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A review of prospective studies regarding percutaneous peripheral nerve
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ABSTRACT ARTICLE HISTORY
Conventionally, peripheral nerve stimulation (PNS) for treatment of chronic pain has involved atwo-  Received 26 February 2024
stage process: a short-term (e.g., 7 days) trial and, if significant pain relief is achieved, a permanent ~ Accepted 3 May 2024
PNS system is implanted. A percutaneous PNS treatment is now available where a coiled lead may
be implanted for up to 60 days with the goal of producing sustained relief. In the present review, S

. - X . R - . chronic pain; low back
published prospective trials using percutaneous PNS treatment were identified and synthesized. The pain; neuropathic pain;
collected evidence indicates that percutaneous PNS treatment for up to 60 days provides durable  patient-reported
clinically significant improvements in pain and pain interference. Similar efficacy across diverse  outcomes; percutaneous
targets and etiologies supports the broad applicability for use within the chronic pain population  PNS; peripheral nerve
using this nonopioid technology. stimulation; shoulder pain
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Plain language summary:

What is this review about?: This review looks at a drug-free way to treat chronic pain called
percutaneous peripheral nerve stimulation (PNS). Percutaneous means it is placed through the skin.
PNS applies small amounts of electricity to the nerves to reduce chronic pain. Most PNS systems
involve a two-step process. A short trial is first performed to see if a patient has pain relief. A
permanent system is then placed if the person had pain relief. Percutaneous PNS treatments are
different. They use a thin wire called a lead placed in the body for up to 60 days. The lead is taken out
at the end of the treatment period. Studies have shown that this type of PNS treatment can reduce
chronic pain even after the treatment is over. No previous article has collected all these studies of
percutaneous PNS in one place.

What evidence was gathered?: This review found evidence from studies on treatment of chronic
pain. Pain types included shoulder pain, neuropathic pain and low back pain. It found that
percutaneous PNS treatment for up to 60 days can reduce pain and how pain interferes with daily
life.

How can these data lead to better care for patients?: These findings mean that percutaneous
PNS treatments could be a useful, non-drug option for many types of chronic pain.
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1. Background

Chronic pain (pain lasting longer than 3 months) exacts
an enormous toll on individuals [1] including reduced
quality of life [2] and productivity loss [3]. On average,
adults with chronic pain lose 16 productivity days/year [4]
and have increased healthcare costs associated with
treatment compared with individuals without chronic
pain [5,6]. Left untreated, chronic pain continues to neg-
atively affect sleep, independence and function [7]. The
Center for Disease Control estimates over 50 million
Americans will experience a substantial negative influ-
ence on their well-being and productivity from chronic
pain annually [8] and the rising incidence rate of chronic
pain among Americans contributes to a growing eco-
nomic burden with estimated annual direct and indirect
costs totaling as high as $600 billion nationally [6,9].
Devices that interface with the nervous system have
significant potential to relieve chronic pain. Application
of electric current to neural tissue, or neurostimulation,
can alter pain signal processes and has been used suc-
cessfully to treat acute and chronic pain across multi-
ple etiologies [10]. Neurostimulation can be applied at
several levels of sensory or motor processing including
the brain, spinal cord and peripheral nerves. The latter
is especially promising as peripheral nerve stimulation
(PNS) devices may produce focal pain relief with higher
precision compared with other neuromodulation modal-
ities (e.g., spinal cord stimulation [SCS] and dorsal root
ganglion [DRG] stimulation) and some approaches may
offer enduring effects without a permanently implanted
system [11]. Additionally, PNS may be an appropriate
treatment option in patients who are not optimal can-
didates for SCS or DRG stimulation, including patients
with complex spinal anatomy or those on anticoagulant
therapy [12,13]. With the evolution of neuromodulation
technology, a paradigm shift has occurred in interven-
tional pain management, and stimulation is frequently
employed much earlier in the treatment algorithm for a
range of conditions including back pain, shoulder pain,
knee pain, post-amputation pain and more [14].
Contemporary PNS device designs can be perma-
nently or temporarily implanted. Several permanently
implanted PNS systems are currently available that apply
stimulation to a nerve (or group of nerves) via perma-
nently implanted leads with an internal or external pulse
generator or receiver. Before the implantation of a perma-
nent system, physicians will typically temporarily implant
leads to ascertain whether the patient experiences sig-
nificant pain reduction before recommending implanta-
tion of a permanent system. Historically, percutaneous
leads have been temporarily implanted to allow PNS to
be experienced for approximately 7 days. In contrast,

one US FDA-cleared system (SPRINT" PNS System, SPR
Therapeutics; OH, USA) uses temporarily implanted leads
designed to remain indwelling and delivering PNS for an
extended treatment period of up to 60 days with intent to
provide pain relief during the treatment period that may
endure following lead removal. A proposed mechanism
for this sustained effect involves ‘reconditioning’ of the
centralized pain state [15]. When pain relief is significant,
but not durable, an extended temporary period of stimu-
lation may also be helpful in identifying delayed respon-
ders who may benefit from the subsequent implantation
of a PNS system US FDA cleared to remain indwelling per-
manently [16].

