UC San Diego
UC San Diego Previously Published Works

Title

Percutaneous Peripheral Nerve Stimulation (Neuromodulation) for Postoperative Pain: A
Randomized, Sham-controlled Pilot Study

Permalink

https://escholarship.org/uc/item/1hs2b66Q

Journal
Anesthesiology, 135(1)

ISSN
0003-3022

Authors

lIfeld, Brian M
Plunkett, Anthony
Vijjeswarapu, Alice M

Publication Date
2021-04-15

DOI
10.1097/aln.0000000000003776

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1hs2b660
https://escholarship.org/uc/item/1hs2b660#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Anesthesiology. Author manuscript; available in PMC 2022 July 01.

-, HHS Public Access
«

Published in final edited form as:
Anesthesiology. 2021 July 01; 135(1): 95-110. doi:10.1097/ALN.0000000000003776.

Percutaneous Peripheral Nerve Stimulation (Neuromodulation)
for Postoperative Pain: A Randomized, Sham-Controlled Pilot
Study

Brian M. lIfeld, MD, MS (Clinical Investigation) [Professor, In Residence],
Department of Anesthesiology, University California San Diego, San Diego, CA

Anthony Plunkett, MD [Associate Professor],
Department of Anesthesiology, Womack Army Medical Center, Fort Bragg, Fayetteville, NC

Alice M. Vijjeswarapu, MD [Assistant Professor],
Department of Anesthesiology, Cedars-Sinai Medical Center, Los Angeles, CA

Robert Hackworth, MD [Staff Anesthesiologist],
Department of Anesthesiology, Naval Medical Center San Diego, San Diego, CA

Sandeep Dhanjal, MD [Staff Anesthesiologist],
Department of Anesthesiology, Brooke Army Medical Center, Fort Sam Houston, San Antonio, TX

Alparslan Turan, MD [Professor],
Departments of General Anesthesiology and Outcomes Research, Cleveland Clinic, Cleveland,
OH

Steven P. Cohen, MD [Professor],
Department of Anesthesiology, Johns Hopkins, Baltimore, MD

James C. Eisenach, MD [Professor],
Department of Anesthesiology, Wake Forest School of Medicine, Winston-Salem, NC

Scott Griffith, MD [Staff Anesthesiologist],
Department of Anesthesiology, Walter Reed National Military Medical Center, Bethesda, MD

Steven Hanling, MD [Staff Pain Management],
Department of Physical Medicine and Rehabilitation, Columbia Veterans Affairs Health Care
System, Columbia, SC

Daniel I. Sessler, MD [Michael Cudahy Professor and Chair]
Department of Outcomes Research, Cleveland Clinic, Cleveland, OH

Edward J. Mascha, PhD [Staff Biostatistician], Dongsheng Yang, MS [Lead Statistical
Programmer]

Addressfor correspondence: Brian M. llfeld, MD, MS, Department of Anesthesiology, 9500 Gilman Drive, MC 0898, La Jolla, CA
92093-0898, Telephone: (858) 822-0776, Fax: (858) 683-2003, bilfeld@health.ucsd.edu.

Clinicaltrials.gov: NCT03481725 (lIfeld, March 29, 2018)
Prior Presentations: None


http://Clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT03481725

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

lIfeld et al. Page 2

Departments of Quantitative Health Sciences and Outcomes Research, Cleveland Clinic,
Cleveland, OH

Joseph W. Boggs, PhD [Senior Vice President of Research and Development], Amorn
Wongsarnpigoon, PhD [Manager of Research]
SPR Therapeutics, Cleveland, OH

Harold Gelfand, MD [Assistant Professor],
Department of Anesthesiology, Walter Reed National Military Medical Center, Bethesda, MD

PAINfRE Investigators (a complete list is provided in Appendix B)

Abstract

Background.—Percutaneous peripheral nerve stimulation is an analgesic technique involving
the percutaneous implantation of a lead followed by the delivery of electric current using an
external pulse generator. Percutaneous peripheral nerve stimulation has been used extensively for
chronic pain, but only uncontrolled series have been published for acute postoperative pain. The
current multicenter study was undertaken to (1) determine the feasibility and optimize the protocol
for a subsequent clinical trial; and (2) estimate the treatment effect of percutaneous peripheral
nerve stimulation on postoperative pain and opioid consumption.

Methods.—Preoperatively, an electrical lead was percutaneously implanted to target the sciatic
nerve for major foot/ankle surgery (e.g., hallux valgus correction), femoral nerve for anterior
cruciate ligament reconstruction, or brachial plexus for rotator cuff repair, followed by a single
injection of long-acting local anesthetic along the same nerve/plexus. Postoperatively, participants
were randomized to 14 days of either electrical stimulation (n=32) or sham stimulation (n=34)
using an external pulse generator in a double-masked fashion. The dual primary treatment effect
outcome measures were: (1) cumulative opioid consumption (in oral morphine equivalents); and,
(2) mean value of the “average” daily pain scores measured on a 0-10 Numeric Rating Scale
within the first 7 postoperative days.

Results.—During the first 7 postoperative days opioid consumption in participants given active
stimulation was a median [IQR] of 5 mg [0, 30] versus 48 mg [25, 90] in patients given sham
treatment: ratio of geometric means (97.5%Cl) 0.20 (0.07, 0.57), P<0.001. During this same
period the average pain intensity in patients given active stimulation wasamean £ SDof 1.1+ 1.1
versus 3.1 = 1.7 in those given sham: difference (97.5% CI) —1.8 (2.6, —0.9), P<0.001.

