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Ultrasound-Guided Percutaneous Peripheral
Nerve Stimulation: Neuromodulation of the
Femoral Nerve for Postoperative Analgesia
Following Ambulatory Anterior Cruciate
Ligament Reconstruction: A Proof of Concept
Study
Brian M. Ilfeld, MD, MS (Clinical Investigation)*†; Engy T. Said, MD*;
John J. Finneran IV MD*†; Jacklynn F. Sztain, MD*; Wendy B. Abramson, MD*;
Rodney A. Gabriel, MD, MAS*†; Bahareh Khatibi, MD*;
Matthew W. Swisher, MD, MS*†; Pia Jaeger, MD, PhD†‡; Dana C. Covey, MD§;
Catherine M. Robertson, MD§

Objectives: The purpose of this prospective proof of concept study was to investigate the feasibility of using percutaneous
peripheral nerve stimulation of the femoral nerve to treat pain in the immediate postoperative period following ambulatory
anterior cruciate ligament reconstruction with a patellar autograft.

Materials and Methods: Preoperatively, an electrical lead (SPRINT, SPR Therapeutics, Inc., Cleveland, OH, USA) was percutane-
ously implanted with ultrasound guidance anterior to the femoral nerve caudad to the inguinal crease. Within the recovery
room, subjects received 5 min of either stimulation or sham in a randomized, double-masked fashion followed by a 5-min
crossover period, and then continuous active stimulation until lead removal postoperative Day 14–28. Statistics were not
applied to the data due to the small sample size of this feasibility study.

Results: During the initial 5-min treatment period, subjects randomized to stimulation (n = 5) experienced a slight downward
trajectory (decrease of 7%) in their pain over the 5 min of treatment, while those receiving sham (n = 5) reported a slight
upward trajectory (increase of 4%) until their subsequent 5-min stimulation crossover, during which time they also experienced
a slight downward trajectory (decrease of 11% from baseline). A majority of subjects (80%) used a continuous adductor canal
nerve block for rescue analgesia (in addition to stimulation) during postoperative Days 1–3, after which the median resting
and dynamic pain scores remained equal or less than 1.5 on the numeric rating scale, respectively, and the median daily opi-
oid consumption was less than 1.0 tablet.
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Conclusions: This proof of concept study demonstrates that percutaneous femoral nerve stimulation is feasible for ambulatory
knee surgery; and suggests that this modality may be effective in providing analgesia and decreasing opioid requirements fol-
lowing anterior cruciate ligament reconstruction. clinicaltrials.gov: NCT02898103.

Keywords: Ambulatory surgery, neuromodulation, outpatient surgery, percutaneous peripheral nerve stimulation, postopera-
tive analgesia
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INTRODUCTION

Anterior cruciate ligament reconstruction is usually performed
on an outpatient basis, and often results in a level of pain difficult
to control solely with oral analgesics. One nonopioid option is
neuromodulation—a technique that uses electric current to pro-
vide analgesia. Although the exact mechanism remains undeter-
mined, the most-commonly cited model involves “gate control”
theory in which large-diameter afferent nerve fibers are stimulated,
inhibiting the transfer of pain signals from small-diameter afferent
fibers to the central nervous system at the level of the spinal cord
(1). Although used widely to relieve chronic pain (2), the application
of neuromodulation to acute pain has been essentially nonexistent
due to the invasive nature of implanted systems: conventional units
typically require invasive and time consuming surgery to both place
and remove an implantable pulse generator and multiple electrodes
in close proximity to the target nerve (3,4).
In contrast, percutaneous peripheral nerve stimulation (PNS)

involves the insertion of a lead through an ultrasound-guided
needle, avoiding the necessity of a surgical incision and circum-
venting overstimulation of cutaneous sensory nerves (5,6). Extrac-
tion is achieved with simple traction. Theoretical benefits over
opioids include a lack of systemic side-effects such as cognitive
dysfunction, respiratory depression, and nausea as well as the
potential for diversion, abuse, and addiction (7). Compared to
local anesthetic-based peripheral nerve blocks, possible benefits
include a lack of induced sensory, motor and proprioception defi-
cits that diminish the ability to participate in physical therapy and
possibly increase the risk of falling (8). Moreover, leads are opti-
mally implanted 1–3 cm away from a target nerve in contrast to
perineural catheters that are frequently implanted immediately
adjacent to and within the same fascial plane as the target nerve.
Theoretically, the longer distance from the target nerve when
using a lead decreases the possibility of neurologic injury due to
needle-nerve contact (9).
Additionally, helically coiled leads have a considerably lower