While several reviews of clinical PNS studies have been
published in recent years [17-22], no review has provided
a summary of evidence for percutaneous PNS treatment
with temporarily implanted leads (i.e., SPRINT PNS and
earlier related studies). Therefore, the present review syn-
thesizes findings from prospective clinical trials using per-
cutaneous PNS leads implanted for up to 60 days to treat
chronic pain.

2. Methods
2.1. Literature review

The objective of this study was to review prospective clin-
ical trials using percutaneously implanted PNS leads to
treat chronic pain that remained indwelling and exter-
nalized for up to 60 days prior to their withdrawal. A
literature search was conducted to verify relevant stud-
ies. Search criteria were defined to identify prospective
clinical trials investigating the efficacy of percutaneous
PNS treatments in managing chronic pain. Percutaneous
PNS treatments for acute pain have been reviewed else-
where [23-25]. Specific search terms were developed for
PubMed, Web of Science and Scopus [26]. EMBASE was
considered but not accessible, and other tools were com-
bined to maximize search coverage and minimize the
risk of search bias [26,27]. Key phrases included ‘periph-
eral nerve stimulation), ‘'neuromuscular stimulation’ and
‘pain’ (search terms defined in Supplementary Materi-
als: Literature Review Search Terms). The review excluded
studies investigating permanently implanted devices or
devices intended for permanent implantation, studies
investigating devices used only during clinic visits or sur-
face stimulation approaches (e.g., transcutaneous electri-
cal nerve stimulation [TENS]), retrospective studies, case
reports and studies where the primary therapeutic out-
come was unrelated to pain. Duplicates, reviews, non-
peer-reviewed publications (e.g., conference abstracts)
and studies on acute disease and pain states were also
excluded.



Study characteristics such as design, participant num-
bers for PNS treatment groups and control groups
(if applicable), treatment descriptions and outcomes
(e.g., pain intensity, pain interference, disability, etc.) were
extracted from eligible publications. Safety data and
adverse events were also summarized.

2.2. Participant-level data

To synthesize participant-level outcomes, data were
extracted from study publications as available and out-
comes were requested from authors for studies where
participant-level outcomes were not provided in the pub-
lication. Commonly reported outcomes, such as worst
pain, average pain and pain interference as quantified
using the Brief Pain Inventory (BPI) questionnaire, were
synthesized. Because of differing study designs and out-
come measures, participant-level data were considered
here as-observed and missing data are reported descrip-
tively. Data were pooled for pain intensity (average pain as
quantified by BPI Short Form Question 5 [BPISF-5] score),
and for pain interference (as quantified by the BPISF Ques-
tion 9 [BPISF-9] score). In the event average pain scores
were not available, worst pain scores (as quantified by the
BPISF Question 3 [BPISF-3] score) were included in the
participant-level pooled data due to the demonstrated
similarities in assay sensitivity, reliability and validity to
detect therapeutic effects and quantify effect size across
pain conditions [28-30]. Data are summarized from the
participant-level data for each study cohort, timepoint
and outcome (pain intensity and pain interference). Data
points from publications with shared study cohorts (e.g., a
first publication to report primary end points at end-of-
treatment and a second publication to report long-term
follow-up end points) were not duplicated.

As the duration of treatment and follow-up timepoints
were not uniform across all studies, data timepoints are
presented as follows: end of treatment (EOT) is defined
as the time of lead withdrawal regardless of treatment
duration, follow-up outcome timepoints are standard-
ized to reference from the implantation date (time from
start of treatment), the treatment periods are defined as
the time between lead implant and withdrawal, follow-
up outcome timepoints are grouped across studies into
the following epochs: 3-5 months, 6-8 months and 12-
14 months.

Because studies also differed in definition of treatment
response, a standardized composite responder definition
(>50% reduction in pain intensity and/or pain interfer-
ence compared with baseline, which is considered a sub-
stantial change according to consensus recommenda-
tions [31]) was applied to the participant-level data to cal-
culate the responder rate for the pooled study cohorts.
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By considering pain and pain interference outcomes, the
composite responder definition accounts for direct treat-
ment effects on pain while also capturing indirect effects
that are more indicative of the real-world benefits of pain
treatments [32-34]. The responder rate was calculated as
the percentage of the pooled participants at each time-
point.

2.3. Datareporting

Continuous variable data are presented as mean =+ stan-
dard error (SEM) unless specified otherwise. Binomial data
are presented as proportions with 95% confidence inter-
val.

3. Results
3.1. Literature review

Literature searches for all databases were performed
through 10 November 2023, and 968 resulting publica-
tions were evaluated for inclusion. 112 publications were
duplicates and 840 publications did not meet the inclu-
sion criteria and were removed. After the literature search,
16 publications were eligible for inclusion in the present
review (Figure 1). The most common reasons for study
exclusion included non-prospective study design and use
of permanently implanted devices.

Eligible publications encompassed multiple prospec-
tive study designs (prospective case series and multi-
center randomized controlled trials [RCT]) in three pri-
mary indications: shoulder pain, neuropathic pain and
axial low back pain.