Conclusions.—Percutaneous peripheral nerve stimulation reduced pain scores and opioid
requirements free of systemic side effects during at least the initial week after ambulatory
orthopedic surgery.

Introduction

Tens-of-millions of surgical procedures are performed on an ambulatory basis each year in
the United States.! Many patients experience inadequate analgesia, 23 leading to physical
and emotional suffering, inferior rehabilitation,* and the risk of transitioning from acute to
chronic (“persistent”) postoperative pain which has an incidence of 10-50%.° Inadequately-
controlled postoperative pain is largely consequent to excessive reliance on perioperative
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opioids—the foundation of postoperative analgesia for over a century. Unfortunately, opioids
have well-documented detrimental consequences for both individuals and society.8:” Even
minor ambulatory surgical procedures can lead to chronic opioid use, with significant
negative consequences such as hyperalgesia, dependence, and substance use disorder.8

Percutaneous peripheral nerve stimulation is an analgesic alternative that may improve
postoperative analgesia while concurrently reducing or obviating opioid requirements, all
without any demonstrated risk of adverse systemic side effects.? Insulated leads small
enough to be introduced v/aa needle are now available, enabling relatively rapid ultrasound-
guided percutaneous implantation and subsequent withdrawal with simple traction.1 An
external pulse generator is adhered directly to the skin, delivering a small electric current
through the insulated lead to the target nerve.?

Ultrasound-guided percutaneous peripheral nerve stimulation was first reported /7 situ by
Huntoon and Burgher in 2009 using an epidural neurostimulation electrode for the treatment
of neuropathic pain.1? While various lead designs and percutaneous approaches have been
reported subsequently, they were used nearly exclusively for chronic pain conditions.12 In
2018 the U.S. Food and Drug Administration cleared the first percutaneous peripheral nerve
stimulation lead and pulse generator system for use treating acute postoperative and chronic
pain.? Multiple case reports and small series suggest substantial analgesic and opioid sparing
benefits after painful surgical procedures,3-18 but no data from randomized studies
involving acute pain are available to validate the technique and quantify any risks and
benefits.

We therefore conducted a pilot multicenter, randomized, controlled study to assess
feasibility of a future larger trial and estimate potential benefits and risks of percutaneous
peripheral nerve stimulation for analgesia after moderate-to-severely-painful ambulatory
surgery. Specifically, we sought to evaluate percutaneous peripheral nerve stimulation for
ambulatory orthopedic surgical procedures to: (1) determine the feasibility of and optimize a
study protocol; and, (2) estimate analgesia and opioid sparing within the initial postoperative
week.

This study followed Good Clinical Practice and was conducted within the ethical guidelines
outlined in the Declaration of Helsinki. The trial was prospectively registered at
clinicaltrials.gov (NCT03481725; llfeld, March 29, 2018). The protocol was approved by
the Institutional Review Board at each of the 7 enrolling centers (Table A, Supplemental) as
well as the United States Army Medical Research and Development Command Human
Research Protection Office. An independent Data Safety Monitoring Board was responsible
for the conduct and oversight of all aspects of the investigation from the planning phase
through data analysis (Appendix A). Written, informed consent was obtained from all
participants.
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Participants.

Enrollment was offered to adult patients at least 18 years of age scheduled for ambulatory
orthopedic surgery with a planned single-injection peripheral nerve block for postoperative
analgesia. The surgical procedures included rotator cuff repair, hallux valgus correction,
anterior cruciate ligament repair with a patellar autograft, and ankle arthrodesis or
arthroplasty. Patients were excluded for (1) chronic analgesic use including opioids (daily
use within the 2 weeks prior to surgery and duration of use > 4 weeks); (2) neuro-muscular
deficit of the target nerve(s); (3) compromised immune system based on medical history
(e.g., immunosuppressive therapies such as chemotherapy, radiation, sepsis, infection), or
other condition that placed the subject at increased infection risk; (4) implanted spinal cord
stimulator, cardiac pacemaker/defibrillator, deep brain stimulator, or other implantable
neurostimulator whose stimulus current pathway may overlap; (5) history of bleeding
disorder; (6) antiplatelet or anticoagulation therapies other than aspirin; (7) allergy to skin-
contact materials (occlusive dressings, bandages, tape etc.); (8) incarceration; (9) pregnancy;
(10) chronic pain for more than 3 months of any severity in an anatomic location other than
the surgical site; (11) anxiety disorder; (12) history of substance abuse; or (13) inability to
contact the investigators during the treatment period, and vice versa (e.g., lack of telephone
access).

Lead implantation.

Preoperatively, participants had a percutaneous lead (MicroLead™, SPR Therapeutics, Inc.,
Cleveland, OH) inserted to target the brachial plexus (shoulder),18 femoral nerve (knee),® or
sciatic nerve (foot/ankle)8 under ultrasound guidance. Patients were positioned either
supine (brachial plexus, femoral) or prone (sciatic) and had the lead site prepared with
chlorhexidine gluconate/isopropyl alcohol solution and sterile drapes. A portable ultrasound
and linear or curved array transducer within a sterile sleeve were utilized for lead
implantation.

