoked EUS 

response at the end of the day of the experiments was 53-75% of the LFS evoked EUS 

response at the beginning of the day. The decrease in EUS response appeared to be 

gradual throughout the day. The decrease in EUS response could be due to anesthesia 

effect, change in the nerve-electrode interface condition, catheter positioning, nerve 

damage, or muscle fatigue.  
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4 Discussion 
 

Results from this study demonstrated that the local and reversible nerve block can be 

achieved with biphasic HFS of high frequencies and amplitudes using a percutaneous 

lead placed next to the nerve. The optimal frequency and amplitude windows were 10-30 

kHz and 15-20 V peak-to-peak within the tested parameter range (5-40 kHz and 5-20 V). 

It is possible that HFS of 40 kHz requires higher amplitudes to achieve good nerve block 

effect, but amplitudes higher than 20 V were not tested due to study equipment limitation.  

Block of EUS contraction by biphasic HFS is attributed to a local conduction block of the 

pudendal nerve, not fatigue mechanisms. This was confirmed by rapid recovery of EUS 

contraction evoked by proximal stimulation after HFS, as well as EUS twitch response 

evoked by distal stimulation during HFS.  

 

Previous reports using cuff electrodes showed that complete nerve block required 

amplitudes 1-3 V and above for voltage controlled waveforms38, 41. In this study, the 

lowest amplitude that achieved complete suppression of LFS evoked response during 

HFS was 10 V. This difference in amplitude requirement could be due to a larger distance 

from the nerve fibers to a lead electrode compared to the distance to a cuff electrode. 

Modeling results have shown that HFS amplitudes required for conduction block was 

related to the distance between the electrodes and the nerve fiber and varied 

approximately as the square of the perpendicular distance to the axon50, 58. Assuming that 

the lead electrodes are placed parallel to the nerve with the lead and the nerve trunk 
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adjacent to each other, the largest distance between a nerve fiber and a lead electrode is 

the diameter of the nerve trunk, which is double the largest distance between a nerve fiber 

and a cuff electrode encircling the nerve. Thus it is reasonable to find that percutaneous 

lead electrodes require much higher amplitudes for nerve block. The bipolar electrodes 

configuration with electrode separation distance of 1.5 mm used in this study is 

comparable to previous studies and within the recommended range for electrode 

separation for optimal nerve block58. 

 

Similar to previous findings using cuff electrodes78, we found that the asynchronous 

firing phase response could be minimized by higher HFS frequencies and amplitudes, but 

the initial onset response was not affected by the stimulation parameters. To minimize the 

asynchronous firing, one approach was to initiate nerve block with the highest frequency 

and highest amplitude combination available, then decrease the amplitude just enough to 

maintain the nerve block effect and deliver minimum charge38.  Based on our findings, 

this approach may also be applicable to percutaneous leads to reduce asynchronous firing 

of HFS. However, the onset response of HFS may still cause undesirable sensory and 

motor responses in clinical applications. Additional technique may be needed to facilitate 

the nerve block induction, such as DC coupling62 and nerve cooling63.  

 

The reversibility ratio never reached 1 for complete recovery even when HFS of high 

frequencies and amplitudes achieved complete suppression of the LFS evoked response. 

This suggests that there may be a certain level of fatigue associated with some nerve 
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fibers (potentially those distant to the percutaneous lead electrodes) and a complete nerve 

block of all fibers in the nerve trunk is difficult to achieve with a percutaneous lead. In 

addition, different types of fibers may have different response to HFS, which can be 

exploited to selectively stimulate or block specific fibers77. Nevertheless, a partial block 

may provide significant clinical benefit. For instance, for the control of muscle spasticity, 

reducing spastic muscle force may enable the patient to regain enough natural control to 

accomplish functional activities, whereas a complete block may cause paralysis. For the 

control of sensory disorders such as pain, reducing the afferent nerve activity from an 

overactive pathological level to a normal level may be sufficient to benefit the patient but 

not cause complete loss of sensory input.  

 

For clinical applications of HFS, individual-based parameter titration may be necessary to 

ensure a desired nerve block effect. Electrophysiological test based on HFS alone may 

not be sufficient to identify the nerve block effect. For example, in Figure 6(d) HFS of 30 

kHz and 10 V showed a typical onset and asynchronous firing response followed by 

complete relaxation of the EUS. However, when combined with proximal LFS, HFS of 

these parameters provided minimum suppression of the LFS evoked response, indicating 

virtually no nerve block effect (Figure 7(d)). In this case the amplitude of 10 V was not 

high enough to cause nerve block and the electrophysiological response observed with 