infection risk compared to perineural catheters (less than one per
32,000 indwelling days) (10,11) and stimulators (“pulse genera-
tors”) are now produced which are so small that they may be
adhered directly to the skin with no large local anesthetic reser-
voir or infusion pump to carry. Helically coiled leads have been
used to deliver PNS in other applications for multiple months—
even years—compared with the far more-limited duration of con-
tinuous peripheral nerve blocks, which are typically utilized for
only a few days (12).
Providing a nonopioid analgesic that outlasts surgical pain is

now a possibility with the recent United States Food and Drug
Administration clearance of a percutaneous lead (Fig. 1a) and
wearable stimulator (Fig. 1b) to treat acute postoperative pain
(13,14). A short series of patients using this system adjacent to

the femoral and sciatic nerves beginning the day following inpa-
tient knee arthroplasty was recently reported (15). However, sub-
jects initiated stimulation following recover room discharge so
that little efficacy data is available for the day of surgery; all sub-
jects remained hospitalized for multiple days; and, no control
group was included.
We therefore conducted a registered, prospective proof of con-

cept study to evaluate the feasibility of providing percutaneous
femoral PNS following ambulatory anterior cruciate ligament recon-
struction. A brief randomized, double-masked, sham-controlled,
partial-crossover study was performed within the recovery
room, providing the first available efficacy data for femoral neu-
romodulation with a control group in the immediate postopera-
tive period. Stimulation was subsequently provided to all
subjects for 14–28 days on an outpatient basis.

METHODS

This study adhered to Good Clinical Practice quality standards
and ethical guidelines defined by the Declaration of Helsinki.
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Figure 1. The percutaneous peripheral nerve stimulation equipment used
for this study: A 12.5 cm, 20 g needle with a preloaded helically coiled mono-
polar insulated electrical lead (Panel a; MicroLead, SPR Therapeutics, Inc.,
Cleveland, OH, USA; illustration used with permission from Brian M. Ilfeld, MD,
MS); and, a stimulator attached to the surface return electrode (Panel b; SPR
Therapeutics, Inc., Cleveland, OH, USA; illustration used with permission from
Brian M. Ilfeld, MD, MS). The power source (battery) for the pulse generator is
integrated into the white surface return electrode pad.
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Study protocol approval as well as data and safety oversight was
conducted by the University of California, San Diego Institutional
Review Board (IRB #151094; San Diego, CA, USA). Written,
informed consent was obtained from all subjects participating in
the trial. The trial was prospectively registered at clinicaltrials.gov
(NCT02898103, Principal Investigator: Brian Ilfeld, MD, MS, Date of
registration: September 13, 2016) prior to initiation of enrollment.
Enrollment was offered to adults at least 18 years old scheduled

for ambulatory, primary, unilateral, anterior cruciate ligament recon-
struction with a patellar autograft. Exclusion criteria were a postop-
erative analgesic plan that included a single-injection peripheral
nerve block in the surgical extremity; chronic opioid use (daily use
within the two weeks prior to surgery and duration of use greater
than four weeks); neuromuscular deficit within the femoral nerve
distribution; anticipated magnetic resonance imaging within the fol-
lowing two weeks; compromised immune system based on medical
history or other conditions that increase the risk of infection;
implanted spinal cord stimulator, cardiac pacemaker/defibrillator,
deep brain stimulator, or other implantable neurostimulator; history
of bleeding disorder; antiplatelet or anticoagulation therapies other
than aspirin; allergy to local anesthetics, occlusive dressings, tape, or
bandages; incarceration; or pregnancy.
Leads were implanted within two days prior to surgery. Sub-

jects were positioned supine and had their ipsilateral limb pre-
pared with chlorhexidine gluconate/isopropyl alcohol solution
and sterile drapes. The insertion point was immediately caudad to
the inguinal crease.

