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Introduction: Neurostimulation involves the implantation of devices to stimulate the brain, spinal cord, or peripheral or cranial
nerves for the purpose of modulating the neural activity of the targeted structures to achieve specific therapeutic effects. Surgical
placement of neurostimulation devices is associated with risks of neurologic injury, as well as possible sequelae from the local or
systemic effects of the intervention. The goal of the Neurostimulation Appropriateness Consensus Committee (NACC) is to
improve the safety of neurostimulation.

Methods: The International Neuromodulation Society (INS) is dedicated to improving neurostimulation efficacy and patient safe-
ty. Over the past two decades the INS has established a process to use best evidence to improve care. This article updates work
published by the NACC in 2014. NACC authors were chosen based on nomination to the INS executive board and were selected
based on publications, academic acumen, international impact, and diversity. In areas in which evidence was lacking, the NACC
used expert opinion to reach consensus.

Results: The INS has developed recommendations that when properly utilized should improve patient safety and reduce the risk
of injury and associated complications with implantable devices.

Conclusions: On behalf of INS, the NACC has published recommendations intended to reduce the risk of neurological injuries
and complications while implanting stimulators.
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INTRODUCTION

The use of implantable devices to modulate nerve function has
been an important part of the continuum of care for various disease
processes in recent years. The techniques include accessing the spi-
nal canal by either percutaneous or open surgical implantation, and
accessing the peripheral nervous system, including some cranial
nerves (trigeminal, vagus), deep brain targets, and, less commonly,
the motor cortex. Recently, an evaluation of the risks of paddle spi-
nal cord stimulation (SCS) leads in the spine was performed and
some guidance was given. In that peer-reviewed publication, the
device companies assisted the authors in identifying the incidence
of problems and possible repercussions, including spinal cord injury
(SCI) or major neurological dysfunction (1). That evaluation was an
attempt to establish the extent of the problem and to make some
recommendations. The issue of spinal cord, dorsal root ganglion
(DRG), peripheral nerve and, in some cases, brain injury remains a
concern in the practice of interventional pain medicine and neuro-
surgery. The purpose of this review is to identify possible risk factors
and to provide recommendations to reduce the risk of severe neuro-
logical injury in our patients.

The International Neuromodulation Society (INS) has identified
the potential for neurological injury related to implantable devices
as a major healthcare concern in patients with access to these thera-
pies worldwide. In the process of establishing best practices, the INS
created the Neurostimulation Appropriateness Consensus Commit-
tee (NACC) to review and analyze the available evidence and pro-
vide guidance to improve patient safety and therapy efficacy. NACC
authors were chosen based on nomination to the INS executive
board and were selected based on publications, academic acumen,
international impact, and diversity. The members were then given
explicit instructions on evidence-based search methods and the
completion of evidence scoring in the process of project evaluation.

In areas in which evidence was lacking, the NACC used expert opin-
ion to reach consensus. The focus of this manuscript is on safety,
and in particular on preventing neurological injury for each area of
the nervous system undergoing stimulation, and to recommend
mitigation methods as best practices.

METHODS

The NACC reviewed the world literature in English by searching
Medline, EMBASE, Cochrane CENTRAL, BioMed Central, Web of Sci-
ence, Google Scholar, PubMed, Current Contents Connect, Meeting
Abstracts, and Scopus to identify and compile the evidence for compli-
cations and management of neurostimulation therapies, exclusive of
intrathecal therapy, as that was addressed in the Polyanalgesic Consen-
sus Conference update (2). This evidence, obtained from the relevant
literature, and clinical experience obtained from the convened consen-
sus panel were used to make final recommendations on improving
safety and reducing the risks for neurostimulation techniques.

Evidence Ranking and Consensus Development

As a carryover from the previous NACC publications of 2014, we
again updated the literature regarding risk mitigation and safety for
neurostimulation techniques. The identified peer-reviewed literature
was critiqued using the United States Preventive Services Task Force
(USPSTF) criteria for evidence synthesis and level of certainty of net
benefit on evidence strength (Tables 1 and 2) (3), or the Centers for
Disease Control and Prevention (CDC) evidence rankings when
appropriate (4).

