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Abstract

Many amputees suffer from post-amputation pain, which can be extremely debilitating, decrease
quality of life, increase the risk of depression, and negatively affect interpersonal relationships and
the ability to work. Present methods of treatment, including medications, are often unsatisfactory
in reducing post-amputation pain. Electrical stimulation of the nerve innervating the painful area
could reduce the pain, but peripheral nerve stimulation is rarely used to treat post-amputation pain
because present methods require invasive surgical access and precise placement of the leads in
close proximity (< 2 mm) with the nerve. The present study investigated a novel approach to
peripheral nerve stimulation in which a lead was placed percutaneously a remote distance (> 1 cm)
away from the femoral nerve in a patient with severe residual limb pain 33 years following a
below-knee amputation. Electrical stimulation generated > 75% paresthesia coverage, reduced
residual limb pain by > 60%, and improved quality of life outcomes as measured by the pain
interference scale of the Brief Pain Inventory-Short Form (100% reduction in pain interference),
Pain Disability Index (74% reduction in disability), and the Patient Global Impression of Change
(Very Much Improved) during a 2-week home trial. There were no adverse events. The ability to
generate significant paresthesia coverage and pain relief with a single lead inserted percutaneously
and remotely from the target nerve holds promise for providing relief of post-amputation pain.
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Introduction

Amputation can lead to chronic pain in many patients, and up to 70%-80% of patients have
significant pain.1~2 Following amputation, patients may have two types of chronic pain:
phantom limb pain and/or residual limb pain. The pain can be extremely debilitating to
amputees, significantly decrease their quality of life, increase their risk of depression, and
negatively affect their inter-personal relationships and their ability to work.3-> In amputees
with moderate to severe pain, it is frequently the pain following amputation rather than the
loss of a limb that most impacts the activities of daily living, prevents completion of simple
tasks, and correlates most negatively with return to employment.5-8 Poorly treated residual
limb pain can further impair function by preventing the use of prostheses. Present methods
of treatment, which are primarily medications, are often unsatisfactory in reducing residual
limb pain, and have the potential for unwanted side effects, addiction or misuse.®-13 The
present study investigates the feasibility of reducing residual limb pain using a novel method
of delivering electrical stimulation.

Electrical stimulation can reduce post-amputation pain when it is delivered via spinal cord
stimulation (SCS)14-18 or peripheral nerve stimulation (PNS).1%-25 SCS can provide pain
relief in well-selected amputees, but the number of recent studies has been limited2® and the
literature reports a variable success rate.14-18:26-28 pNS has the potential to be an effective
therapy when the majority of the pain is confined to the distribution of one to two
nerves?%-30, such as with lower-extremity amputation when the post-amputation pain is
limited to the distribution of the femoral and/ or sciatic nerve.29-21.23 Despite the potential
for pain relief, clinical use of PNS has been limited in part because there is no large
randomized-controlled clinical trial demonstrating its efficacy and safety, and most of the
present PNS methods typically require invasive surgical access and precise placement of the
lead(s) in close proximity (< 2 mm) with the nerve.2530-34

Presently, precise placement of multiple electrode contacts in close proximity with the nerve
is required to provide selective stimulation of the target sensory neurons (i.e. type la and Ib)
that evoke the comfortable sensations (paresthesia) associated with pain relief and avoid
activation of the non-target motor neurons (type alpha) and sensory neurons (type 11l and
IV) that can generate unwanted muscle contractions and painful sensations,
respectively20:23:35 |t can be particularly challenging to achieve selective stimulation of
target fibers in the large diameter nerve trunks of the lower extremity, such as the trunk of
the femoral nerve. A review of case studies indicates PNS has a historically lower success
rate in the lower extremity relative to the upper extremity21-22:30.35-37 nossibly due to the
challenge of selectively activating only the target sensory neurons located deep in the center
of a larger diameter nerve trunk without activating the non-target motor neurons3>-38, which
can be further complicated by displacement of the electrode contacts relative to their initial

precise placement along the nerve during weight bearing movements of the lower
extremity.30-31,35,39-40

