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Abstract

Background. Percutaneous peripheral nerve stimulation (PNS) is an analgesic modality involving the insertion of a
lead through an introducer needle followed by the delivery of electric current after needle withdrawal. This modality
has been used extensively to treat chronic pain, but only small series have been published involving postoperative
pain. The ultimate objective of this study is to determine the postoperative effects of percutaneous PNS following
moderately to severely painful ambulatory surgery within a real-world clinical practice setting. The primary
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hypothesis is that surgical pain and opioid consumption during the initial 7 days after surgery will be reduced by
percutaneous PNS compared with usual and customary analgesia (dual primary outcome measures). Design. A mul-
ticenter pragmatic effectiveness trial. We are randomizing participants having painful orthopedic surgical proce-
dures of the upper and lower extremity to receive 14 days of either 1) electrical stimulation or 2) sham in a double-
masked fashion. End points are being assessed at various time points over 12 postoperative months. Summary. The
postoperative experience will be much improved if percutaneous PNS provides potent analgesia while concurrently
decreasing opioid requirements following painful surgery. Because this modality can be administered for up to
60 days at home, it may provide postoperative analgesia that outlasts surgical pain yet has relatively few risks and, un-
like opioids, has no systemic side effects or potential for abuse, addiction, and overdose. Percutaneous PNS has the
potential to revolutionize postoperative analgesia as it has been practiced for the past century. This study will inform
key stakeholders regarding an evidence-based nonpharmacologic approach to the management of postoperative pain.

Key Words: Percutaneous Peripheral Nerve Stimulation; Postoperative Pain; Postoperative Analgesia; Neuromodulation

Background and Rationale

There are tens of millions of ambulatory surgical proce-

dures performed in the United States annually [1]. Over

80% of patients experience inadequate pain relief follow-

ing surgery, with negative consequences for both individu-

als and society [2, 3]. For patients, inadequate

postoperative analgesia results not only in suffering but

also in increased risk of comorbidity (e.g., perioperative

myocardial infarction), inferior rehabilitation [4], and a

greater likelihood of transition from acute pain to persis-

tent (“chronic”) postsurgical pain (incidence, 10–50%) [5].

The latter frequently results in decreased productivity and

a strain on personal relationships as well as an increased

risk of depression, chronic low back and joint pain, obe-

sity, and accelerated onset of cardiovascular disease [6].

Clearly, inadequately controlled postsurgical pain is a

substantial problem that is intimately related to a reliance

on perioperative opioid use—the foundation of postopera-

tive analgesia for over a century. Unfortunately, opioids

have significant undesirable consequences for both individ-

uals and society. Frequent systemic side effects such as nau-

sea, vomiting, and pruritus are irritants [7, 8], but some

effects may be fatal, such as cognitive impairment and re-

spiratory depression. Even minor ambulatory surgical pro-

cedures can lead to chronic opioid use [9], with significant

negative consequences such as hyperalgesia, dependence,

decreased quality of life, and substance use disorder.

One analgesic alternative—percutaneous peripheral

nerve stimulation (PNS)—may improve postsurgical an-

algesia while simultaneously decreasing or obviating opi-

oid requirements. Furthermore, this modality is without

risk of adverse systemic side effects [10]. Small-diameter,

insulated electrical leads are available that permit rela-

tively rapid percutaneous insertion through a needle, ob-

viating the need for a surgical incision (Figure 1) [10].

Using ultrasound to guide placement, a lead may be reli-

ably inserted approximately 1 cm from a peripheral nerve

using landmarks and established techniques for periph-

eral nerve block administration [10]. An external stimu-

lator is small enough to be directly adhered to the skin

and subsequently delivers a small electric current through

the insulated lead to the target nerve (Figure 1) [10].