The stimulating probe was inserted into an introducer “sleeve” and then passed through a
lidocaine skin wheal to approximately 2 cm from the epineurium of the target nerve. The
probe was connected to an external pulse generator or “stimulator” (SPRINT® PNS
System®, SPR Therapeutics, Inc., Cleveland, OH) with a surface return electrode placed on
the ipsilateral limb. Electric current was delivered at 100 Hz with the intensity slowly
increased from zero. The pulse generator intensity setting spans a range of 0 (no current) to
100 (maximum), indicating a combination of amplitude (0-30 mA) and pulse duration (10—
133 ps), the specific combination of which at each intensity setting is proprietary and
therefore unavailable for publication. The optimal sensory changes targeted the surgical
area; and, if sensory changes occurred in a different location or muscle contractions were
induced, the stimulator was switched off, and then the probe/introducer advanced or
withdrawn and readvanced with a slightly different trajectory.

This process was repeated until sensory changes (often described as a “pleasant massage”™)
were perceived in the surgical area. The current was decreased to zero and the stimulating
probe withdrawn from the introducing sleeve, leaving the latter /n situ. An introducing
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needle which was preloaded with the lead was inserted through the sleeve. The introducing
needle-sleeve combination was then withdrawn, deploying the lead.

The lead was again connected to the stimulator to ensure lead dislodgement did not occur
during deployment (if so, a new lead was inserted). Wound closure 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 with a sterile
scissors, and the lead entry site covered with a sterile dressing. The lead was connected to
the stimulator a final time and settings recorded. The stimulator was removed leaving the
lead /n situ.

Immediately prior to surgery, participants received an ultrasound-guided single-injection
interscalene (shoulder), adductor canal (knee), or popliteal-sciatic (foot/ankle) nerve block
with 20 mL of ropivacaine 0.5% (with epinephrine). For surgical anesthesia, participants
received a general anesthetic with intravenous propofol or inhaled volatile anesthetic in
nitrous oxide and oxygen. Intravenous fentanyl, hydromorphone and/or morphine were
administered intraoperatively, as needed.

Treatment group assignment.

After confirmation of successful lead implantation, participants were randomly allocated to
one of two possible treatments: receiving either electric current (experimental group) or not
(sham/control group). Randomization was stratified by institution and anatomic lead
location in a 1:1 ratio and in randomly chosen block sizes using computer-generated lists by
the informatics group of the Department of Outcomes Research at the Cleveland Clinic.
Treatment group assignment was conveyed to the enrolling sites via the same secure web-
based system used to collect and collate all post-intervention outcomes (Research Electronic
Data Capture, Cleveland Clinic, Cleveland, Ohio). The pulse generators (SPRINT® PNS
System®, SPR Therapeutics, Inc., Cleveland, OH) are capable of being programmed to
either (1) pass electrical current; or (2) not pass electrical current. Importantly, these 2
modes (active and sham) are indistinguishable in appearance, and therefore investigators,
participants, and all clinical staff were masked to treatment group assignment, with the only
exception being the unmasked individual who programed the stimulator and was not
involved in subsequent patient assessments. The unmasked personnel who programmed the
pulse generator provided the programmed unit in the off position to the individual
interacting with the subject.

Following surgery, the stimulator was attached to the lead and initiated within the recovery
room. The level (0-100) was set for the lowest setting at which the participant had first
sensed sensory changes following the initial lead implantation. Patients and their caretakers
were educated on lead/stimulator care and functioning; and informed that individuals
frequently do not have the sensations postoperatively that were experienced during
preoperative lead implantation as therapeutic benefit with subthreshold stimulation occurs.2°
In other words, once proper lead placement is confirmed with comfortable sensations during
implantation, therapeutic levels of stimulation may be delivered sub-threshold—below the
intensity required for sensation and still provide relief—following surgery. While the
frequency (100 Hz) was fixed, the intensity was controlled by participants with a small
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Bluetooth-connected remote.19 Patients were provided with two rechargeable batteries,
instructed to keep one in the wall charger and the other attached to the pulse generator,1® and
exchange these two batteries at the same time once daily. A carryover analgesic effect
allowed for showering following temporary stimulator disconnection and removal.2!

Prior to discharge, participants and their caretakers were provided with verbal and written
stimulator/lead instructions and the telephone and pager numbers of a local healthcare
provider available at all times while the lead was /n situ. Participants were discharged home
with their leads /n situand with a prescription for immediate release oral opioid tablets.
Non-steroidal anti-inflammatory drugs were not standardized due to the multiple surgeons
involved at multiple enrolling centers. Acetaminophen as not prescribed, but subjects could
self-administer this over-the-counter analgesic if they desired. Participants were contacted
by telephone for end point collection. Lead removal occurred on postoperative day 14 (+/- 2
days) by healthcare providers. Similar to perineural catheters, this procedure encompasses
simply removing the occlusive dressing and slowly withdrawing the lead with gentle
traction. If accidental premature dislodgement occurred, the patient could have the lead
replaced, if desired. Following study completion, the results were provided to all participants
using non-technical language.

Outcome measurements (end points).

We selected outcome measures that have established reliability and validity, with minimal
inter-rater discordance, and are recommended for pain-related clinical trials by the World
Health Organization and the Initiative on Methods, Measurement, and Pain Assessment in
Clinical Trials (IMMPACT) consensus statement.22 Outcomes were evaluated at baseline
(prior to lead implantation); during the intervention (days 1-4, 7, and 11); and following
lead removal (day 15, months 1 and 4). Baseline measurements were collected in person
which included the Post-Traumatic Stress Disorder Checklist (PCL-C), a 20-item self-report
measure validated in military,23 veteran,24-26 and civilian populations.2” All subsequent
outcomes were collected by investigators at the University of California, San Diego by
telephone regardless of enrolling center.

Primary outcome measures.