3.1.1. Shoulder pain

Six publications reported original data from prospec-
tive studies investigating percutaneous PNS treatment for
shoulder pain [35-40]. Five publications presented pri-
mary findings from five study cohorts (from EOT through
a maximum of 7 months from the start of treatment),
and one publication reported follow-up data from one
cohort through 12 months [37]. Studies varied by indi-
cation (e.g., hemiplegic shoulder pain and subacromial
impingement syndrome) and design (prospective case
series, single-center RCT and multicenter RCT).

A prospective clinical study was conducted to deter-
mine the feasibility of percutaneous PNS treatment to
manage chronic hemiplegic shoulder pain in stroke
patients [41]. Yu and colleagues implanted percutaneous
leads and stimulated the terminal branches of the axil-
lary nerve and the suprascapular nerve to activate the
posterior deltoid muscle and the supraspinatus muscles,
respectively, to decrease shoulder pain and subluxation
in participants with hemiplegic shoulder pain (n = 8,
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Figure 1. Flow chart for literature search. Publications that met the inclusion criteria are summarized by the publication count in

parentheses and the number of unique study cohorts.

Study Cohort 1 in Table 1). Two participants received
an additional lead targeting the terminal branches of
the spinal accessory nerve activating the upper trapez-
ius muscle. Percutaneous PNS treatment was provided
with constant frequency and amplitude and a 50% duty
cycle (12 Hz, 20 mA, 10 s on-10 s off). Stimulation intensity
was titrated by adjusting the pulse width (10-200 wus) to
produce comfortable cycling stimulation which was used
for 6 h/day. All participants received 6 weeks of percu-
taneous PNS treatment before the leads were removed.
Shoulder biomechanics and mean pain (quantified using
the BPI questionnaire) were measured before treatment,
at EOT and at 3-month follow-up post-treatment. Partici-
pants reported reduced pain intensity (median 0/10) and
pain interference (median 0/10) at EOT compared with
pre-treatment baseline (5/10 median pain intensity and
1.15/10 median pain interference). The relief from pain
intensity and pain interference was sustained at 3 months
post-treatment (median score of 2/10 and 0.5/10, respec-
tively).

A single-arm case series study was performed by Ren-
zenbrink and lJzerman to study the effectiveness of per-
cutaneous PNS to treat hemiplegic shoulder pain [42].
15 participants with chronic hemiplegia and treatment-
resistant shoulder pain (Study Cohort 2 in Table 1) with
baseline pain >4/10 received percutaneous PNS target-
ing the terminal branches of the axillary nerve, the supras-
capular nerve and spinal accessory nerve terminals. The

participants were instructed to apply stimulation (12 Hz,
20 mA, 10 s on-10 s off) for 6 h each day during the 6-
week treatment period and reported pain intensity using
the numeric rating scale (NRS; comparable to the BPI)
between 0 (no pain) and 10 (worst pain imaginable).
The cohort’s mean pain intensity (+ standard deviation)
decreased significantly from baseline (7.2 £+ 1.6) to EOT
(1.5 £ 1.3) and participants reported sustained relief from
shoulder pain at 18 weeks (1.3 £ 1.4) and 30 weeks
(1.3 & 1.4) following treatment onset.

These results encouraged Yu and colleagues to per-
form a multi-center, single-blinded, RCT using a four-lead
system targeting the axillary nerve, suprascapular nerve
and spinal nerve terminals (e.g., spinal accessory nerve
and ventral rami of cervical spinal nerves) in the trapez-
ius muscle [36]. 32 participants with hemiplegic shoulder
pain intensity >2/10 (Study Cohort 3 in Table 1) received
6 weeks of percutaneous PNS treatment, and 29 partici-
pants received standard care (instructions to use a sling
when affected shoulder was unsupported). Yu and col-
leagues recorded the worst pain (BPI Question 12 [BPI-
12], equivalent to the BPISF-3) at baseline, EOT and follow-
up timepoints of 3-months and 6-months post-treatment.
Outcomes from the PNS treatment and control groups
were compared using repeated-measure analysis of vari-
ance with post-hoc independent t-tests. The proportion
of participants with a >3-point decrease in worst pain
score in the PNS treatment group was significantly higher
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than the control group at EOT (66 and 24%, respectively;
p < 0.01), 3 months post-treatment (59 and 21%, respec-
tively; p < 0.01) and 6 months post-treatment (59 and
28%, respectively; p < 0.05). A 12-month follow-up intent-
to-treat analysis [37] reported pain relief was sustained for
ayear after lead removal for a higher proportion of partici-
pants who underwent percutaneous PNS treatment com-
pared with the control group (mean =+ standard deviation
reduction in BPI-12 scores of 5.00 &+ 3.30 and 2.31 &+ 3.21,
respectively; p < 0.001).

Chae and colleagues performed a prospective case
series investigating the efficacy of a simplified approach
with a single lead PNS treatment targeting the axillary
nerve to treat hemiplegic shoulder pain [38]. The lead
was implanted for 3 weeks of active stimulation (12 Hz,
20 mA, pulse duration between 17-220 us) following a
1-week post-implant stabilization period in participants
experiencing hemiplegic shoulder pain >4/10 at baseline
(n = 8, Study Cohort 4 in Table 1). Worst pain (BPISF-3)
and pain interference (BPISF-9) were recorded at base-
line, EOT (4 weeks) and follow-up timepoints of 5, 8 and
16 weeks. Using an established definition of clinical sig-
nificance [43], all participants (100%, n = 8) reported
a clinically significant (>2-point) and statistically signifi-
cant (p < 0.001) decrease in worst pain at EOT, 4 weeks
post-treatment and 12-weeks post-treatment, reporting
an average reduction of 70, 61 and 63% in worst pain
intensity compared with baseline, respectively.