Ultrasound-guided percutaneous PNS was first

reported in situ by Huntoon and Burgher in 2009 [11] us-

ing an epidural neurostimulation electrode for the treat-

ment of neuropathic pain. Although multiple different

lead designs and percutaneous approaches have been sub-

sequently reported, they were used nearly exclusively for

chronic pain conditions [10]. More recently, the US Food

and Drug Administration (FDA) cleared the first percuta-

neous PNS lead and pulse generator system for use treat-

ing acute (postoperative) pain (Figure 1) [10]. The pulse

generators have a mass (30 g) and footprint (6.2 � 3.7 �
1.4 cm) small enough to allow the unit to be adhered di-

rectly to the patient. Replaceable or rechargeable batter-

ies permit prolonged application, with an FDA-defined

maximum of 60 indwelling days. The 2-month duration

offers the possibility of a perioperative analgesic modal-

ity that, for most patients, should significantly outlast the

surgical pain being treated while also offering an option

for patients whose pain has become chronic, lasting past

the time of normal tissue healing [12].

Since receiving regulatory approval, multiple case

reports and small series have suggested significant anal-

gesic- and opioid-sparing benefits following painful sur-

gical procedures [10]. The ultimate objective of this

study is to determine the postoperative effects of percuta-

neous PNS following moderately to severely painful am-

bulatory surgery within a real-world clinical practice

setting. We therefore initiated a randomized controlled

pilot study applying percutaneous PNS for ambulatory

orthopedic surgical procedures to 1) determine the feasi-

bility of and optimize a study protocol and 2) estimate

the treatment effect of this intervention to power a subse-

quent definite trial (NCT03481725). At the time of this

writing, the temporary cessation of elective ambulatory

surgery due to the COVID-19 pandemic limited enroll-

ment to 61 of an anticipated 64 participants.

Nevertheless, following eventual completion of the pilot

study, we will undertake the multicenter pragmatic clini-

cal trial described in this article, with the ultimate
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objective being to determine the postoperative effects of

percutaneous PNS following moderately to severely pain-

ful ambulatory surgery.

Methods

The ultimate objective of the proposed research is to de-

termine the postoperative effects of percutaneous PNS

following moderately to severely painful ambulatory sur-

gery. The primary specific aim of the trial is to determine

the effect of percutaneous PNS on postoperative opioid

requirements and analgesia following moderately to se-

verely painful ambulatory surgery. The secondary spe-

cific aims are to determine the effect of percutaneous

PNS on physical and emotional functioning, chronic

pain, and quality of life following moderately to severely

painful ambulatory surgery.

This will be a multicenter, randomized, quadruple-

masked, sham-controlled, parallel-arm, pragmatic

(Figure 2) clinical trial with human participants. The

study will be overseen by a data safety monitoring board

composed of two physicians familiar with the ethical

conduct of clinical research and one biostatistician. The

details of the following description may change prior to

enrollment initiation based on the findings of a currently

ongoing pilot study (ClinicalTrials.gov Id:

NCT03481725). We will include a diverse group of

seven recruitment sites that will provide a broad, repre-

sentative patient sample of active-duty military members

and civilians with ethnic, racial, and socioeconomic di-

versity within a wide geographic range (Table 1). The

trial will be prospectively registered at ClinicalTrials.gov,

and the protocol will be approved by the institutional re-

view board at each of the enrolling centers as well as the

US Army Medical Research and Development Command

Human Research Protection Office. An independent,

three-person data safety monitoring board consisting of

two physician subject matter experts and a biostatistician

will be responsible for the conduct and oversight of all

aspects of the investigation from the planning phase

Figure 1. A percutaneous peripheral nerve stimulation system approved by the US Food and Drug Administration to treat acute
pain (OnePass, SPR Therapeutics, Cleveland, OH). The insulated lead (MicroLead, SPR Therapeutics) is 0.2 mm in diameter
wrapped into a helical coil 0.6 mm in diameter (top panel), which is percutaneously inserted using a preloaded introducer (middle

panel). The rechargeable battery snaps into the pulse generator (SPRINT PNS System, SPR Therapeutics) and is controlled with a
handheld remote control (bottom panels). Used with permission from Brian M. Ilfeld, MD, MS.
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through data analysis. Written informed consent will be

obtained from all participants.

Participants
Enrollment will be offered to adult patients at least

18 years of age undergoing ambulatory orthopedic sur-

gery with a planned single-injection peripheral nerve

block for postoperative analgesia. The surgical proce-

dures included will be rotator cuff repair, hallux val-

gus correction, and ankle arthrodesis or arthroplasty.