The authors were asked to complete evidence and reference
forms for their section (Fig. 1), which were then compiled and
reviewed by the executive committee and averaged. The working
group then developed weighted recommendations based on the
evidence ranking, and identified need for consensus when evidence
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Table 1. Hierarchy of Studies by the Type of Design (US. Preventive
Services Task Force, Ref [3]).

Evidence  Study type

level

| At least one controlled and randomized clinical trial,
properly designed

[1-1 Well-designed, controlled, non-randomized clinical trials

-2 Cohort or case studies and well designed-controls, prefer-
ably multicenter

-3 Multiple series compared over time, with or without

intervention, and surprising results in noncontrolled
experiences

I Clinical experience-based opinions, descriptive studies,
clinical observations or reports of expert committees.

was poor. The working group, via in-person meetings, teleconfer-
ence, or electronic communications, created the consensus, with a
quorum defined as 80% of the contributing authors. Consensus
strength was described as strong, moderate, or weak, based on
agreement (see Table 3).

Critically, this update to the previous NACC publication (5) pro-
vides recommendations on identification and management of neu-
rologic injury surrounding neurostimulation modalities, but should
not be interpreted to describe the standard of care, and is one of
several companion articles being published by the NACC (6,7).
Evidence-based medicine and the need for consensus are not juxta-
posed positions, as is often described, and the need for clinical rele-
vance and applicability drives the architecture of the paper.

REVIEW OF NEUROLOGICAL COMPLICATION
RATES
Spinal Cord Stimulation

The placement of an SCS device into the appropriate anatomical
position by definition incurs a risk of neurological injury. This injury

Table 2. Meaning of Recommendation Degrees (U.S. Preventive
Services Task Force, Ref [3]).

Degree of Meaning
recommendation
A Extremely recommendable (good evidence

that the measure is effective and benefits
outweigh the harms)

B Recommendable (at least, moderate evidence
that the measure is effective and benefits
exceed harms)

C Neither recommendable nor inadvisable (at
least moderate evidence that the measure
is effective, but benefits are similar to
harms and a general recommendation
cannot be justified)

D Inadvisable (at least moderate evidence that
the measure is ineffective or that the
harms exceed the benefits)

Insufficient, low quality or contradictory
evidence; the balance between benefit and
harms cannot be determined.

may occur by direct trauma, ischemia, compression from bleeding
or device volume, infection, or other iatrogenic mishaps. The meth-
ods of placement include the percutaneous method by needle or
sheath or direct visualization by open laminectomy/laminotomy. A
listing of complication rates reported in the peer-reviewed literature
is detailed in Table 4.

In a large retrospective review of a MarketScan database over a
10-year period (2000-2009), with specific inclusion of SCl and hema-
toma within 30 days of the implant, 8326 patients were reviewed
(5458 percutaneous vs. 2868 paddle electrodes) (8). The overall inci-
dence was 2.13% (2.35% for percutaneous and 1.71% for paddle
electrodes). No distinction was made between temporary or perma-
nent sequelae from the neurologic injury. The incidence of spinal
hematoma was 0.71% for percutaneous vs. 0.635% for paddle elec-
trodes. No significant difference was found between either group
for SCI. Levy et al. performed a retrospective review on complica-
tions associated with paddle type SCS leads via a MAUDE database
review (1).

Dorsal Root Ganglion Stimulation

The placement of a sheath into the epidural space is required
to pass a cylindrical lead over the target dorsal root ganglion
(DRG). This currently is being done by the percutaneous method.
Current bench and animal work is ongoing to establish a surgical
method of placement, but thus far no human experience is avail-
able with this method for paddle-type constructs, as they are
under development. The complication experience from this form
of spinal stimulation appears similar to that of dorsal column
stimulation via the percutaneous route (9). Limited data for the
European and Australian 1-year experience have shown no major
neurological sequelae, and the United States prospective study
showed a complication rate equal to that of the conventional
arm of treatment. Table 5 shows complication rates and experi-
ences with DRGS in the current peer-reviewed data (Accurate
Study).

Deep Brain Stimulation

The placement of a lead into the targets in the substance of
the brain lends to the potential of brain injury from direct trau-
ma, bleeding, and infection. The complications rates are detailed
in Table 6.