The case series was followed by a single center
RCT [39]. Wilson and colleagues compared pain reduc-
tion in participants with hemiplegic shoulder pain >4/10
at baseline who received 3 weeks of percutaneous PNS
treatment following a 1-week stabilization period (n =13,
Study Cohort 5 in Table 1) to participants who received
usual care (4 weeks of physical therapy, n = 12). The study
found greater decreases in reported worst pain (BPISF-
3) at EOT when participants received percutaneous PNS
treatment (mean worst pain score decreased 65% from
baseline, from 7.5 to 2.6) than when participants received
usual care (mean worst pain score decreased 34% from
baseline, from 7.6 to 5.0). Sustained reduction in mean
worst pain score was observed for participants in the PNS
treatment group at 16 weeks post-treatment (decreased
60% from baseline, to 3.0), but not for the usual care group
(p < 0.05).

Percutaneous PNS treatment has also been applied to
participants with other types of chronic shoulder pain
with musculoskeletal etiologies. In a prospective case
series evaluating percutaneous PNS treatment for sub-
acromial impingement syndrome, Wilson and colleagues
enrolled ten participants (Study Cohort 6 in Table 1)
with pain intensity >4/10 at baseline who received
3 weeks of percutaneous PNS treatment following a 1-
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week post-implant stabilization period targeting the ter-
minal branches of the axillary nerve [40]. Key outcomes
were pain intensity (BPISF-3) and pain interference (BPISF-
9) measured at baseline, EOT (4 weeks) and follow-up
timepoints at 5, 8 and 16 weeks. At EOT, participants
reported statistically significant percent reductions in
worst pain intensity (37% reduction compared with base-
line; p < 0.01) and pain interference (52% reduction com-
pared with baseline; p < 0.01). At the 16-week follow-
up timepoint, participants reported sustained relief from
worst pain intensity (49% reduction compared with base-
line; p < 0.01) and in pain interference (58% reduction
compared with baseline; p < 0.01).

3.1.2. Neuropathic pain

The literature review identified three publications report-
ing outcomes from prospective studies investigating per-
cutaneous PNS treatment for neuropathic pain [44,51,52],
including long-term (12 months) follow-up data for one
cohort [52].

Following positive pain relief effects reported in
a single-participant case report [45], a prospective
case series was performed by Rauck and colleagues
treating chronic neuropathic pain in lower extremity
amputees [44]. Two percutaneous leads were placed
to stimulate the femoral nerve and sciatic nerve in the
residual lower limb in 16 participants with neuropathic
pain that averaged >4/10 at baseline (Study Cohort 7
in Table 1). 14 of 16 participants responded during the
delivery of test stimulation and reported decreases in
residual limb pain, phantom limb pain or both. Stimula-
tion parameters were adjusted to produce continuously
comfortable paresthesia coverage over the area of pain
(frequency range of 50-100 Hz, pulse-width range of
10-40 us and amplitude range of 1-20 mA). Of the nine
participants who optionally completed a subsequent
2-week treatment period, a majority experienced clini-
cally meaningful reductions in pain intensity (BPISF-3)
compared with baseline (>30%) at EOT (p < 0.005,n =9)
and at the 4-week follow-up (p < 0.005, n = 9). Com-
pared with baseline, significant improvements in pain
interference (BPISF-9) were also observed at the end of
treatment (p < 0.05), including an 81% decrease in the
six participants with baseline residual limb pain and an
83% decrease in the seven participants with baseline
phantom limb pain.

A subsequent multicenter, double-blinded, random-
ized, placebo-controlled trial compared the efficacy of
continuous (24 h per day) percutaneous PNS treatment
to placebo (implanted leads that provided sham stimu-
lation) for chronic neuropathic pain following amputa-
tion [51]. Subjects had average pain >4/10in at least one
of the residual or phantom limb. The primary endpoint
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was defined as the proportion in each group experiencing
highly clinically meaningful reductions (>50%) in aver-
age pain (residual and/or phantom, BPISF-5) 4 weeks from
start of treatment and outcomes were measured monthly
up to 12 months from the start of treatment. Stimula-
tion was applied at 100 Hz during treatment period, and
after 4 weeks of treatment in the PNS treatment group
and sham stimulation in the placebo group, 58%, (n =12,
Study Cohort 8 in Table 1) of participants in the treat-
ment group reported a >50% reduction in pain inten-
sity (BPISF-5) compared with 14% (n = 14) in the placebo
group (p = 0.037). The PNS treatment group contin-
ued with the percutaneous PNS treatment for a total of
60 days while the placebo group crossed over into treat-
ment by applying therapeutic stimulation rather than
sham stimulation. At 8 weeks, the proportion of partici-
pants in the PNS treatment group with >50% pain relief
(67%, n = 12) continued to be significantly greater com-
pared with the proportion in the placebo group at the end
of the 4-week placebo period (14%, n = 14; p = 0.013).
A follow-up analysis reported 67% of participants in the
PNS treatment group (n = 9) continued to report >50%
reduction in pain, and 56% (n = 9) also reported >50%
reductions in pain interference through 12 months from
start of treatment [52].