Lead Placement Technique
A portable ultrasound (M-Turbo, SonoSite, Bothell, WA, USA)

and linear array transducer (HFL38x, SonoSite, Bothell, WA, USA)
within a sterile sleeve were utilized for lead implantation. The
femoral nerve was imaged in a transverse cross-sectional (short
axis) view. A local anesthetic skin wheal was raised lateral to the
ultrasound transducer. A 12.5 cm, 20 g needle (Fig. 1a) with a pre-
loaded, helically coiled, insulated lead (MicroLead, SPR Therapeu-
tics, Inc., Cleveland, OH, USA) was implanted through the skin
wheal and advanced toward a point immediately anterior to the
fascia iliaca on the medial side of the femoral nerve. When the
needle tip was immediately anterior to the lateral border of the
femoral nerve, the lead was subsequently attached to an external
pulse generator or “stimulator” (SPRINT, SPR Therapeutics, Inc.,
Cleveland, OH, USA), and a surface return electrode was placed
on the ipsilateral limb (Fig. 1b).
Stimulation was delivered at 100 Hz, and amplitude (range:

0.2–20 mA) and pulse duration (range: 15–200 μsec) were adjusted
until the subject reported sensory changes in the ipsilateral leg or
until muscle contractions occurred (16). The optimal sensory
changes targeted the lower thigh and knee; and, if changes
occurred at or cephalad to the mid-thigh or muscle contractions
occurred, the current was decreased to the minimum settings,
stimulator was switched off, and needle further advanced.
This process was repeated until sensory changes (often

described as a “pleasant massage”) were reported in the knee or
lower thigh, or the needle tip had reached the medial border of
the femoral nerve (whichever came first). If the latter, an addi-
tional pass with a new lead at a different level or slightly different
trajectory were attempted until the optimal sensory changes with
stimulation was achieved. The preloaded lead has a 1.5 cm elec-
trode at its tip which is deployed by withdrawing the needle over
the lead. After needle removal, the lead was again connected to

the stimulator to confirm lead dislodgement did not occur during
needle withdrawal (if so, a new lead was implanted). Wound clo-
sure adhesive (2-octyl 2-cyanoacrylate) was applied to the exit
point, a connector block attached to the lead approximately 2 cm
from the skin entry point, the excess lead removed, and the lead
entry site covered with a sterile dressing.
The lead was again connected to the stimulator and settings

recorded. The stimulator was removed and the subject returned
home with the only limitation being a prohibition on submerging
the lead entry site in water (until postoperative lead removal).
Throughout the study, subjects were asked to rate both the worst
and “average” pain they experienced within the specified time
period using the Numeric Rating Scale (NRS, 0–10).

Day of Surgery
On postoperative day (POD) 0 prior to surgery, the lead was

again attached to a stimulator and the current increased with the
revised settings recorded. The stimulator allowed a minimum,
intermediate, and maximum pulse duration to be set by the
healthcare provider that was subsequently controlled by subjects.
The stimulator was removed and the lead connecting wire covered
with gauze and an occlusive dressing for the surgery. Preopera-
tively, an ultrasound-guided perineural catheter was inserted into
the adductor canal to be used as a rescue analgesic. The catheter
was inserted within the mid-third of the thigh using exclusively
normal saline via the needle, as described previously (17). For sur-
gical anesthesia, subjects received a general anesthetic with
inhaled volatile anesthetic in nitrous oxide and oxygen. Intrave-
nous fentanyl, hydromorphone, and/or morphine were adminis-
tered intraoperatively, as needed. At the end of the procedure,
bupivacaine 0.25% was infiltrated into the surgical site.