Present solutions to selective activation of target fibers in the lower extremity include
surgical dissection of the nerve and placement of multi-contact electrodes along the nerve
trunk30-31.35 or more distal placement of the electrodes on the smaller diameter nerve
branches.3441 As an alternative to present approaches, it was hypothesized that a single-
contact electrode lead could be placed at the level of the nerve trunk to provide greater
paresthesia coverage and that placement of the lead remote from the nerve trunk would
enable selective stimulation of only the target sensory fibers. A method of PNS that does not
require surgical access or precise placement of the lead in close proximity with the nerve
would be beneficial because it could reduce the barriers to using PNS. We hypothesized that
a lead could be inserted percutaneously at a significant distance (> 1 cm) from the femoral
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nerve in a lower-extremity amputee and still produce comfortable paresthesia coverage and
reduce post-amputation pain without unwanted muscle contractions.

Case Report

The present case study was approved by the FDA under an Investigational Device
Exemption (IDE), and Investigational Review Board approval was obtained. The research
study followed standard clinical practice guidelines. The subject was a 49-year-old African-
American male who reported severe residual limb pain (RLP) secondary to a below-the-
knee amputation of his right leg following a motor vehicle accident 33 years prior to
enrollment into the study. The subject reported that the RLP remained severe despite a
history of using narcotic analgesics, anticonvulsants, non-steroidal anti-inflammatory drugs
(NSAIDs), physical therapy, and nerve blocks. The subject perceived pain throughout his
residual limb as indicated on the pain diagram (Figure 1) with the most intense pain located
just above the level of amputation. The subject reported no phantom limb pain throughout
the study with the exception of one diary entry (score of 2 on an 11-point numerical rating
scale) on a single day during the baseline period. In addition to the amputation, pain, and
related sequelae, the medical history of the subject included sickle cell anemia but did not
include diabetes or peripheral vascular disease.

The subject enrolled in the study after providing informed consent and meeting all eligibility
requirements. Inclusion criteria included a well-healed unilateral lower extremity
amputation, daily worst residual limb pain and/or phantom limb pain score =4 on an 11-
point numerical rating scale on the Brief Pain Inventory-Short Form (BPI-SF) Question #3
(BPI3), Beck Depression Inventory (BDI-11) score of < 20, and age = 18 years. Exclusion
criteria included the absence of sepsis, infection, diabetes mellitus type I and Il, implanted
electronic devices, anticoagulation therapy (aside from aspirin therapy), history of valvular
heart disease, previous limb injections within the past six months, pregnancy and any
previous allergy to skin contact materials and/ or anesthetic agents. The subject had no
potential secondary gain issues at the time of enroliment.

After providing informed consent and medical history, the subject was sent home with a
diary and asked to record medication usage and worst-pain levels every day for the duration
of the 8-week study. Throughout the study, the subject reported taking the following
medications daily: one multivitamin (1 time/day), ibuprofen (800mg, 3 times/day), and
gabapentin (600 — 800mg, 3 times/day). At the end of the 2-week baseline period, the
subject requested that his dose of gabapentin be increased from 600mg to 800mg in response
to a recent back injury unrelated to the study. The subject continued to take the 800mg dose
of gabapentin for the remaining 6 weeks of the study. The 3-day average of the BPI3 (daily
worst pain) scores during baseline was 7.7.

After completing the 2-week baseline period, the subject returned to the clinic for lead
placement and electrical stimulation testing. The lead was a fine-wire helical coil wound
from a seven-strand, type 316L stainless steel wire with a single anchoring barb and
electrode contact. The lead was insulated with perfluoroalkoxy and preloaded in a 20-gauge,
insulated hypodermic needle introducer. The subject was placed in a supine position to
allow access to the femoral nerve using an anterior approach. The insertion site was cleansed
using aseptic technique and local anesthesia was administered. No sedation was used.