3.1.3. Low back pain

Six publications on the use of percutaneous PNS treat-
ment in managing chronic low back pain in two study
cohorts met the inclusion criteria. The study cohorts con-
sisted of a prospective single-center case series with out-
comes through 13 months and a multicenter case series
with follow-up through 14 months.

Following positive outcomes in a case report [46],
Gilmore and colleagues performed a prospective case
series of percutaneous PNS treatment in the manage-
ment of chronic axial low back pain [47]. The investiga-
tors enrolled participants with chronic axial low back pain
(>4/10 average pain) in the lumbar region (n = 9, Study
Cohort 9 in Table 1), and leads were placed bilaterally to
provide targeted stimulation of the medial branch of the
dorsal ramus at the lumbar lamina in the anatomic cen-
ter of the area of pain for 30 days. The intensity of stim-
ulation was adjusted to produce comfortable cycling of
the multifidus muscle (frequency of 12 Hz, pulse-width
range of 15-200 us and amplitude range of 5-20 mA).
The authors recorded average pain (BPISF-5), worst pain
(BPISF-3), pain interference (BPISF-9) and disability as
measured by the Oswestry Disability Index (ODI). 67%
(n = 9) experienced highly clinically meaningful (>50%)
reductions in reported pain intensity (BPISF-5) at EQOT,
and these responders reported an average of 80% reduc-
tion of pain intensity. Of the patients who completed

the post-treatment follow-up 5 months from treatment
onset, 80% reported sustained reductions (>50%) in aver-
age painand worst pain (n =5). A follow-up publication of
the same study cohort reported 60% of participants with
available follow-up outcomes reported clinically mean-
ingful (>30%) reductions in pain intensity at 7 months
from treatment onset (n = 5) [48]. The same study cohort
was followed out to 13 months [49], and 67% of partici-
pants with follow-up available (n = 6; 3 participants were
lost to follow-up) reported clinically meaningful (>30%)
reductions in pain intensity and/or decreases in disability
(>10-point reduction in ODI score). Further, 83% of par-
ticipants reported improvements in quality of life during
the long-term follow-up (>1 point increase as quantified
using the Patients’ Global Impression of Change [PGIC]
questionnaire) compared with baseline (n = 6).

Gilmore and colleagues performed a prospective mul-
ticenter study to investigate further the efficacy of per-
cutaneous PNS treatment to manage chronic axial low
back pain using a 60-day treatment duration in a larger
cohort of 74 participants [50]. Enrolled participants (Study
Cohort 10 in Table 1) had failed multiple conservative
treatments (e.g., recalcitrant chronic pain), had average
pain >4/10 at baseline and represented multiple low
back pain etiologies including degenerative disc disease
(32%) and lumbar spondylosis (37%). 73% of participants
reported a clinically meaningful reduction in average pain
(>30%, BPISF-5) at EOT (n = 74). Among those respon-
ders, the mean percent reduction in average pain was
58%. Among all participants, the mean average pain score
(&£ standard deviation) decreased from 6.1 4 1.2 at base-
line to 3.3 & 1.9 at EOT. The authors observed sustained
relief at 5-month (3.6 mean average pain score) and 8-
month (3.9 mean average pain score) follow-ups. A follow-
up publication reported pain outcomes at 14 months
post-treatment [53], in which 77% of participants (n = 62)
experienced clinically meaningful reduction in pain inten-
sity (>30%), pain interference (>30% reduction of BPISF-9
score) and/or disability (10-point reduction in ODI score)
at the end of follow-up. There was no significant differ-
ence in response to PNS treatment by etiology. 75% of
participants with baseline opioid use (n = 20) reduced or
eliminated opioid consumption in the months following
percutaneous PNS treatment. Participants who reported
a reduction in opioid use also reported an 82% reduction
in average opioid use from baseline (28.5 + 6.5 mg mor-
phine equivalent [MME]) to 14 months (5.1 £ 6.3 MME).
Additionally, an analysis was performed on a subset of
this study’s participants who had previously undergone
RFA of the medial branch of the spinal nerve [54]. 93% of
patients with a history of medial branch RFA (n = 15)
experienced highly clinically meaningful reductions in
pain intensity (>50%, BPISF-5), pain interference (>50%,



BPISF-9), and/or disability (>10 point reduction in ODI
score) at EOT, with significant differences in average pain
intensity from baseline to 2 and 5 months (6.3, 2.4 and 3.1
mean average pain intensity, respectively; p < 0.0001).

3.1.4. Safety outcomes

Cumulatively, there were no serious adverse events
or unanticipated device-related complications reported
across all studies that met the inclusion criteria for this
review. The most commonly reported adverse event was
redness or skin irritation at the bandage or lead exit site
(all publications reported at least one incident of skin
irritation). Other, less-common adverse events included
new/worsening of pain from baseline and discomfort
from the lead placement procedure. Two superficial skin
infections were reported in one study cohort, one at a
lead exit site and one under a bandage adhesive [54],
while the remaining study cohorts had no incidence of
infection. In all cases, adverse events were reported as
non-serious.