Randomization
Within the recovery room baseline measurements were

recorded, including a pain score at the surgical site using the NRS
and sensory deficits on the lowest point on the thigh remaining
unbandaged (binary end point measured with an alcohol pad and
von Frey filament, compared to the contralateral limb, with any
decrease considered a positive finding). Subjects were randomized
to one of two groups using computer generated lists and opaque,
sealed envelopes: an initial 5 min of either electrical stimulation or
sham, followed by five additional minutes of the opposite treat-
ment. Two separate stimulators were programmed with the inter-
mediate preoperative settings, one set to deliver active stimulation
and the other set to sham (the sham mode is identical in appear-
ance to the active mode which delivers current). The investigator
recording outcome measures and remaining masked to treatment
group was provided the initial “Stimulator A” by an assistant,
attached it to the lead, and initiated the stimulator. All investiga-
tors, clinical healthcare providers, and the subjects were masked to
treatment group with the exception of the assistants who opened
the sealed envelopes. Outcome measures were recorded every
minute for 5 min, at which time the alternative “Stimulator B” was
attached to the lead and initiated. Outcome measures were again
recorded every minute for 5 min after which a “Stimulator C” pro-
grammed to deliver actual current for all subjects was initiated and
end points measured after 5 and 30 min of this third stimulator.
Five minutes following Stimulator C initiation, a portable infusion

pump (ambIT Preset, Summit Medical, Salt Lake City, UT, USA) and
500 mL reservoir of ropivacaine 0.2% was attached to the perineural
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catheter (basal 8 mL/hour, bolus 4 mL, 30 min lockout) in the off set-
ting. From this point forward, subjects could receive intravenous
fentanyl or hydromorphone prior to discharge; and could initiate
their perineural local anesthetic infusion at any time until the cathe-
ters were removed on POD 3. Subjects and their caretakers were
provided verbal and written instructions on stimulator/pump and
lead/catheter care and management. The contact information for an
investigator was provided (available at all times during the treat-
ment period). Subjects were discharged home with a prescription
for oxycodone 5 mg tablets (5–10 mg every 4–6 to be taken if nec-
essary), replacement lead dressings, enough stimulator batteries for
the duration of treatment, and their lead/catheter in situ. To increase
analgesia, subjects were instructed to first increase the stimulation
level on their pulse generators, then take oral opioids, and use their
perineural infusion as a last-resort. They were free to leave the infu-
sion running continuously or trigger the infusion pump for any
duration of their choosing.
Subjects were contacted by telephone daily for data collection

POD 1–14, 30, and 90. Information included pain level at the sur-
gical site, opioid consumption, perceived sensory deficits (cold
and light touch) in the ipsilateral thigh, and whether or not the
perineural infusion had been triggered in the previous 24 hours.
Perineural catheters were removed at home by the subjects or
their caretakers. Subjects returned to the orthopedic clinic for lead
withdrawal which entailed an investigator removing the occlusive
dressing and continuous, gentle traction on the lead.

Statistical Analysis
This was a proof of concept study to demonstrate feasibility

and generate data to help design and power a subsequent defini-
tive clinical trial. Therefore, a convenience sample of ten subjects
was enrolled and statistics were not applied to the data due to
the small sample size.

RESULTS

Ten subjects enrolled, and all had a lead implanted successfully
reporting minimal pain without requiring sedation (Tables 1 and

2). Within the recovery room, subjects who were randomized ini-
tially to stimulation (n = 5) experienced a slight downward trend
in their surgical pain over the 5 min of treatment, while those ran-
domized to sham (n = 5) reported a slight upward trend in their
surgical pain over the period (Fig. 2). The subjects initially receiv-
ing sham treatment experienced a similar downward trend in
their surgical pain over the second 5-min crossover period of
stimulation (Fig. 2). Pain levels for both groups continued to
decrease to a mean of 84% of baseline (n = 10) during the subse-
quent 5 min with stimulation. Following this time point, five sub-
jects (50%) requested supplemental opioids and seven subjects
(70%) subsequently initiated the continuous adductor canal nerve
block prior to discharge (a mean of 33 min following baseline).
No motor or sensory deficits (light touch or cold) were detected

by any subject at any time point during the follow-up period with
the exception of during continuous adductor canal nerve block
use. During the first two postoperative days, eight subjects (80%)
triggered their perineural infusions for at least 10 min each day,
falling to three subjects (40%) on POD 3 when the catheters were
discontinued. Overall, resting and dynamic pain scores as well as
opioid requirements were relatively low (Figs. 3–5). Leads were
removed on POD 14–22 with three exceptions described below.