Prior to placing the fine-wire lead, a monopolar needle electrode (24-gauge, Jari Electrode
Supply, Gilroy, CA) was inserted below the femoral crease and lateral to the femoral artery
to within 0.5 — 1 cm of the femoral nerve under ultrasound guidance to deliver test
stimulation. Test stimulation (40 s, 1 mA, 50 Hz) was delivered with a regulated-current
stimulator (Maxima Il, Empi, Inc., St. Paul, MN) to confirm that the angle of insertion (40°
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from skin surface) and the length of needle under the skin (3.6 cm) evoked a comfortable
paresthesia in the region of pain innervated by the femoral nerve. Once confirmed, the
monopolar needle electrode was withdrawn and replaced with the fine-wire lead under
ultrasound guidance using the same insertion site and the same approach except that the
introducer was only inserted 2 cm under the skin, placing the lead remotely (> 1 cm away)
from the nerve.

Correct lead placement was confirmed by evoking a comfortable paresthesia with
stimulation (50 ps, 1 mA, 50 Hz) that covered = 75% of the painful area without evoking
muscle contractions, qualifying the subject to proceed to the 2-week home trial. The
stimulator was replaced with a regulated-voltage stimulator (Rehabilicare NT2000, Empi,
Inc., St. Paul, MN) that was approved for the home trial. Stimulation pulse width was set at
30 ps and amplitude was incrementally increased to evoke the maximum comfortable
paresthesia coverage (= 75%). The lead was deployed by withdrawing the needle introducer
while maintaining pressure at the skin surface. The lead was coiled outside the skin to create
a strain-relief loop, and the exit site was bandaged with waterproof bandages (Tegaderm by
3M, St. Paul, MN). The subject was instructed regarding the use of the stimulator and care
of the bandages before progressing to the first week of the home trial.

The subject returned as planned to the clinic after the first week of the home trial for
bandage change, exit site inspection, and an increase in stimulus pulse width from 30 ps to
40 ps. The subject reported improved comfort in response to the change in pulse width, and
the subject progressed to the second week of the home trial. The subject returned as planned
after the second week of the home trial for lead removal and again for the 1-week and 4-
week follow-up visits.

During lead placement and the subsequent 2-week home trial, the subject reported
comfortable paresthesia coverage of = 75% of the region of residual limb pan (RLP) (Figure
1), and no muscle contractions were observed in response to electrical stimulation.

Electrical stimulation of the femoral nerve reduced the RLP by 60% from baseline by the
end of the 2-week home trial (Figure 2). The mean pain interference score for the BPI-SF
decreased from 6.3 at baseline to 1.7 (73% improvement) after the first week of stimulation
and to 0 (100% improvement) after the second week of stimulation (Table 1). The mean
Pain Disability Index (PDI) score was 7 at baseline and decreased to 3.8 (45% improvement)
after the first week of stimulation and further decreased to 1.8 (74% improvement) after the
second week of stimulation (Table 1). The sum of scores on the BDI-11 was 0 at baseline and
at the end of the 2-week stimulation home trial (Table 1). Relative to baseline, the subject
reported on the Patient Global Impression of Change (PGIC) scale that he felt “Much
Improved” after the first week of stimulation and “Very Much Improved” after the second
week of stimulation. The lead was removed intact, and no adverse events were reported.

Discussion

This case report describes the first time peripheral nerve stimulation (PNS) has generated
clinically significant relief of post-amputation pain using a lead placed percutaneously a
remote distance away from the femoral nerve. During the 2-week home trial of stimulation,
60% improvement was observed in the BPI3 (worst daily pain), which translated into a
reduction in pain classification from severe pain (score = 7) to minor pain (score < 3) and
correlated with similar improvements in quality of life measures.

The 2-week home trial produced complete resolution (100%) of the interference of pain on
daily activities and mood as measured by the BPI-SF, and it greatly reduced (74%) the
impact of pain on physical functioning and activities of daily living as measured by the PDI.
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Emotional functioning was not impaired by pain at baseline, and it did not change
significantly throughout the study as measured by the BDI-II. The subject reported that his
overall quality of life (activity limitations, symptoms, and emotions) related to his pain was
“Very much improved” (the maximum score possible) by the end of the 2-week home trial
relative to baseline as measured by the PGIC.