Device-related issues included lead dislodgement or
migration during treatment, discomfort due to implanta-
tion or stimulation and lead fracture during treatment or
explant. Reports of lead fracture varied in the reviewed
studies. Overall, lead fracture with open-coil percuta-
neous leads in PNS systems for pain has historically been
reported to occur in 6-8% of leads, predominately at
the time of lead removal, though a markedly strength-
ened lead intended to reduce fracture rates was recently
introduced [55-57]. Lead fragments are magnetic res-
onance imaging conditional [55], and studies reviewed
here reported observing retained fragments in situ with
no fragment-related sequelae or adverse effects during
follow-up [36,39,41,51,58].

3.2. Participant-level data

Follow-up timepoints were extracted from study data that
were the closest available timepointto 3,6 and 12 months
from percutaneous PNS treatment onset. Outcomes were
reported at 3-5 months for nine study cohorts, while five
studies continued to follow participants at 6-8 months
and four studies at 12-14 months (Figure 2). Participant-
level data were made available for all studies. The sum-
mary of outcomes included multiple study cohorts at
each timepoint (range: 4-10 pooled study cohorts, 108-
187 participants, Figure 3A-C). Across ten study cohorts
at the end of treatment, 73% of participants (n = 187)
had at least 50% reductions in pain intensity and/or pain
interference at EOT, and 57% of participants with avail-
able data (n = 108) reported sustained improvements in
pain and/or pain interference at the 12-14-month time
point (57%, Figure 3C).
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Figure 2. Study outcomes timeline. Percutaneous PNS treatment
period ranged from 14 to 60 days (green boxes). Reported
outcome timepoints (triangles) were grouped as
end-of-treatment, 3-5-month follow-up, 6-8-month follow-up
and 12-14-month follow-up (months from therapy onset,
orange boxes). Study cohort definitions and data sources are
presented in Table 1.

EQOT: End-of-treatment; PNS: Peripheral nerve stimulation.

4. Discussion

The present review summarizes outcomes from prospec-
tive studies evaluating percutaneous PNS treatments for
chronic pain, including pain relief and the interference of
pain with function both during treatment (e.g., at EOT)
and through follow-up ranging from 3 to 14 months after
the start of treatment. The literature identified during
the review ultimately included trials using a single FDA-
cleared PNS System with temporarily implanted leads
as well as prior related studies. Study designs included
prospective case series and RCTs and studies included
participants with various pain etiologies and indications
including chronic shoulder pain, neuropathic pain and
axial low back pain. While individual studies ranged in
size and used different definitions of treatment success,
pooled participant-level data showed that a majority of
participants (73%) reported highly clinically meaningful
(>50%) improvements in pain and/or pain interference at
EQT, and all studies reported sustained relief for a major-
ity of patients throughout long-term follow-up ranging
up to 14 months from the start of treatment. Treatment
safety was assessed qualitatively from the publications,
and studies reported no serious or unanticipated device-
related adverse events.

The studies reviewed here demonstrate the use of
a percutaneous PNS treatment to manage effectively
chronic pain without requiring a permanently implanted
system. Traditionally, brief (e.g., 7-10 days) trials have
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Figure 3. Summary data and composite responder analysis. (A) Mean pain intensity by study cohort. (B) Mean average pain
interference scores by study cohort. Overall mean pain intensity and pain interference scores presented as dashed black lines in (A &
B). Participant-level data presented as individual outcomes (points) and mean =+ standard error (lines and error bars). (C) Summary of
composite responder rate for each timepoint. Composite responder defined as a participant who experienced highly clinically
meaningful reduction (>50%) in pain intensity and/or pain interference. Responder rates presented as a percentage of total study
participants with data available at each time point. (D) Composite responder rate for each study cohort at EOT, with the overall
summary of responder rate at EOT (73%) represented by the black dotted line. Data presented as mean £ 95% confidence interval (bars
and error bars). (E) Color legend for study cohorts. Data sources are presented in Table 1.

Avg: Average; BP!I: Brief pain inventory; EOT: End-of-treatment; mo: Month; NA: Not applicable.

been employed to assess patient response to PNS prior
to permanent PNS system implantation [59,60]. Conven-
tional trial periods are limited in duration in large part
due to therisk of infection when implanting conventional,
noncoiled, cylindrical leads [61,62]. The studies reviewed
here utilized variations of open-coil leads of significantly
smaller diameter compared with conventional cylindrical
leads. The open-coil, helical lead structure is thought to
contribute to the reduced infection risk during implanta-
tion periods [50,51,63]. Reduced infection risks for open-
coil leads may further be attributed to the encourage-

ment of fibrotic tissue ingrowth into the coiled lead struc-
ture which could decrease the ingress of bacterial con-
tamination of the lead exit site [63,64]. Open-coil leads are
less susceptible to ‘pistoning’whereas longitudinal move-
ment of cylindrical leads can allow passage of pathogens
through the skin barrier while the lead is externalized dur-
ing a trial [63,65,66]. The development of open-coil percu-
taneous leads with a lower infection risk profile compared
with conventional cylindrical leads has enabled PNS treat-
ments with lead indwelling periods of up to 60 days as
demonstrated in multiple studies in the present review.