Patients will be excluded for any of the following:

1. Chronic analgesic use, including opioids (daily use within the

2 weeks prior to surgery and duration of use >4 weeks).

2. Neuromuscular deficit of the target nerve(s).

3. Compromised immune system based on medical history (e.g., im-

munosuppressive therapies such as chemotherapy, radiation, sep-

sis, infection) or other conditions that place the participant at

increased risk.

4. Implanted spinal cord stimulator, cardiac pacemaker or defibrilla-

tor, 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 due to

the risk of bleeding with a 20-gauge insertion needle.

7. Allergy to skin-contact materials (occlusive dressings, bandages,

tape, and so on).

8. Incarceration.

9. Pregnancy.

Figure 2. The Pragmatic-Explanatory Continuum Indicator Summary 2 (PRECIS-2) wheel. Adapted by permission from BMJ
Publishing Group Limited. [The PRECIS-2 tool: designing trials that are fit for purpose, Loudon K, Treweek S, Sullivan F, Donnan P,
Thorpe KE, Zwarenstein M. BMJ 2015;350:h2147].

Table 1. Enrolling centers and local principal investigators

Facility Location Investigator

United States Military Treatment Facilities

Brooke Army Medical Center San Antonio, TX Sandeep Dhanjal, MD

Naval Medical Center San Diego San Diego, CA Robert Hackworth, MD

Walter Reed National Military Medical Center Bethesda, MD Harold Gelfand, MD

Womack Army Medical Center Fayetteville, NC Anthony Plunkett, MD

Civilian University Medical Centers

Cedars-Sinai Medical Center Los Angeles, CA Alice Vijjeswarapu, MD

Cleveland Clinic Cleveland, OH Alparslan Turan, MD

University of California, San Diego San Diego, CA John Finneran IV, MD
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10. Chronic pain of greater than 3 months of any severity in an ana-

tomic location other than the surgical site.

11. Anxiety disorder.

12. History of substance abuse.

13. Inability to contact the investigators during the treatment period

and vice versa (e.g., lack of telephone access).

The study will be offered to potential participants

within 2 weeks prior to surgery (institutional review

board partial waiver to allow adherence to Health

Insurance Portability and Accountability Act regula-

tions). Individuals wishing to participate will have a per-

cutaneous lead inserted within 7 days prior to surgery

(but usually within 24 hours of the procedure).

Participants will have a brachial plexus (shoulder) or a

subgluteal sciatic (foot and ankle) lead inserted under ul-

trasound guidance using procedures described previously

(OnePass and MicroLead, SPR Therapeutics, Cleveland,

OH) [14, 15]. Immediately prior to surgery, each partici-

pant will receive either an ultrasound-guided interscalene

(shoulder) or a popliteal sciatic (foot and ankle) nerve

block with ropivacaine 0.5% and epinephrine (20 mL).

Treatment Group Assignment
Only after lead insertion confirmation will each partici-

pant be randomly allocated to one of two possible treat-

ments: either receiving electric current (experimental

group) or not (control group). Randomization will be

stratified by institution and anatomic lead location

(Table 1) in a 1:1 ratio and in randomly chosen block

sizes. Randomization lists for each enrolling center will

be created by the informatics group at the Cleveland

Clinic using computer-generated lists. Treatment group

assignment will be conveyed to the enrolling sites via the

same secure web-based system used to collect and collate

all post-intervention outcomes. Stimulators are capable

of being programmed to either pass electrical current or

not pass electrical current. These two modes (active and

sham) are indistinguishable in appearance, and therefore

investigators, participants, and all clinical staff will be

masked to treatment group assignment, with the only ex-

ception being the unmasked individual who programs

the stimulator (and who will not have direct contact with

the participant following programming). The unmasked

individual will have access to the randomization list on

REDCap, will program the stimulator appropriately

(sham vs active), and will provide the individual interact-

ing with the study participant with the device without in-

dicating the treatment group.