The dual primary outcome measures were the (1) cumulative oral opioid consumption (in
morphine equivalents);28 and, (2) mean value of the “average” daily pain scores measured
on the 0-10 Numeric Rating Scale within the initial 7 postoperative days. To claim
percutaneous peripheral nerve stimulation was more effective, at least one of the primary
outcomes had to be superior with the other being either superior or at least noninferior. The
Numeric Rating Scale is a highly-sensitive measure of pain intensity with numbers ranging
from 0 to 10, zero equivalent to no pain and 10 equivalent to the worst imaginable pain; it is
a valid and reliable measure for evaluating analgesic interventions.2® Additionally, Numeric
Rating Scale scores correlate well with other measures of pain intensity,3° and demonstrate
high test-retest reliability.3! These Numeric Rating Scale characteristics led to World Health
Organization and the Initiative on Methods, Measurement, and Pain Assessment in Clinical
Trials consensus recommendations for use of the 10-point Numeric Rating Scale of pain
intensity for pain trials.?2
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Secondary outcome measures.

The primary instrument was the Brief Pain Inventory (short form) which assesses pain and
its interference with physical and emotional functioning on days 3, 7, 15 as well as months 1
and 4.32 The instrument includes three domains: (1) pain, with four questions using a
Numeric Rating Scale to evaluate 4 pain levels: “current”, “least”, “worst”, and “average”;
(2) percentage of reliefprovided by pain treatments with one question; and, (3) /interference
with physical and emotional functioning using a 0-10 scale (0 = no interference; 10 =
complete interference). The seven interference questions involve general activity, mood,
walking ability, normal work activities (both inside and outside of the home), relationships,
sleep, and enjoyment of life32, These seven functioning questions can be combined to
produce an interference subscale (0-70). The use of both single items (e.g., mood) and the
composite scores is supported by the Initiative on Methods, Measurement, and Pain
Assessment in Clinical Trials consensus recommendations for assessing pain in clinical
trials22:33, Pain was also measured with the Defense and Veterans Pain Rating Scale on the
same days as the Brief Pain Inventory. Quality of life was measured with the World Health
Organization Quality of Life-BREF at months 1 and 4.34-36 This instrument was developed
by the World Health Organization to focus on those aspects of life most important to patients
and is composed of 24 questions assessing 4 dimensions: (1) physical health, (2)
psychological health, (3) social relationships, and (4) environment.3> Adverse events were
reported to the Institutional Review Boards, Data Safety Monitoring Boards, and the Army
Human Research Protections Office.

Statistical analysis.

The randomized groups were compared for balance on baseline characteristics using
descriptive statistics and the standardized difference (i.e., difference in means or proportions
divided by pooled standard deviation). Absolute standardized differences larger than 0.487
(using the formula in Austin (2009)37 were considered imbalanced and the corresponding
variables considered for adjustment in all analyses, either as a covariate in a model or using
the stratified Wilcoxon rank sum test. Primary analyses were modified intent-to-treat, such
that all randomized patients who received at least some of the study intervention were
included in the analyses, and with the group to which they were randomized.

Primary Outcomes.

We assessed the treatment effect of peripheral nerve stimulation versus usual and customary
care on pain and opioid consumption using a joint hypothesis testing framework.
Specifically, we planned to conclude peripheral nerve stimulation was more effective than
(better than) usual and customary analgesia if found superior on at least one of average pain
score and opioid consumption, and not worse (i.e., noninferior) on either.38

Noninferiority testing.—We first assessed noninferiority of peripheral nerve stimulation
to usual care on each of the two outcomes using 1-tailed noninferiority tests. The a priori-
defined noninferiority deltas were 1 point (worse) in pain score and 20% higher in opioid
consumption. Noninferiority was assessed at the overall 0.025 significance level with no
adjustment to the significance criterion for testing two outcomes since noninferiority is

Anesthesiology. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

llfeld et al.

Page 8

required on both outcomes — i.e., an intersection union test. A noninferiority delta of 1 point
in pain score is conservative since receiver operating characteristic curve analysis has
demonstrated that changes from baseline of at least 1.7 along a 10-point Numeric Rating
Scale accurately identified patients who rated improvements as “much improved” or more,
compared with those who perceived no change or worsening following analgesic
interventions.39-41

We tested for noninferiority on pain score with a one tailed t-test in which the numerator was
the estimated treatment effect from the model minus the noninferiority delta (1 point), and
the denominator was the standard error of the estimated treatment effect. The estimated
treatment effect for pain score was derived from a linear mixed effects model with the
outcome of patient “average” pain score for each day, including fixed effects for intervention
(peripheral nerve stimulation vs usual care) and time (days 1 through 7). In doing so, we
assumed an autoregressive correlation structure among and measurements on the same
patient over time. When presenting this analgesia data, the mean difference (97.5% CI) the
stimulation vs. sham (placebo) was estimated from a repeated measures linear mixed model
with an autoregressive correlation structure by adjusting for baseline BPI average pain score
and imbalanced surgical location; adjusting for baseline BPI average pain score only; and
adjusting for baseline BPI average pain score, surgical location and surgical type; interaction
model (i.e., treatment * time) adjusting for baseline BPI average pain score and imbalanced
surgical location, and mean difference (97.5% ClI) at each day was estimated from the
interaction effect model. And for the sensitivity analysis, median difference was estimated
from Wilcoxon rank sum test adjusted for surgical location and the Hodges-Lehmann
estimator of location shift between groups.