Motor Cortex Stimulation

The placement of an electrode onto the surface of the motor
cortex can lead to bleeding, direct trauma, compression of tissue,
infection, and seizure. Complication rates are detailed in Table 7.

Peripheral Nerve Stimulation

The placement of a lead in the vicinity of a peripheral nerve
can lead to direct trauma, nerve compression, bleeding, or infec-
tion. There is a paucity of data regarding the risk of serious neu-
rological complications of peripheral nerve stimulation (PNS).

CAUSATION AND REDUCTION OF
NEUROLOGICAL COMPLICATIONS

Percutaneous SCS Methods

The spectrum of neurological complications from percutaneous
SCS lead placement ranges from minor complications, such as extra-
neous evoked paresthesia, to infrequent catastrophic SCI and paraly-
sis. Injury may occur due to needle/introducer device placement,
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Figure 1. Contributor evidence assessment.

lead placement/manipulation, lead removal, and to biological reac-
tions to the devices. The patient’s pre-existing medical condition
and the experience and skill of the implanting physician may con-
tribute to or influence the likelihood of some complications.

The first publication of NACC discussed the frequency of procedur-
al complications related to the device or surgical technique (5). Neu-
rological injuries may occur during needle/introducer placement,
lead placement/manipulation, or lead removal. Serious injury may
also occur as a result of dural puncture. The incidence of severe neu-
rological injuries is low, although the exact frequency is difficult to
determine as many reports are of isolated cases or small series. The
recently published American Society of Regional Anesthesiologists
Practice Advisory on Neurologic Complications in Regional Anesthe-
sia and Pain Medicine includes some data that pertain to this issue
(10). A recently published series by Petraglia et al. examined the inci-
dence of SCI within the 30-day postoperative period following percu-
taneous and surgical paddle lead implantation (8). That series
included 5458 patients who had percutaneous leads and 2868
patients who had paddle leads. The overall incidence of SCI was
2.35% for percutaneous leads and 1.71% for paddle leads. Although

the incidence of SCl is low, these numbers are higher than previously
thought.

Dural Puncture

Background. Trauma or puncture to the meningeal coverings, typi-
cally termed dural puncture, may occur during placement of the
introducer needle or the stimulator lead. The possible sequelae of
this event include no symptoms, temporary headache, persistent
headache, and rarely, neurological injury from intracranial hemor-
rhage (11-13).

Evidence. The frequency or incidence of accidental dural puncture
during nonimage-guided epidural anesthesia is ~1-2% and the risk
of headache following dural puncture can be as high as 50-60%,
given that large-gauge needles are typically used (14-16). The inci-
dence of accidental dural puncture and subsequent postdural punc-
ture headache (PDPH) occurring from percutaneous SCS needle or
lead placement is uncertain, with estimates ranging from 0.2 to 3%
(5,17,18). Factors that are likely to increase the risk of dural puncture
include a history of previous surgery at the site of needle entry,
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Table 3. Strength of Consensus.

Strength of consensus Definition*

Strong >80% consensus
Moderate 50-79% consensus
Weak <49% consensus

*Quorum defined as 80% of participants available for vote.

Table 4. Neurological Complication Rates for Percutaneous and Surgi-
cal Dorsal Column Stimulation Lead:s.

Percutaneous Paddle leads
leads
Serious neurological complications 0-2.35% 0.54-1.71%
Paralysis/spinal cord injury 0.03*-2.35% 0.022-0.067%
Infection 3-6% 3-6%
Spinal/epidural hematoma 0.75% 0.19-0.63%
Cerebrospinal fluid leak 0.3% 0.05-0.001%

*Based upon on large series (1) of combined percutaneous/paddle
leads with one case of paralysis (lead type not specified).

spinal stenosis at the site of needle entry, obesity, and spinal defor-
mities (5,18).

Consensus Point 1. The NACC recommends a review of preoper-
ative advanced imaging, as favorable and unfavorable anatomy can
usually be identified and many of the previously mentioned risks
can be mitigated with thoughtful preoperative planning.