Following surgery, stimulators (SPRINT, SPR

Therapeutics, Cleveland, OH) will be attached to the

leads and initiated within the recovery room. Participants

and their caretakers will be educated on lead and stimu-

lator care and functioning and will be informed that

patients frequently do not have the sensations postopera-

tively that were experienced during preoperative lead in-

sertion as therapeutic benefit with subthreshold

stimulation occurs [16]. In other words, once proper lead

placement is confirmed with comfortable sensations dur-

ing insertion, therapeutic levels of stimulation may be de-

livered subthreshold—below the intensity required for

sensation yet still providing relief—following surgery.

Stimulation will be delivered with a square waveform at

100 Hz. Although the frequency will be fixed following

the initial programming, the amplitude and pulse dura-

tion may be adjusted by the patient within a provider-

defined range with a small Bluetooth-connected remote

control (Figure 1). Participants will be provided with two

rechargeable batteries, will be instructed to keep one in

the charger with the other in the functioning unit, and

will need to exchange these two batteries at the same

time once a day. A carryover analgesic effect of more

than 2 hours allows showering following temporary stim-

ulator disconnection and removal.

Prior to discharge, participants and their caretakers

will be provided with verbal and written stimulator and

lead instructions and the telephone and pager numbers of

a local health care provider who is available at all times.

Participants will be discharged home with their leads in

situ and with a prescription for immediate-release oral

opioid tablets (oxycodone 5 mg; 1–2 tablets every 4–

6 hours; No. 40). Participants will be contacted by tele-

phone for end-point collection. Health care providers

will remove the lead on postoperative day 14 (63 days).

Similar to perineural catheters [4] , this procedure

encompasses simply removing the occlusive dressing and

gently pulling on the lead. Following study completion,

the results will be provided to all enrolled participants us-

ing nontechnical language.

Outcome Measurements (End Points)
We have selected outcome measures that have established

reliability and validity, have minimal interrater discor-

dance, and are recommended for pain-related clinical tri-

als by the World Health Organization and the Initiative

on Methods, Measurement, and Pain Assessment in

Clinical Trials (IMMPACT) consensus statement [17].

Outcomes will be evaluated at baseline and up to

12 months following surgery (Table 2).

Participants will have demographic and anthropomor-

phic data collected as well as comorbidities and medica-

tions. In addition, because posttraumatic stress disorder

(PTSD) may be associated with the severity of pain [18],

at baseline we will apply the PTSD Checklist (PCL-C), a

20-item self-report measure reflecting symptoms of PTSD

validated in military [19], veteran [20–22], and civilian

populations [23]. Postoperatively, surgical end points

will be recorded such as surgical duration, tourniquet du-

ration (if applicable), analgesic administration, and anes-

thetic administered. Participant demographic, surgical,

and percutaneous PNS administration data will be

uploaded from each enrolling center via the internet to a

secure [24], password-protected, encrypted central server

Ultrasound-Guided Percutaneous Peripheral Nerve Stimulation S57



(REDCap, Department of Outcomes Research,

Cleveland Clinic, Cleveland, OH) [25]. All data collec-

tion following the day of enrollment (postoperative day

0)—regardless of enrolling center—will be collected by

telephone by blinded staff from the University of

California, San Diego, minimizing interrater discordance.

This study-specific data will not be available in the stan-

dard electronic health records, as participants will be

outpatients.

Primary Outcome Measures
We will test the two hypotheses that 1) opioid consump-

tion and 2) surgical pain will be significantly decreased

within the first 4 days following surgery with percutane-

ous PNS compared with usual and customary analgesia.

The first co-primary outcome will be cumulative opioid

use from discharge until postoperative day 4 (opioid con-

sumption will be self-reported for the previous 24 hours

at each time point). The second co-primary outcome is

designated as the mean value of the “average” pain

scores for postoperative days 0–7. Current, worst, least,

and average pain at the surgical site will be assessed using

a numeric rating scale (NRS) as part of the Brief Pain

Inventory (Short Form) [26]. The use of single items (e.g.,

average pain) in addition to the composite score is sup-

ported by the IMMPACT recommendations for assessing

pain in clinical trials [27–29]. The NRS will be recorded

at all time points (Table 2), with the primary end point

being the mean value of the “average” pain scores for

postoperative days 0–7. The NRS is a highly sensitive

measure of pain intensity with numbers ranging from 0

to 10, where 0 is equivalent to no pain and 10 is equiva-

lent to the worst imaginable pain. The NRS has been

demonstrated to be a valid and reliable measure follow-

ing analgesic interventions [30]. In addition, NRS scores

correlate well with other measures of pain intensity [31]