Cumulative opioid consumption was not normally distributed, but approximately log-
normal. We therefore assessed the treatment effect of peripheral nerve stimulation versus
usual care on log-transformed cumulative opioid consumption from recovery room discharge
through POD 7 using a simple linear regression model. The estimated treatment effect (i.e.,
difference between groups) was then used in a noninferiority test with null and alternative
hypotheses as: HO: t4 — 1o = 109(1.2) = 0.263 versus HA: (4 — b < log(1.2) = 0.263, where
14 and f» are the means of log-transformed opioid consumption for peripheral nerve
stimulation and usual care, respectively, and z4 — /& is estimated by the coefficient (i.e., beta)
for peripheral nerve stimulation versus usual care in the regression model. The estimated
treatment effect beta is also an estimate of the ratio of geometric means for peripheral nerve
stimulation versus usual care, assuming data are log-normal with similar coefficient of
variation between groups.

In this planning phase we placed focus on the estimated confidence interval for the treatment
effects and the variability of the outcomes (SD for pain score and coefficient of variation for
opioid consumption). When presenting the opioid data, ratio of means (97.5% CI) of the
stimulation vs. sham (placebo) was estimated from a multiple regression adjusting for
imbalanced surgical location, without adjusting for surgical location, and adjusting for
surgical location and surgical type; median difference was estimated from Wilcoxon rank
sum test adjusted for surgical location and the Hodges-Lehmann estimator of location shift
between groups.
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Superiority Testing.—Since noninferiority was found on both pain and opioid
consumption we next tested for superiority on each outcome using 1-tailed tests in the same
direction. For superiority testing, since superiority on either outcome was sufficient to reject
the joint null hypothesis (i.e., a union-intersection test), we controlled the type | error at
0.025 across the 2 outcomes by using a Bonferroni correction and using 0.025/2=0.0125 as
the significance criterion for each outcome.

Secondary Outcomes.

We used a linear mixed effects model to assess the treatment effect over time for additional
outcomes measured at days POD 1-7 (1,2,3,4,7), as in the primary analysis, including worst
pain and the Defense and Veterans Pain Rating Scale; we similarly assessed the treatment
effect on total severity score and total interference score at days 3 and 7. For Brief Pain
Inventory components and other outcomes analyzed at a single time point (days 11, 15;
months 1, 4) we used linear regression or Wilcoxon rank sum test for ordinal outcomes, as
appropriate, and chi-square analyses for binary outcomes (e.g., incidence of chronic pain).
We used Wilcoxon rank sum test for quality of life measured by the World Health
Organization Quality of Life-BREF Instrument.

Assessing Treatment Effect Heterogeneity.

We assessed the interaction between the treatment effect and selected baseline variables of
sex and surgical procedure (e.g., ankle versus shoulder/knee) on the primary outcomes of
pain and opioid consumption using the relevant regression models. We did not require a
significant interaction in order to report the treatment effect for each level of the baseline
variables.

Missing Data.

Missing outcomes data were summarized along with a known etiology of the absence. All
analyses were intention to treat, and missing data were largely assumed to be missing at
random. We therefore did not impute missing data for outcomes measured once or for
repeated measures analyses. If we had reliable evidence that data were not missing at
random, data would have been analyzed within patterns of the missing data mechanism.

Sample size considerations.

The planned pilot study sample size of N=64 patients was chosen to be able to estimate the
treatment effects of interest with moderate precision, i.e., a confidence interval width of
roughly 1.1 standard deviations for each outcome measure. As well, we were able to
estimate a confidence interval for a standard deviation with width of 0.70 standard
deviations. Estimates of the primary outcome treatment effects, the observed variability in
the outcomes (e.g., standard deviation for pain score and coefficient of variation for opioid
consumption), as well as the within-subject correlation in the linear mixed effects model
from this Phase | study were used to plan the sample size for the larger trial.

The overall significance level was 0.025 for the 1-tailed noninferiority and superiority
testing for the primary outcomes. It was 0.05 for all other hypotheses as those were 2-tailed
tests for superiority. SAS statistical software (Cary, NC) was used for all analyses.
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Between January 2019 and September 2020, a total of 66 patients were enrolled, had a lead
successfully implanted, and randomized to either stimulation (n=32) or sham (n=34). The
surgery for one participant randomized to active stimulation was cancelled and he was
therefore not included in the analysis since he received no portion of the intervention (Figure
2). Among baseline characteristics (Table 1), only surgical side was imbalanced between the
two randomized groups with an ASD of 0.490 (> imbalance criterion of 0.487) and was
adjusted for in all analyses. One patient receiving stimulation withdrew from the study on
postoperative day 3 and was included in all analyses per the intent-to-treat protocol.

Primary outcome.

During the first 7 postoperative days opioid consumption (oral morphine equivalents) in
participants receiving active stimulation was a median [IQR] of 5 mg [0, 30] versus 48 mg
[25, 90] in patients given sham (estimated ratio of geometric means (97.5%Cl) 0.20 (0.07,
0.57), P<0.001). During the same time period the average pain intensity in patients receiving
active stimulation was a mean + SD of 1.1 + 1.1) versus 3.1 £ 1.7 in those given sham
(difference in means (95% CI) from linear mixed effects model of -1.8 (-2.6, -0.9),
P<0.001). No interaction between treatment and postoperative day on BPI average pain
score was found (P=0.18). Since superiority (as well as noninferiority) was found on both
primary outcomes, the joint null hypothesis was rejected and active stimulation is concluded
to be better than sham for pain management in the first 7 days (Figure 2) Sensitivity analyses
on the primary outcomes gave treatment effect estimates very close to the primary analysis
results (Table 2).