The method of PNS used in the present case is distinct from peripheral nerve field
stimulation or subcutaneous stimulation in which the lead is placed in the region of pain to
activate nearby nerve branches and provide pain relief to the local surrounding area.*2-44 In
the present study, the lead was placed outside of the area of pain to activate the femoral
nerve trunk and provide relief to distal areas of pain. From Figure 1, stimulation appeared to
generate paresthesia coverage in the regions innervated by the femoral nerve and in regions
of the posterior limb. It is unclear why the subject perceived paresthesia in the posterior
limb, but it may have been due to repositioning of tissue and innervation from the anterior
leg during the initial amputation and remodeling surgery as part of the reconstruction of the
residual limb following the original traumatic injury, it may have been related to the
plasticity and reorganization of the central nervous system following amputation, and it is
also possible that stimulation may have activated a branch of the sciatic nerve, such as the
posterior cutaneous nerve of the thigh.

Gate-control theory as proposed by Melzack and Wall may explain how activation of large
myelinated nerve fibers by PNS can inhibit transmission of pain signals (and “close the
gate”) from the spinal cord to higher centers in the central nervous system to decrease the
perception of pain.?>~4’ Though other theories exist, gate theory is the most common
explanation of the mechanism through which PNS achieves pain relief by inhibiting activity
in central pain pathways, such as the spinothalamic tract.47-50

This case report complements previous studies of spinal cord stimulationl4-18 and PNS19-25
that indicate electrical stimulation has the potential to provide significant pain relief when
stimulation generates > 50% paresthesia coverage of the painful region.1> In the present
study, the subject reported = 75% paresthesia coverage and > 60% relief of post-amputation
pain during the 2-week trial, suggesting that further investigation is warranted to determine
if long-term relief can be provided by an implantable version of the present therapy.

PNS offers the potential to deliver therapeutic stimulation to the nerve innervating the region
of pain and limit the distribution of paresthesia to the area in which it is needed.2? However,
PNS is seldom used to treat post-amputation pain because there are no data from clinical
trials and available PNS systems can be technically challenging to place in close proximity
to the nerve.2%29-30.33.51 Traditionally, electrical stimulation of a large peripheral nerve
trunk, such as the femoral nerve, has required surgical access and dissection to place a cuff-,
paddle-, or plate-style lead in intimate contact with the nerve.1%-25:30 However, recent
studies have shown that cylindrical leads can be placed percutaneously in close proximity (<
2 mm) to the nerve under ultrasound guidance.32-34 The present study builds on this
foundation by demonstrating that a lead can be placed percutaneously and remotely (> 1 cm
away) from the nerve and still obtain significant paresthesia coverage and pain relief.

One limitation of the study was that the lead was too fine of a wire to be visualized with
ultrasound once the needle introducer was withdrawn, preventing verification of the final
distance between the nerve and the lead following deployment. Thus, given the technique
used for placement, a nerve-to-lead distance of greater than 1 cm was likely but not certain.
Other limitations of the present study included the short duration of the therapy (2 weeks)
and follow-up (4 weeks), the lack of a placebo or other comparison, and the case-report
study design.
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Future studies are needed to confirm this result in additional patients, compare PNS to other
treatments as has been done with spinal cord stimulation®2-53, and determine if stimulation
can be delivered to the sciatic nerve trunk with a single percutaneously-placed lead.
Previous studies indicate that the individual branches of the sciatic nerve (e.g. the common
peroneal and posterior tibial nerve branches) can be stimulated with leads placed
percutaneously in close proximity to these relatively smaller-diameter nerve branches.3* If
future studies can build on this technique and expand its potential clinical applicability by
enabling a single lead to be placed percutaneously at the level of the larger trunk of the
sciatic nerve and activate selectively only the target sensory neurons, it could provide
therapeutic relief to the entire distribution of the sciatic nerve with a simpler, less invasive
procedure. The ability to generate significant paresthesia coverage and pain relief with a
single lead inserted percutaneously and remotely from the target nerve holds promise for
providing relief of post-amputation pain.
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Figure 1.
The subject indicated areas of pain (A) and areas of stimulation-evoked paresthesia coverage
(B).Arrows indicate level of amputation on the front and back views of the leg, respectively.
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Figure2.
Worst pain in the last 24 hours (BPI3) as reported by the subject in the daily diary.
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