and demonstrate high test-retest reliability [32]. These

NRS characteristics led to recent IMMPACT consensus

recommendations for use of the 10-point NRS of pain in-

tensity for pain trials [17]. In order to claim that percuta-

neous PNS is superior to usual and customary analgesia,

at least one of hypotheses 1 and 2 must be superior with

the other being either superior or at least noninferior.

Secondary Outcome Measures
We will also test the hypothesis that physical and emo-

tional functioning will be significantly improved with

percutaneous PNS as compared with usual and custom-

ary analgesia as measured with the Brief Pain Inventory

(Short Form). This instrument includes—in addition to

pain intensity scales—seven measures evaluating the abil-

ity of pain to interfere with physical and emotional func-

tioning, such as sleep, relations with others, and

enjoyment of life (the Interference subscale) [33, 34].

Finally, we will test the two hypotheses that 1) the inci-

dence and intensity of chronic pain will be significantly

decreased 6 months following surgery and 2) quality of

life will be significantly improved 1 month following sur-

gery with percutaneous PNS compared with usual and

customary analgesia. Chronic pain will be evaluated us-

ing the “worst” pain measured with the NRS, and quality

of life will be measured with the World Health

Organization Quality of Life-BREF [35–37]. This instru-

ment 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 four

dimensions: 1) physical health; 2) psychological health;

3) social relationships; and 4) environment [38]. The first

two dimensions will be of greater interest than the

remaining two.

Known possible adverse events include infection (ap-

proximately 1 for every 32,000 indwelling days) [39];

bleeding; discomfort due to overstimulation; and lead

dislodgement, migration, and fracture. No nerve injury

due to percutaneous PNS has been reported, but it is al-

ways a possibility with perineural manipulation. All ad-

verse events will be reported to the institutional review

boards, the data safety monitoring boards, and the Army

Human Research Protections Office.

Statistical Analysis
At the time of this writing, the pilot study to determine

the treatment effect size estimation has not been com-

pleted due to the COVID-19 pandemic and the resulting

temporary cessation of elective surgical procedures.

When the study is ultimately completed, data from this

investigation will be used to determine the sample size of

Table 2. Summary of post-enrollment assessments

Time Point

Postoperative Days Postoperative Months

0 1 2 3 4 7 10 18 1 3 6 12

Opioid consumption, previous 24 h � � � � � � � � � � � �
Nausea and vomiting � � � � � � � �
Average pain (NRS) � � � � � � � � � � � �
Worst pain (NRS) � � � � � � � � � � � �
Brief Pain Inventory, Short Form � � � � � � � �
World Health Organization Quality of Life Instrument � � � � �
Posttraumatic Stress Disorder Checklist (PCL-C) �
Masking assessment �

NRS ¼ Numeric Rating Scale.
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the definitive trial. The statistical plan will be created, ap-

proved by regulatory oversight bodies, and posted to

ClinicalTrials.gov prior to initiation of enrollment in the

definitive trial. At the time of this writing—although this

may be revised following analysis of the pilot study

data—we plan to first test for noninferiority of PNS to

usual care on each of the two primary outcomes using

one-tailed noninferiority tests. The noninferiority deltas

will be 1 point (worse) in pain score and 20% higher in

opioid consumption. Noninferiority will be assessed at

the overall 0.05 significance level with no adjustment to

the significance criterion for testing two outcomes be-

cause noninferiority is required on both outcomes—i.e.,

an intersection union test. A noninferiority delta of 1

point in pain score is conservative, as receiver operating

characteristic curve analysis has demonstrated that

changes from baseline of at least 1.7 along a 10-point

NRS accurately identified patients who rated improve-

ments as “much improved” or higher compared with

those who perceived no change or worsening pain fol-

lowing analgesic interventions [28, 31, 40–42].