Treatment effect heterogeneity on primary outcomes (Table B, Supplemental).

The treatment effect of stimulation versus sham on opioid consumption in the first 7 days
did not vary significantly as a function of sex (interaction P=0.61) or surgical procedure
(interaction P=0.99). Likewise, the treatment effect on average pain score during the first 7
days did not vary as a function of sex (interaction P= 0.52) or surgical procedure (interaction
P=0.63) in a linear mixed effects model.

Secondary outcomes (Supplemental Tables C-H).

Worst, average, and current pain scores (Figure 3) as well as opioid consumption were
significantly lower for participants receiving stimulation on all individual days while the
leads were in place, without correction for multiple testing (Figures 3, 4, Supplemental
Figure 6). Participants who received active treatment had less physical and emotional
interference due to pain during the treatment phase as well as the day following lead removal
(Figure 5). Few statistically significant differences between treatments were identified at 1
and 4 months; although one notable exception was the complete lack of opioids required by
participants of the stimulation group compared with 6 for controls (P=0.025; Supplemental
Tables F and G).
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Assessment of blinding.

Among 64 participants with a recorded response, 61 (95%) believed they were either
receiving active treatment or did not know to which group they were randomized. Among
the 3 participants who believed they were receiving sham treatment, 2 had actually received
active treatment. Thus, only a single person in the sham group accurately predicted their
group assignment.

Adverse Events and protocol deviations.

One pulse generator stopped functioning the day following surgery and was replaced. One
subject with a sciatic lead withdrew on postoperative day 3 due to unpleasant sensations in
the sciatic nerve distribution (he refused to decrease the level of current intensity). One
subject developed erythema under the dressing which resolved following dressing removal
(the lead was left /n situ and affixed with paper tape by the patient). The leads of two
participants fractured during intentional removal.

Discussion

This multicenter, randomized, double-masked, sham-controlled pilot study provides
evidence that ultrasound-guided percutaneous peripheral nerve stimulation improves
analgesia and concurrently decreases opioid requirements to a statistically significant and
clinically meaningful degree for at least a week after moderate-to-severely painful
ambulatory orthopedic surgery. Secondary endpoints suggest that some analgesic and opioid
benefits continued beyond lead removal on postoperative day 14. Pain’s interference with
emotional and physical functioning was also decreased during the 2-week intervention and
the day following lead removal; however, there appeared to be little residual benefit at
Months 1 and 4.

Various factors favor percutaneous peripheral nerve stimulation over opioid- or local
anesthetic-based analgesics. Neuromodulation avoids the systemic side effects related to
opioid use such as nausea, sedation, and respiratory depression; it also has no potential for
abuse, addiction, and diversion.#2 Unlike single-injection and continuous peripheral nerve
blocks, neuromodulation induces no proprioception, sensory, or motor deficits'6-18 and
therefore should not decrease the ability to participate in postoperative rehabilitation or
increase the risk of falling.43 The risk of infection for helically-coiled leads is significantly
lower than for perineural catheters, and reported to be fewer than one per 32,000 indwelling
days.*445 Small pulse generators combined with rechargeable batteries allow treatment
without the patient burden of carrying an infusion pump and local anesthetic reservoir. These
attributes support prolonged application. For example, the leads used in this trial are Food
and Drug Aadministration-approved for up to 60 days — thus providing analgesia which
substantially outlasts the duration of acute pain following most operations. An additional
consideration is that the leads and introducers are positioned 1-2 cm from the target nerve,
unlike for peripheral nerve block and perineural catheter administration, thus reducing the
risk of needle-to-nerve contact and possible neurologic injury.
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Limitations of percutaneous peripheral nerve stimulation includes a lack of surgical block or
analgesia as potent as a single-injection local anesthetic-based peripheral nerve block.16-18
Consequently, we administered a single-injection peripheral nerve block with long-acting
local anesthetic after lead implantation and immediately before the surgical start. The
insertion time of electric leads is also a concern, with initial reports requiring significant
time for this procedure.16-18 However, the insertion time for the present study decreased
with the use of improved equipment and with increasing experience (Table 1). While still
longer than perineural catheter insertion times,*6:47 the decreased lead implantation time that
came with increased experience allowed the majority of participants of the present study to
have their leads inserted the morning of surgery and avoid an additional visit to the surgical
center on a previous day.

Based on previously-reported series involving acute pain, the most concerning technical
challenges have been lead dislodgement (9%) and fracture (20%) either during use or
removal.15-18 But among the 66 participants of our trial, there were no inadvertent lead
dislodgements or fractures during use; and only two (3%) fractures during intentional
withdrawal. Although speculative, lack of dislodgement might be attributed to the use of
surgical glue at the point of lead entry; and decrease in fractures (20% to 3%) to more gentle
traction during removal. In previous and current cases, fractured lead remnants were left /n
situwith no negative sequelae reported within the following year.1% Notably, magnetic
resonance imaging remains safe with retained lead fragments of up to 12.7 cm—the
maximum possible—at 1.5 Tesla.#8 In practice, most fractures have occurred at or near the
tip of the lead, leaving less than 2 cm of retained wire.*8

An important—and somewhat surprising—finding was the successful masking of treatment
group assignments: all but 3 individuals (1 in sham and 2 in active treatment groups) either
believed they were receiving active stimulation or were unsure of their treatment. All
patients experienced active stimulation during lead implantation, and we therefore
anticipated many who subsequently received sham to conclude they were, in fact,
randomized to the placebo. The main cause of masking retention appeared to be due to the
instruction that individuals should decrease the current if they experienced muscle
contractions. Nearly all participants reported multiple cases daily of what they perceived as
muscle contractions and decreased their stimulation level accordingly. Nearly complete
masking increases confidence in our results and strongly suggests that the observed
impressive treatment effect was not due to placebo effect.