Adverse Events and Protocol Deviations
Subjects B and J reported what they both described as “poking”

in the area of the lead tip beginning on POD 3 and 0, respectively,
exclusively when lying supine or standing, respectively. This tem-
porarily resolved with current discontinuation or flexion of the ipsi-
lateral hip for Subject B, and a lack of movement for Subject J. Due
to a low level of pain at the end of the first postoperative week,
both subjects elected to have their lead removed (POD 7 and
6, respectively). Subject C had to travel out of the state unexpect-
edly, and we therefore elected to remove his lead early on POD
6. Lastly, Subject G reported a broken lead outside of the body on
POD 9 at the point where the thin lead connects with a larger
cable that is attached to the stimulator. A new connecting cable
was attached to the remaining externalized portion of the lead
without any loss of PNS functioning.
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Table 1. Anthropomorphic and Preoperative Lead/Stimulator Characteristics (n = 10).

Demographics and lead implantation Mean SD Percentile of 7 Subjects

(or #) (or %) 10th 25th 50th 75th 90th

Age (years) 25 6 20 20 23 27 32
Female sex (#) 5 50%
Height (cm) 178 8 171 172 177 182 186
Weight (kg) 82 14 68 74 84 92 94
Body mass index (kg/m2) 26 4 23 23 25 27 30
Right sided surgery (#) 8 80%
Average NRS of lead implantation 0.1 0.3 0.0 0.0 0.0 0.0 0.1
Worst NRS of lead implantation 3.1 1.6 1.9 2.3 3.0 3.0 4.3
Leads used during initial implantation (#) 1.6 0.7 1.0 1.0 1.5 2.0 2.1
Average lead implantation time (min) 20 14 10 11 15 24 32
Distance of lead tip to (cm):
Femoral nerve midpoint 0.4 0.4 0.0 0.0 0.4 0.9 1.0
Femoral nerve epineurium 1.0 0.3 0.5 0.8 1.0 1.0 1.5
Skin 1.5 0.6 1.0 1.0 1.3 1.9 2.1
Inguinal crease 0.9 0.9 0.0 0.0 0.8 1.8 2.0

NRS, numeric rating scale (0–10, 0 = no pain, 10 = worst imaginable pain).
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Table 2. Stimulation Parameters.

Subject Time point: Lead implantation Preoperative

μsec mA μsec mA

A Minimum detected 15 15 22 20
Optimal 18 20 35 20
Maximum tolerated 20 20 45 20
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 20 24 45 60

B Minimum detected 15 5 15 20
Optimal 18 20 22 20
Maximum tolerated 20 20 24 20
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 20 15 30 40

C Minimum detected 15 18 15 13
Optimal 17 18 16 13
Maximum tolerated 19 18 17 13
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 12 15 19 22

D Minimum detected 15 5 15 10
Optimal 15 12 22 20
Maximum tolerated 15 15 35 20
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 20 18 22 35

E Minimum detected 15 11 * *
Optimal 22 20 * *
Maximum tolerated 26 20 * *
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 20 15 20 26

F Minimum detected 15 4 15 4
Optimal 15 10 15 10
Maximum tolerated 15 14 15 14
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 20 15 40 50

G Minimum detected 15 5 15 10
Optimal 15 8 15 15
Maximum tolerated 15 9 15 19
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 15 15 17 20

H Minimum detected 15 2 20 10
Optimal 15 2 20 30
Maximum tolerated 15 3 20 42
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 20 10 20 30

I Minimum detected 15 11 60 20
Optimal 20 20 100 20
Maximum tolerated 30 20 120 20
Contractions – – – –
Final current (mA) and pulse duration (μsec) settings 20 100 100 120

J Minimum detected 15 11 15 10
Optimal 15 11 18 12
Maximum tolerated 15 12 20 12
Contractions 15 12 – –
Final current (mA) and pulse duration (μsec) settings 11 15 18 20

Final pulse duration settings are presented as minimum, intermediate, and maximum.
–: No muscle contractions elicited at maximum tolerated sensory current.
*Data not collected.
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No lead infections or nerve injuries were identified during the
final two data-collection phone calls on POD 30 or 90 for any
subject.