HFS alone was a weak activation response but not nerve block. In another example, HFS 

of 5 kHz and 20 V and HFS of 10 kHz and 15 V generated similar nerve response in 

Figure 6(a,b). When combined with LFS, HFS of 10 kHz and 15 V produced nerve block 
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effect whereas HFS of 5 kHz and 20 V provided insufficient suppression of the LFS 

evoked response and caused low reversibility after the cessation of the HFS, indicating a 

fatigue mechanism. On the other hand, titration of HFS parameters based on suppression 

effect of a simultaneous LFS delivered via separate electrodes may not be desired or 

possible in a clinical setting. Therefore, it is important to understand the activation 

threshold of the nerve with high stimulation frequencies and program HFS parameters 

with sufficient amplitude margin to produce nerve block. Although not a focus of this 

study, a previous modeling work reported that complete nerve block can be achieved at 

2-8 times the activation threshold, depending on the nerve fiber diameter50. While it is 

possible to program the HFS parameters without patient active participation, it is also 

important to verify the programming based on patient sensory response and motor 

abilities when the patient is awake and alert after the neuroprosthesis is implanted or 

during the implant procedure if general anesthesia is not used. 

 

In this study we found that the activation threshold increased nonlinearly as frequency 

increased. Increase in activation threshold may be due to decrease of charge per phase at 

higher frequencies. Although there were some controversial results in modeling regarding 

the relationship between activation threshold and frequency79, the results from this study 

is consistent with previous experiments80-81.  

 

Intermittent biphasic HFS can repeatedly block EUS contraction during a relatively long 

period (more than 40 minutes). At the end of the 40 minutes of stimulation, a longer onset 
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and asynchronous firing response was observed compared to that at the beginning of the 

40 minutes. EUS contraction recovered rapidly after the HFS was terminated throughout 

the 40 minutes of stimulation. These findings are consistent with a previous study where 

repetitive HFS of 1-minute duration was delivered to the pudendal nerve in cats via a cuff 

electrodes40.  After repetitive HFS delivered through a nerve cuff, consistent rapid 

recovery and prolonged onset and asynchronous phases were observed. This previous 

study also reported that there was no reduction in the block effect during the nerve block 

phase for each HFS segment and overall after repetitive HFS.  However, our results 

found that for each HFS segment of 1 minute duration, there was a gradual increase of 

LFS evoked EUS activation response, indicating a decrease of the HFS block effect 

during 1 minute of continuous HFS. In addition, there was a consistent reduction of EUS 

response after each HFS segment compared to the EUS response before the first HFS 

segment (Figure 13). One possible reason for this discrepancy is a fatigue mechanism that 

requires recovery time of more than 3 minutes in the nerve fibers where nerve block was 

not achieved using a percutaneous lead. It is worthy to note that although there was 

reduction of EUS response after the first HFS segment, there was no further reduction of 

EUS response after the subsequent HFS segments. This suggests the nerve block effect 

was stable after repetitive HFS for the fibers achieved block. 

 

Long-term safety related to HFS is unknown. The stimulation waveform used in this 

study was biphasic and charge balanced, which is relatively safe compared to unbalanced 

waveforms71. Key stimulation parameters for safety assessment of electrical stimulation 
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include charge density, charge per phase, and frequency. The impedance of the lead 

electrodes measured approximately 500 ohm. Therefore, in an example of HFS of 10 kHz 

and 20 V peak-to-peak, the stimulation current was about ±20 mA. This gives rise to a 

charge of 1.0 μC per phase and charge density of 0.083 μC/mm2 based on electrode 

surface area of 12 mm2.  This is within the reported range of safety limits82-85. 

Independent of charge per phase and charge density, HFS may cause tissue damage 

through overactivation of nerve fibers. Possible mechanisms of damage due to the over 

excitation of nervous tissue include oxygen or glucose depletion, intracellular or 

extracellular ion concentration changes, and the excessive release of excitotoxic 

neurotransmitters such as glutamate. These mechanisms are believed to require 

stimulation of large regions of nervous tissue. High frequency excitation of any particular 

fiber or neuron, however, is unlikely to cause nerve damage through overexcitation68. 

Confirmation of neural damage caused by HFS through histological examination is still 

lacking86-87. A study in cats showed that biphasic charge balanced stimulation at a 

frequency of up to 2 kHz was safe for chronic stimulation73. In humans, stimulation 

frequencies as high as 16 kHz have been used in cochlear implant with clinical success74-

75. 

 

In this study we found that LFS evoked response decreased over time. This effect was 

also observed in another study using cuff electrodes where force output of the 

gasrocnemius muscle decreased over time after HFS of the sciatic-tibial nerve in rats38. 

Although this decreased motor response could be attributed to many factors, nerve 
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damage due to HFS is a possible cause of the effect that has not been sufficiently ruled 

out. Clinical applications that utilize short durations of HFS, such as control of pelvic 

floor spasticity during urinary voiding, may have a less stringent requirement for 

stimulation safety than those that demand a long stimulation time.   

 

There are several limitations of this work. This study has a small sample size and the 

animals were tested acutely under general anesthesia. EUS pressure response was used as 

a measure of nerve block effect. This measure only takes into account the response of the 

larger myelinated fibers but not the smaller lightly myelinated or unmyelinated fibers. 