Most patients can be successfully managed conservatively and
most headaches resolve spontaneously within 1 week, but some
patients ultimately require either an epidural blood patch or fibrin
glue patch (5,19). The decision to utilize a dural patch procedure
must be weighed carefully against the risk of doing so around newly
implanted hardware, as there is a concern for increasing the possibil-
ity of infection, although there are no studies documenting this risk.
In young patients, the likelihood of a PDPH is very high following a
dural puncture with a 14-gauge needle. A PDPH may interfere with
the patient’s ability to function during an SCS trial and could render
the trial period useless. Currently, there are insufficient data to rec-
ommend routine prophylactic epidural blood patch in every case;
however, there may be circumstances in which the clinician feels

Table 6. Neurological Complication Rates: Deep Brain Stimulation.

Percentage
Hemorrhage 1.8%
Infection 14-85%
Infection/erosion 6.7-20%

performing a prophylactic blood patch is warranted if a dural punc-
ture occurs during the placement of trial SCS leads.

In a prospective study of 22 patients undergoing SCS for painful
diabetic neuropathy, one patient experienced a symptomatic PDPH
that evolved into a fatal subdural hematoma (20). In a large retro-
spective review, Cameron reported eight cerebrospinal fluid (CSF)
leaks among 2972 patients (0.3%) (21). Mekhail et al. reported com-
plications from SCS in a retrospective review of 707 patients but
made no mention of dural puncture (22). Two small prospective-
outcome trials reported relatively higher rates of dural puncture.
Kemler et al. in 2000 reported an 11% dural puncture rate in 36
patients with complex regional pain syndrome (CRPS) who under-
went a trial lead placement (23), and Slangen et al. in 2014 reported
a dural puncture in one of 22 patients who had a percutaneous trial
lead inserted (20). Eldrige et al. reported a case of successful man-
agement of a symptomatic PDPH after percutaneous lead implanta-
tion, with no adverse sequelae and continued normal function of
the SCS system (19).

Recommendations. The incidence of PDPH from percutaneous
lead placement is low in experienced and properly trained hands.
Although two small prospective series reported an incidence of 4.5-
11%, large retrospective and systematic reviews have demonstrated
a much lower incidence with the largest series reporting an inci-
dence of 0.3% (21). Simopuolus et al. recently reviewed placement
of 745 leads at an academic institution, with an overall PDPH rate of
0.81% per lead insertion (24). Table 8 presents NACC recommenda-
tions regarding dural puncture.

Should a dural puncture occur during a trial lead insertion under
local anesthesia, the physician may consider abandoning the trial as
PDPH can confound the patient’s ability to interpret pain relief from
the SCS. There are no definite studies regarding management of
PDPH in patients with implanted leads. The NACC believes the most
prudent and logical initial treatment is conservative management
with recumbency as needed, maintaining adequate fluid status, and
administering over-the-counter analgesics for pain. If symptoms per-
sist beyond 5-7 days, then shared decision-making between the
implanting physician and the patient may be undertaken to consid-
er the possibility of a fluoroscopic-guided epidural blood patch

DRG group

No. of events

Stimulation-induced neurological deficit 0 0.0

Serious adverse event 8 10.5
Device-related adverse event 39 36.8
Unanticipated device-related adverse event 0 0

Table 5. Neurological Complication Rates: Dorsal Root Ganglion Spinal Stimulation. Safety Results of the ACCURATE Study at 12 Months*.

% subjects with events

*Unpublished data presented at a CME event at the North American Neuromodulation Society meeting, December 2015.
Control group treated with Medtronic percutaneous spinal cord stimulation.

Control groupt

No. of events % subjects with events P value
0 0.0 1.0000
13 14.5 0.6248
24 26.3 0.2217
0 0 1.0000
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Table 7. Neurological Complication Rates: Motor Cortex Stimulation.

No. of events, percentage

Hemorrhage 11/351 cases
3.1%

Infection/erosion 9/351 cases
54%

Seizure 2.8%

(24,25). If possible, fluoroscopic guidance may help localize the nec-
essary interlaminar space where the injury occurred.

In rare cases subdural hematomas have been reported after a SCS
dural puncture. The subdural hematoma may result from intracranial
hypotension and tearing of the bridging dural veins. Signs and
symptoms of concern with a subdural hematoma include neck stiff-
ness, nausea and vomiting, disorientation, and loss of the positional
component to headache. If there is a concern for a subdural hema-
toma, appropriate radiographic imaging should be ordered (26).