DISCUSSION

This proof of concept study demonstrates that percutaneous
PNS is feasible for ambulatory knee surgery; and suggests that
this modality provides analgesia and decreases opioid require-
ments following anterior cruciate ligament reconstruction with a
patellar autograft. To our knowledge, it is the first report of using
percutaneous PNS to treat postoperative pain following an ambu-
latory surgical procedure of the knee, and the first including a
control group involving percutaneous femoral neuromodulation,
albeit only for a brief period.

Time to Peak Analgesia
Prior experience with percutaneous PNS in postoperative sub-

jects 6–97 days following knee arthroplasty suggested that anal-
gesia onset and peak were nearly instantaneous following the
introduction of electrical current (13,14). We therefore designed
the randomized, sham-controlled, crossover portion of this study
with only 5-min treatment periods so that subjects randomized to
sham initially would have a minimal duration without supplemen-
tal analgesia. However, our results suggest that for acute pain in
the immediate postoperative period, maximum PNS-induced anal-
gesia requires far longer than 5 min: pain scores continued to
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Figure 4. Pain with movement during percutaneous peripheral nerve stimu-
lation of the femoral nerve following anterior cruciate ligament reconstruction
with a patellar autograft. Each circle represents one subject, and the median
for each time point is denoted with a horizontal line.
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Figure 3. Pain at rest during percutaneous peripheral nerve stimulation of
the femoral nerve following anterior cruciate ligament reconstruction with a
patellar autograft. Each circle represents one subject, and the median for each
time point is denoted with a horizontal line.

Figure 2. Effects of percutaneous peripheral nerve stimulation of the femoral
nerve on surgical pain within the recovery room immediately following anterior cru-
ciate ligament reconstruction with a patellar autograft. Subjects were randomized
to receive 5 min of either electric current (“stimulation”; n = 5) or sham (n = 5) in a
double-masked fashion (Treatment Period A) followed by a 5-min crossover
period (Treatment Period B). Stimulation was subsequently delivered to all subjects
(n = 10) for 30 additional minutes. Data presented as means at each time point
with the original pain scores measured using the numeric rating scale. Given the
relatively small sample size, statistics were not applied to the data. The group that
received stimulation during the initial treatment has data shown in ghost during
the subsequent period because peripheral nerve stimulation has a “carryover”
effect and these data points are therefore difficult to interpret. The yellow star indi-
cates that five subjects initiated their local anesthetic perineural infusion during
this period of time.

www.neuromodulationjournal.com © 2018 The Authors. Neuromodulation: Technology at the Neural Interface
published by Wiley Periodicals, Inc. on behalf of International Neuromodulation Society.

Neuromodulation 2018; ••: ••–••

ILFELD ET AL.



decrease even as subjects emerged from general anesthesia
through the 15-min time point (Fig. 2). A number of subjects
received intravenous opioids and perineural local anesthetic prior
to the 40-min time point, so it remains unknown how much of
the additional decrease in pain can be attributed to the PNS treat-
ment following the 15-min time point. Therefore, the duration for
maximum analgesic effect remains to be determined.
Regardless, while the randomized portion of this feasibility study

suggests that percutaneous PNS provides limited analgesia in the
immediate postoperative period, the relatively small decrease in
pain scores and prevalent reliance on rescue analgesics suggest
that supplemental analgesics will be required within the recovery
room. Revealingly, pain scores and opioids—while low relative to
previously published values—had a clear drop-off following POD
2 (18). Considering eight of ten of subjects used their continuous
adductor canal local anesthetic infusion—itself an analgesic potent
enough to produce complete anesthesia in the distribution of the
terminal femoral nerve—for the first two postoperative days, yet
pain scores still fell the day the catheters were removed suggests
that a significant amount of the experienced pain originated from
the obturator and/or sciatic nerves. These two nerves help to
innervate the knee but were not targeted by either the femoral
PNS or perineural local anesthetic infusion. Evidence for this rela-
tionship may be found following total knee arthroplasty, in which
pain scores and opioid requirements are significantly decreased
when a continuous sciatic nerve block is added to a continuous
femoral nerve block (19). Therefore, we suspect that regardless of
the potency of femoral neuromodulation ultimately revealed with