Our trial was a priori designated a pilot study because it was undertaken to plan for a
subsequent randomized trial by: (1) determining the feasibility of and optimizing the study
protocol; and (2) estimating the treatment effect to adequately power the future investigation.
Our study was thus a true pilot trial with correctly specified a priori pilot objectives.
Importantly, the label “pilot” in no way lessens the veracity or validity of the results: what
the findings are used for (e.g. power estimation for an immediately subsequent larger trial)
does not change the findings themselves. In fact, the treatment effect was much greater than
what we had anticipated, concurrently reducing opioid consumption by 80% and pain scores
more than 50%. Consequently, the results were highly statistically significant with both P
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values <0.001. Our results thus stand on their own and indicate that percutaneous peripheral
nerve stimulation is highly effective for acute pain.

A primary aim of our pilot trial was to evaluate the feasibility of a subsequent larger trial and
to optimize the protocol. The former is now answered in the affirmative. Based on our
experience, we plan to: (1) decrease the future sample size from the originally-planned 528
to 250 based on larger-than-anticipated effect sizes; (2) remove two treatment centers due to
a lack of enrollment; (3) exclude anterior cruciate ligament reconstruction due to an
inadequate volume of patellar autograft procedures at the enrolling centers; (4) call
participants the evening of surgery to review the protocol and answer questions; (5) add a
12-month time point for detection of longer-term benefits and adverse events such as
conversion of acute to chronic pain; and (6) define the stepwise gatekeeping order of
outcome measures. Statistical method differences will include: 1) incorporating interim
analyses for assessment of efficacy and futility; 2) incorporating an internal pilot study to re-
assess outcome variability at 50% of the planned enrollment; and 3) inclusion of a more
thorough assessment of treatment effect heterogeneity as a function of pre-specified baseline
factors.

In conclusion, percutaneous peripheral nerve stimulation reduced pain scores and opioid
requirements free of systemic side effects during at least the initial week after ambulatory
orthopedic surgery. Our results confirm feasibility of a future larger trial and suggest
protocol enhancements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BPI average pain during the first 7 days after surgery
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Opioid consumption during the first 7 days after surgery

Figure2.
Joint hypothesis testing of total opioid consumption and pain score primary outcomes during

the Initial 7-days postoperatively. The plot of mean difference of BPI average pain score
(Upper Panel) and the Ratio of Geometric Means of Total Opioid Consumption (Lower
Panel). The mean difference (97.5% CI) of pain score on stimulation vs. sham (placebo) was
estimated from a repeated measures linear mixed model with an autoregressive correlation
structure, adjusting for baseline BPI average pain score and imbalanced surgical location.
The ratio of geometric means of total opioid consumption were each estimated using a
multivariable linear regression model adjusting for imbalanced surgical location. The
stimulation was superior on pain and total opioid consumption (both superiority test p <
0.001) compared to the placebo group.
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Average Pain
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Intervention

Defense and Veterans Pain Rating Scale

10 P-values: <0.001 0.003 0.127 0.913

0o 1 2 3 4 7 11 ;15 30
Intervention

Postoperative Day

Figure 3.
Effects of 14 days of percutaneous peripheral nerve stimulation on pa/n. Pain severity is

indicated using a numeric rating scale (Panels A and B) the Defense and Veterans Pain
Rating Scale (Panel C) with 0 equal to no pain and 10 being the worst imaginable pain. For
scores during the initial 7 postoperative days, P values were estimated from repeated
measures linear mixed effects model with an autoregressive correlation structure, adjusting
for baseline scores and imbalanced surgical location; for postoperative day 11 and 15, P
values were estimated from Wilcoxon rank sum test stratified by surgical location; for month
1, P values were estimated from multivariable linear regression models adjusting for
baseline scores and surgical location. Data expressed as median (dark horizontal bars) with
25t_75t (hox), 10t—90t™ (whiskers), mean (diamonds), and outliers (circles).
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Opioid Consumption
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Intervention
Postoperative Day
Stimulation ———— Sham (Placebo)
Figure 4.

Effects of 14 days of percutaneous peripheral nerve stimulation on gpioid consumption (oral
morphine equivalents). For the opioid consumption within 24 hours at each time point, P
values were estimated from Wilcoxon rank test (skewed data) stratified by surgical location.
Data expressed as median (dark horizontal bars) with 251-75% (box), 10t-90t" (whiskers),
mean (diamonds), and outliers (circles).
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Brief Pain Inventory (Interference Subscale)

0 I 1 2 3 4 7 11 | 15 30
Intervention
Postoperative Day
Stimulation ——— Sham (Placebo)
Figure5.

Effects of 14 days of percutaneous peripheral nerve stimulation on the Brief Pain Inventory
Interference domain. Pain interference indicated using a numeric rating scale of 0-70, with 0
and 70 equal to no and maximal interference, respectively. During postoperative days 3 and
7, P values were estimated from repeated measures linear mixed model with an
autoregressive correlation structure, adjusting for baseline values and imbalanced surgical
location; for postoperative day 15, P values were estimated from Wilcoxon rank test (skewed
data) stratified by surgical location; for 1 month, P values were estimated from multivariable
linear regression models adjusting for baseline values and surgical location. Data expressed
as pain’s interference on either the total or of each of the 7 components (higher scores =
more interference) demarked as median (dark horizontal bars) with 2575t (box), 10t—
90t (whiskers), mean (diamonds), and outliers (circles).