Although higher amplitudes may be desired to achieve nerve block at higher frequencies, 

the amplitudes were tested only up to 20 V peak-to-peak due to equipment limitation. 
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5 Future work and Conclusion 
5.1 Future work 
This goal of this research is to develop neuroprostheses using nerve block technology for 

chronic human use. Clinical use of biphasic HFS for blocking the peripheral nerves will 

depend on the effectiveness of the technique, demonstration of long-term safety, and 

tolerability of patient sensations.  

 

5.1.1 Effectiveness of the nerve block using percutaneous lead 
Previous reports on HFS using cuff electrodes suggested that stimulation parameters 

required to block small unmyelinated fibers are different than the parameters required for 

large myelinated fibers. Through animal experiments and computer modeling, some 

researchers reported that nerve fibers with smaller diameters require higher amplitudes to 

achieve nerve block compared to larger fibers44, 50, 52-53. Recently other researchers 

reported HFS amplitude required for blocking an unmyelinated nerve peaked at about 13 

kHz and decreased as the frequency increased further. This suggests that HFS of higher 

frequencies (eg. ≥30 kHz) may produce conduction block of C-fibers at amplitudes lower 

than needed to block A-fibers66, 77.  

 

It is possible that optimal HFS parameters for nerve block using a percutaneous lead may 

also be different for different types of fibers. Nerve recording studies that measure the 

response of the lightly myelinated and unmyelinated fibers evoked by biphasic HFS using 

percutaneous lead electrodes are warranted. Sinusoidal waveform may be preferred over 

the rectangular waveforms for HFS in nerve recording experiments, in order to minimize 
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sensing artifacts due to stimulation. The ability of HFS to block C-fibers could also be 

investigated in acute animal models using C-fiber dependent withdrawal reflexes that 

have been well characterized in the literature88-90. 

 

Lead design of percutaneous lead electrodes has not been optimized for nerve block. 

Lead electrode spacing, electrode size and geometry, field steering can be investigated 

via both simulations and animal experiments. Effects of lead placement, including the 

distance and the orientation of the lead electrodes relative to a nerve, should also be 

studied. In general, more work is needed to investigate HFS block using percutaneous 

lead electrodes or other electrodes that allow for minimally invasive surgical placement 

to drive patient adoption. 

 

5.1.2 Chronic safety  
Although nerve damage due to biphasic HFS has not been evident in acute HFS nerve 

block studies, chronic safety of HFS for nerve block has not been demonstrated. Chronic 

HFS experiments are needed to investigate both functional response to chronic HFS and 

histological measurements after chronic HFS. Safety limits and recommendations on 

waveform, frequency, charge per phase, charge density, and duty cycle need to be 

determined. For HFS designed to block one type of fiber, the impact on other types of 

fibers also need to be considered. For instance, if the HFS parameters required for 

blocking nociceptive C-fibers are damaging to somatic fibers, it may not be safe to apply 

HFS neuroprostheses to treat chronic pain.  
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Preferably, chronic HFS experiments should be conducted with a fully implanted 

stimulation system. Encapsulation of a chronically implanted lead has been shown to 

cause stimulation threshold changes over time91-92. Similarly, encapsulation may cause 

incomplete block, longer onset and asynchronous firing duration, or nerve activation and 

fatigue due to insufficient block amplitude.  

 

5.1.3 Sensory response and other side effects  
Sensations elicited by HFS nerve block have not been reported in the literature, yet it is 

critical to enable clinical applications of HFS. Although it is reasonable to hypothesize 

that only the onset and asynchronous firing phases of the nerve block response elicit 

sensations, the relationship between different phases of nerve block response and 

sensation has not been established. Various techniques have been proposed to reduce 

onset and asynchronous firing response to HFS61-63, but the sensations related to the 

techniques are also unknown. Most animal studies on HFS investigated local nerve 

response with the animals under general anesthesia. Therefore, system level side effects 

due to nerve block are also unknown. Animal behavior studies using chronically 

implanted HFS system should be considered to investigate the sensory response and side 

effects due to HFS.  

 

5.2 Conclusion 
 

This study demonstrated that it is feasible to achieve local reversible nerve block using 

percutaneous lead electrodes placed next to a nerve with biphasic HFS waveform. The 
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optimal frequency and amplitude windows were 10-30 kHz and 15-20 V peak-to-peak 

within the tested parameter range (5-40 kHz and 5-20 V). It is possible that HFS of 40 

kHz and higher requires higher amplitudes beyond the tested range to achieve nerve 

block. Activation threshold of the nerve evoked by biphasic HFS also increased with 

frequency. The HFS nerve block was repeatable in more than 40 minutes of repetitive 

stimulation. Although it may be difficult to block all the nerve fibers in a nerve trunk 

with a percutaneous lead, partial nerve block can be clinically meaningful to treat many 

disease conditions.  
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