The reviewed studies applied percutaneous PNS treat-
ment in the management of an etiologically diverse set
of pain conditions and reported consistent rates of treat-
ment response and pain relief over time (Figure 3). The
pain conditions included in these studies have unique
and complex pathways, and despite the apparent differ-
ences in composition of pain types (e.g., neuropathic and
nociplastic), the study outcomes indicate that percuta-
neous PNS treatment was roughly equivalently effective
across these varying pain etiologies. A recent publication
of retrospective real-world outcomes following 60-day
percutaneous PNS treatment in 6,160 patients found that
71% of patients reported >50% patient-reported pain
relief and/or clinically significant improvement in qual-
ity of life across myriad peripheral nerve targets, which
is highly similar to the aggregate responder rate in the
present review (73% of patients reporting >50% reduc-
tions in pain relief and/or pain interference at EOT) [55].
Additionally, a cross-sectional survey of patients who
previously underwent 60-day percutaneous PNS treat-
ment indicated that a majority of responders reported
sustained relief ranging from 3 to 30 months from the
start of treatment [67]. These real-world studies included
participants independent of pain condition or diagnosis
with nerve targets throughout the body (e.g., shoulder,
back, extremities, head and neck), complementing the
prospective studies that have demonstrated consistency
of treatment response across body regions and pain con-
ditions.

The preponderance of clinical data demonstrates the
therapeutic benefits of percutaneous PNS treatment
through follow-up periods up to 14 months from lead
placement (Figure 3). In addition to the observed poten-
tial for long-term relief following percutaneous PNS treat-
ments of up to 60 days, Deer and colleagues have
summarized the proposed mechanistic factors that may
explain how relief is sustained following lead with-
drawal [52,53,68]. Briefly, the central nervous system
(CNS) responds to persistent nociceptive signaling from
the periphery through neural plasticity-mediated reor-
ganization and, in some cases, central sensitization to
pain [69]. This process may produce a chronic pain state
whereby the individual experiences pain following an
injury long after the expected time course of tissue heal-
ing. Conventional approaches to PNS are traditionally
thought to rely on spinal segmental ‘gating’ of pain sig-
nals to provide relief [70], thereby transiently reducing
pain but requiring permanent implantation and/or con-
tinuous stimulation for long-term ongoing relief. In addi-
tion to reducing pain during the treatment period by
transiently attenuating nociceptive signaling, a percuta-
neous PNS system designed to provide more targeted
and robust activation of target fibers (e.g., the lead is
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placed remote to the nerve [0.5-3 cm]) may drive ben-
eficial reconditioning in the CNS, supporting long-term
pain relief by addressing underlying features of central
sensitization [15,44,71]. The demonstrated efficacy of per-
cutaneous PNS treatment to manage chronic pain con-
ditions such as post-amputation pain, shoulder pain and
low back pain that have been refractory to front-line ther-
apies, likely due to the central pain component [72,73],
further supports a central role in PNS-mediated analgesic
mechanisms.

Due to the central maintenance of pain, those with
chronic pain often experience the effects of sensitization
(e.g., primary and secondary hyperalgesia, sensory corti-
cal remapping and allodynia) regardless of the original
peripheral etiology or primary region of pain [74,75]. The
efficacy of percutaneous PNS treatments across diverse
applications (e.g., shoulder pain, neuropathic pain, axial
low back pain, see Table 1 and Figure 3) may imply con-
vergent mechanisms of pain and pain relief in various
pain indications [55]. In other words, if chronic pain is
centrally maintained, those with chronic pain may expe-
rience benefit from percutaneous PNS treatment target-
ing the nerve(s) innervating their region of pain whether
in the shoulder, back, extremities or other regions. The
consistency of demonstrated effects of percutaneous PNS
treatment to reduce pain of both neuropathic and non-
neuropathic origin, in addition to the sustained relief
in pain and pain interference, supports the proposal
that percutaneous PNS treatments act via central mech-
anisms [36,76,77].

The reviewed studies included two PNS treatment
strategies: a sensory stimulation approach and a motor
activation approach. Stimulation at higher frequencies
(e.g., 100 Hz stimulation of the femoral or sciatic nerves
as in studies of post-amputation pain) is intended to tar-
get large diameter afferent fibers to produce comfort-
able paresthesia in the painful region. Stimulation of effer-
ent motor fibers at lower frequencies (e.g., 12 Hz stimu-
lation of terminal branches of motor nerves as in stud-
ies of shoulder or low back pain) is intended to pro-
duce comfortable muscle contractions and indirectly cre-
ate physiological large-diameter afferent input (e.g., gen-
erated by golgi tendon organs, muscle spindles, etc.). A
multi-modal approach utilizing combined sensory and
motor stimulation has also been proposed as a comple-
mentary approach for certain body regions like the shoul-
der, which may leverage convergent mechanisms from
direct sensory activation in conjunction with the indirect
sensory feedback provided by motor activation [15]. The
outcomes of the studies highlight that both sensory and
motor PNS treatment approaches produced significant
reductionsin pain and pain interference during treatment
and after the EOT period (Figure 3), supporting their con-
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vergence on a central mechanism as proposed by Deer
and colleagues [15].