Discussion

Current treatment for postsurgical pain overwhelmingly

involves opioid analgesics. For ambulatory surgery, pre-

scriptions for opioids are provided that in nearly all cases

exceed the required number of tablets. This is because it

is impossible to predict how many tablets each individual

will require [43]. The results are inadequate analgesia

due to the relatively low potency of oral analgesics [2, 3];

undesired and sometimes dangerous side effects [7, 8];

and literally billions of unused opioid tablets, of which

approximately 500 million doses are diverted and abused

annually [44]. Alternative medications such as gabapenti-

noids and tricyclic antidepressants also have significant

drawbacks, such as a lack of efficacy for inflammatory

pain, a negative impact on reaction time, and impairment

of the ability to work and function [45].

An alternative non-opioid analgesic class—local anes-

thetic—has been used for over a century to provide po-

tent, targeted perioperative anesthesia and analgesia.

However, the duration of even the longest-acting clini-

cally available local anesthetic—bupivacaine—provides

analgesia for no more than 18 hours when either infil-

trated or included in a single-injection peripheral nerve

block. The duration of a peripheral nerve block may be

increased using “perineural local anesthetic infusion”: a

catheter is percutaneously inserted adjacent to a periph-

eral nerve, followed by prolonged administration of local

anesthetic [46]. Unfortunately, such “continuous blocks”

have their own set of limitations, including a duration

usually limited to less than 4 days due to the risk of infec-

tion and, for ambulatory patients, the burden of carrying

an infusion pump and local anesthetic reservoir that also

limits duration to usually less than 3 days. Additionally,

catheters frequently dislodge and leak fluid, and local

anesthetic toxicity with the risk of cardiac fibrillation is

possible. Moreover, catheters can be challenging to accu-

rately insert—even with the use of ultrasound—because

the precise tissue plane adjacent to the target nerve (usu-

ally a potential space) must be precisely cannulated.

Most significantly, perineural infusion induces motor,

sensory, and proprioception blocks that limit ambulation

and physical therapy and increase the risk of falling [47].

In sharp contrast, percutaneous PNS negates nearly all

of these substantial issues. This novel technique induces

no proprioceptive, motor, or sensory deficits, permitting

unconstrained participation in physical therapy without

increasing the risk of falling. Unlike with continuous

blocks, there is no risk of local anesthetic leakage or toxic-

ity, the latter allowing the concurrent use of multiple leads

[12]. Helically coiled leads minimize the risks of migra-

tion, dislodgement, and infection, permitting a dramati-

cally long duration of lead retention—in some cases, well

over a year [39]. The footprint of new electrical generators

is so small that these may be adhered directly to the pa-

tient (Figure 1), thus avoiding the patient burden of carry-

ing a heavy local anesthetic reservoir and portable

infusion pump [48]. Combined, these characteristics per-

mit a far longer duration of use for percutaneous PNS

compared with continuous peripheral nerve blocks. With

up to 60 days of indwelling use, this modality essentially

outlasts the pain resulting from nearly all surgical proce-

dures, potentially negating the need for a large (or perhaps

any) opioid prescription. Percutaneous PNS has the poten-

tial to revolutionize postoperative analgesia as it has been

practiced for the past century by improving pain control

without any adverse systemic side effects and by decreas-

ing or possibly negating opioid requirements [49].

Pragmatism vs Efficacy
As Loudon and colleagues [13] explained, “there are few

purely explanatory or pragmatic trials; rather than di-

chotomy there is a continuum.” The current study con-

tains aspects of both types of trials. The setting of the

trial, intervention delivery and adherence, primary out-

come, and primary analysis are strongly associated with

pragmatic trials (Figure 2). However, there are aspects of

the trial that are not clearly consistent with the intent of

pragmatic trials, such as multiple exclusion criteria, in-

clusion of a sham treatment arm, and additional data col-

lection at more time points than the current standard of

care. These aspects will increase internal validity at the

expense of external validity. We have attempted to bal-

ance the requirements for these two sometimes-

conflicting aspects to produce a pragmatic effectiveness

trial that will inform key stakeholders regarding this non-

pharmacologic approach to the management of postoper-

ative pain and that will concurrently provide evidence for

the efficacy of this relatively new postoperative analgesic

modality.
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