a future randomized, controlled study, systemic analgesics or a sci-
atic nerve stimulation/block will remain highly beneficial for the
first two postoperative days following anterior cruciate ligament
reconstruction.
This proof of concept study lacked a control group following the

initial 10-min treatment period within the recovery room; and,
therefore documentation and quantification of analgesia delivery
and opioid sparing require additional investigation. However, the
reported pain scores and oral opioid requirements of the current
feasibility study are dramatically lower than published controls; and,
the specific type of reconstruction included in our study—utilizing a
patellar autograft—frequently produces more pain than alternative
techniques (20,21). The significant potential opioid sparing is partic-
ularly noteworthy given the current opioid epidemic and desire to
replace opioids as the main postoperative analgesic modality (22).
In addition, since persistent postsurgical pain has an incidence of
10–70% and is associated with poorly controlled pain in the imme-
diate postoperative period (23), percutaneous PNS may significantly
reduce chronic pain following surgical procedures of the knee.

Lead Design
The mean (range) implantation time for individual leads was

11 (7–25) min, which included equipment setup for any second
lead attempt. However, because five subjects had multiple lead
insertions, the mean (range) overall treatment time for each sub-
ject was 15 (10–32) min. Because percutaneous lead implantation
to treat postoperative pain is a relatively recent development with
little prior experience to guide current practice, we often attempted
additional implantations in an effort to improve the location of
induced sensory changes to/toward the knee; and, some repeated
insertions ultimately proved unnecessary. One of the limitations of
the current lead design is that the needle cannot be withdrawn
without deploying the lead. Therefore, instead of withdrawing and
repositioning the needle/lead combination if a first attempt passed
the femoral nerve without the desired response, an entirely new
lead had to be implanted at a different trajectory. This obviously
added greatly to both the required attempts and overall procedure
duration since multiple implantation kits and leads had to be
prepared.

Lead Fracture
One lead of the current investigation broke exterior to the sub-

ject where the lead met the connection block, which has not yet
been reported (12–16,24–34). Previous investigations involving
the same helically coiled lead used in the current study have
reported a 7.5% average incidence of fracture deep to the skin
during removal (none occurred in the subjects of the current
study) (12–16,24–34). All previous lead remnants have been left in
situ with no negative sequelae reported in up to a one year
period of assessment (12–16,24–34). Importantly, magnetic reso-
nance imaging may be performed safely in patients with retained
lead fragments at 1.5 Tesla (35). Finally, most previously reported
fractures occurred at or near the tip of the lead, leaving a rela-
tively short remnant of less than 1.6 cm (35).

Limitations
In addition to the limitations discussed above, we were aware of

a “carryover” effect following PNS so that subjects continue to
receive a variable duration and degree of analgesia following electri-
cal current discontinuation, possibly due to sustained modification
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Figure 5. Opioid requirements during percutaneous peripheral nerve stimu-
lation of the femoral nerve following anterior cruciate ligament reconstruction
with a patellar autograft. Each circle represents one subject, and the median
for each time point is denoted with a horizontal line.
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of supraspinal pain processing (36). We knew that this carryover
effect would make the data of the 5-min sham period for the group
which initially received active current difficult or impossible to inter-
pret. However, to keep the double-masked study design, we had no
choice but to collect the measurements from this 5-min period. We
therefore included the collected data but present it in ghost to indi-
cate the uncertainty of its interpretation (Fig. 2).

Conclusions
This prospective proof of concept study demonstrates that per-

cutaneous femoral PNS is feasible for ambulatory knee surgery
beginning within the recovery room; and suggests that this
modality may be effective in providing analgesia and decreasing
opioid requirements following anterior cruciate ligament recon-
struction with a patellar autograft. The results of this pilot study
indicate that a subsequent clinical trial is warranted.
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