Anesthesiology. Author manuscript; available in PMC 2022 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

llfeld et al.

Table 1.

Page 25

Anthropometric, demographic, baseline, lead insertion, and surgical characteristics (n=65). Any variable with
an absolute standardized difference > 0.487 was considered unbalanced.

Absolute Standar dized

Active(n=31)  Sham (Placebo) (n =34) Difference
Anthrometric
Age (years) 56.8 +15.8 55.4+159 0.084
Female (%) 15 (48) 17 (50) 0.032
Weight (kg) 80+ 16 86 + 20 0.354
Body mass index (kg/m?) 27.0+4.2 28.5+5.4 0.289
Enrolling Center (%)*
Cedars-Sinai 1(3) 1(3)
University California San Diego 28 (90) 28 (82)
Naval Medical Center San Diego 0 (0) 1(3)
Walter Reed 1(3) 2 (6)
Womack Army Medical Center 1(3) 2 (6)
Defense & Veterans Pain Rating Scale 4020, 6.0]a 5.0 [2.0, 6.0]b 0.070
Brief Pain Inventory >
Pain (Numeric Rating Scale)
Worst 5.0 [3.0, 7.0] 5.0 [2.0, 7.0] 0.026
Average 2.5[1.0,5.0] 3.0[2.0,6.0] 0.288
Least 0.0[0.0, 2.0] 0.0[0.0,3.0] 0.039
Current 1.0 [0.0, 3.0] 1.0 [0.0, 3.0] 0.011
Total pain score (4 scores combined) 9.5[5.0, 13.0] 11.0 [4.0, 16.0] 0.085
Pain interference
Total interference score 16.0 [10.0, 26.0] 18.0 [8.0, 32.0] 0.106
General Activity 4.0[2.0,6.0] 3.0[1.0,6.0] 0.173
Mood 0.5[0.0,4.0] 2.0[0.0, 5.0] 0.226
Walking ability 1.0 [0.0, 5.0] 2.0[1.0,5.0] 0.363
Work (inside and outside of home) 4.0[1.0,5.0] 4.0[1.0,6.0] 0.059
Relations with other people 0.0 [0.0, 1.0] 0.0 [0.0, 3.0] 0.305
Sleep 2.0[0.0, 5.0] 1.0 [0.0, 4.0] 0.235
Enjoyment of life 2.0[0.0, 4.0] 2.0[1.0,7.0] 0.197
World Health Organization Quality of Life Instrument
Overall quality of life 5.0 [4.0, 5.O]C 5.0 [3.0, 5_0]0’ 0.268
General health of life 4040, 4.O]a 4.0[2.0,4.0] 0.364
Physical health 59 [46, 68]3 57 [50, 68] 0.104
Psychological 63 [58, 75]& 67 [58, 79] 0.096
Social Relations 7567, 92]5 75 [67, 100] 0.103
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Absolute Standar dized
Active(n=31)  Sham (Placebo) (n =34) Difference

Environment 66 [56, 69]3 66 [53, 81] 0.032
Post-Traumatic Stress Disorder Checklist (C)
Total score o[, 0]5 010, 0] 0.147
Severity (total score > 33) 1 (3)3 2(6) 0.122
Lead Insertion
Current intensity, minimum sensed s 40 [32, 48] 39 [34, 56] 0.204
Current intensity, maximum comfortable s 58 [48, 70] 54 [40, 68] 0.258
Current intensity, maximum tolerated $ 59 [50, 72]% 54 [44, 72]% 0.203
Muscle contraction —number (%) 4(13) 5 (15) 0.052
Distance from skin (cm) 2.8[15, 4_0]6 30[L8, 5_0]6 0.212
Distance from epineurium (cm) 1.0[05, 1.0]a 0.9[05, 1.0]a 0.098
Insertion time (needle in/out) min 15 [10, 21] 15 [10, 31] 0.192
Worst pain for lead insertion (Numeric Rating Scale) 3.0[2.0, 6.0] 4.0[2.0,6.5] 0.085
Average pain for lead insertion (Numeric Rating Scale) 1.0 [0.0, 2.0] 1.5[0.0, 3.0] 0.241
Intraoper ative factors
Surgical procedure-number (%) 0.455
Rotator cuff repair 13 (42) 8 (24)
Anterior cruciate ligament reconstruction 1(3) 309
Ankle arthrodesis 4 (13) 7(21)
Ankle arthroplasty 4 (13) 5 (15)
Hallux valgus 9 (29) 11 (32)
Surgical side = left-number (%) 10 (33) 19 (56) 0.490
General anesthetic —number (%) 27 (87) 28 (82) 0.132
Duration of surgery (min) 88 + 42 90 + 36 0.040
1V morphine equivalents (mg) 10 [8, 10] 10 [5, 10] 0.117

Data reported as mean + SD, median [quartiles], or number (percentage)
*

Totals not equal to 100% due to rounding error
*ok

1 missing data point in each group

a . . .

1 missing data point,
b, . . .

2 missing data points,
[5 L .

12 missing data points,

d14 missing data points.

§The pulse generator intensity setting spans a range of 0 (no current) to 100 (maximum), indicating a combination of amplitude (0-30 mA) and
pulse duration (10-133 ps), the specific combination of which at each intensity setting is proprietary and therefore unavailable for publication
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