The studies had treatment durations that ranged from
14 to 60 days. The FDA-cleared percutaneous PNS system
referenced in several studies is indicated for up to 60 days
of use and the most recent studies used 60-day treatment
periods, though earlier studies also used varying stimula-
tion periods (Table 1). While the outcomes were largely
consistent across the reviewed studies, the heterogene-
ity of study designs does not permit direct comparison of
treatment duration in this review. Of note, a recent real-
world study found that longer treatment periods up to
60 days may improve identification of delayed responders
and non-responders to stimulation with potential impli-
cations for stepwise treatment strategies prior to perma-
nent implantation of neurostimulation systems [16].

4.1. Limitations

The goal of the present review was to summarize
the evidence from prospective studies of percutaneous
PNS treatment in the management of chronic pain.
Other recent publications have performed systematic
reviews and produced consensus guidance for PNS more
broadly [11,68]. In the current review, the authors con-
structed specific search terms for common literature
indexing sites. Eligible publications varied in nerve tar-
get, study structure and follow-up duration and outcome
measures which required consideration for pooled analy-
ses. Seven studies were prospective case series, and three
were RCTs (one placebo controlled and two standard of
care controlled), and four studies had follow-up through
at least 12 months. Additionally, the screening methodol-
ogy varied among studies. Eight of the ten study cohorts
used a baseline average or worst pain intensity of >4 asan
eligibility criterion. In the other two studies, most patients
had a baseline pain score >4 as well, even though one
study used a threshold of >2/10 and one study did not
report a pain threshold for eligibility [36,41]. Due to the
heterogeneity in study designs and patient populations,
no corrections were performed to account for missing
data and the present review summarized outcomes ‘as-
observed. Regarding the potential for attrition bias, five
of the ten study cohorts reported some level of attrition
from baseline to the end of follow-up ranging from 16%
(12/74) to 33% (3/9), and the other five cohorts reported
no attrition. Across all ten cohorts, just 23/189 partici-
pants (12%) failed to complete follow-up (Table 1). Based
on the number of total potential study visits, only 8% were
found to be incomplete across all studies in the pooled

patient-level data, which suggests the potential for attri-
tion bias is relatively low (Figure 3).

Pain was typically reported in individual studies as
either the worst pain experienced by the participant in
the last week (BPISF-3) or the average pain experienced
by the participant in the last week (BPISF-5); both use a
scale of 0 to 10 where 0 is no pain and 10 is the worst
pain imaginable. Participant-level data analysis and the
composite responder definition utilized BPISF-5 scores or,
when average pain score was not reported in the study,
BPISF-3 scores. While the questions are distinct, both
have demonstrated strong correlation with each other,
high test-retest reliability and similar sensitivity as valid
primary outcome measures in clinical trials for chronic
pain [78,79]. Study structure also varied in treatment
duration, follow-up timepoints and sample size, with the
largest enrolling up to 74 participants and the small-
est with fewer than ten participants. To overcome differ-
ences in follow-up timelines and enable aggregation of
data across study cohorts, follow-up data were combined
into epochs defined from the time of lead implantation.
Consistent with guidelines for meta-analysis in medical
research, no additional meta-analysis was performed due
to heterogeneity of study designs, study group sizes and
pain indications [80]; nonetheless, the aggregate data
suggest that treatment using percutaneous PNS treat-
ment for up to 60 days effectively reduces pain intensity
and pain interference, and relief endures post-treatment
in many patients.

5. Conclusion

This review of percutaneous PNS treatments for chronic
pain summarizes the evidence across etiologies and
nerve targets, including multiple randomized controlled
trials, demonstrating the ability of this neurostimulation
treatment to provide sustained relief of pain and the
interference of pain with function without the need for
implantation of a permanent PNS system. The evidence
for efficacy alongside its strong safety profile indicates
that percutaneous PNS can be a well-considered option
in the nonopioid treatment of chronic pain.

6. Future perspective

This review of prospective clinical trials complements
emerging real-world evidence supporting the use of per-
cutaneous peripheral nerve stimulation to treat chronic
pain. This evidence may be used to support the utiliza-
tion of percutaneous PNS earlier in the treatment algo-
rithm (e.g., ahead of opioid or neurodestructive options)
to provide durable pain relief for patients.



Article highlights

« Chronic pain exacts a high toll on quality of life, function and
productivity for millions of Americans with a rising incidence rate.

« Percutaneous peripheral nerve stimulation is a US FDA-cleared
treatment that can be implanted for up to 60 days.

- Data from prospective clinical studies have repeatedly
demonstrated durable pain relief across diverse pain conditions
and a robust safety profile.

+ Researchers employed stimulation strategies targeting efferent
motor fibers and/or afferent sensory fibers in peripheral nerves
innervating the region of pain.

- A participant-level data analysis revealed comparable relief from
pain and pain interference across studies for up to 14 months,
suggesting a convergent mechanism of action across pain
etiologies.

« The collected evidence supports the use of percutaneous
peripheral nerve stimulation as a nonopioid, non-neurodestructive
treatment option for chronic pain patients.
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