Nerve or Spinal Cord Injury

Background. Direct injury to the spinal cord or the spinal nerve
roots is possible from needle/introducer puncture or SCS lead trau-
ma of the spinal cord or nerve roots. The frequency of SCI after per-
cutaneous lead placement has been reported to be between 0 and
2.35%. Two large series of complications from percutaneous SCS did
not mention any cases of known or suspected SCI (21,22). Recently,
Petraglia et al. reviewed the incidence of SCl in 2868 patients in the
United States who underwent percutaneous SCS implantation and
reported an overall incidence of 2.35% (8). The sequelae of cord
puncture may range from no obvious injury to sensorimotor deficits,
paralysis, and/or neuropathic pain. It is essential that the implanting
physician review advanced preoperative imaging to understand
important anatomic concerns, such as the location of the conus
medullaris and the presence of anatomic issues that might increase
the potential for injury, such as spinal stenosis or a thin ligamentum
flavum. There are many different techniques that can be used to
identify the epidural space with the introducer needles, including
most commonly loss of resistance with air or saline, hanging drop,
“feel,” and guidewire passage. There are no data on whether one
technique is safer than another. Factors that may increase the risk of
spinal cord or nerve puncture include previous surgery at the site of
needle placement, spinal canal stenosis, and spinal deformity (1,5).

It is likely that the use of deep sedation or general anesthesia
increases the risk of unrecognized needle puncture, and unless there
is a sound medical reason to the contrary, if sedation is used for the
procedure, it should be light enough so that the patient is alert and
responsive during needle and/or lead placement and able to accu-
rately report paresthesia sensation (5,10,27).

Epidural hematoma has been reported following SCS percutane-
ous lead placement and is potentially one of the most serious com-
plications, as it may be associated with long-term neurological
sequelae including paraplegia, and often requires major spine sur-
gery to treat (1,5,18,26,28). Epidural hematoma has also been
reported with removal of percutaneous SCS leads (28,29). Petraglia
et al. reviewed the incidence of epidural hematoma in a large group
of percutaneous SCS patients and found it to be 0.71% (41/2868) (8).
It is essential to question every patient about bleeding tendencies
and the use of coagulation-altering medications, and to examine
patients for signs of excessive bleeding or bruising when placing
SCS leads. It should be understood that a symptomatic epidural
hematoma is a true emergency. Suspected epidural hematoma
requires immediate imaging to diagnose and immediate neurosurgi-
cal consultation. If surgical treatment is necessary, the ideal time for
draining the lesion is within 8 hours of the occurrence in order to
assure the best possible outcome, and within 24 hours to reduce
the risk of irreversible injury (30).

Evidence. The incidence of nerve injury or SCl is low based on a
large body of literature demonstrating low rates of serious neurolog-
ic injury or complications. In Mekhail et al.'s retrospective review of
707 percutaneous trial lead placements and 527 percutaneous
implants, there were no permanent neurological deficits or deaths
(22). Kumar et al. in 2006 reported no serious neurological events in
162 percutaneous lead placements (31). A recently published pro-
spective clinical trial of high-frequency spinal cord stimulation (HF-
SCS) noted no neurological events in 82 trials and 72 percutaneous
implants (32). Cameron’s 20-year review of the literature reported
one case of paralysis among 2972 patients, presumed to be related
to an epidural abscess from infection. It was uncertain if this was in a
percutaneous or paddle case (21). As mentioned previously, Petra-
glia et al. reviewed the incidence of SCl in 2868 patients in the Unit-
ed States who underwent percutaneous SCS implantation and
reported an overall incidence of 2.35% (8).

The true incidence of epidural hematoma from percutaneous SCS
placement is unknown but, based upon a large body of literature
and only a few isolated cases identified, it is a rare event, although
likely underreported. Risk factors include altered coagulation status,

Statement

Dural puncture incidence in experienced hands should be less than 2%.

the clinical judgment of the clinician.

Prophylactic blood patch should be performed after an inadvertent dural
puncture at the time of the incident.

In the event of dural puncture, conservative therapy should be trialed first
compared to more invasive treatments.

be required.

Table 8. Recommendations and Evidence Regarding Dural Puncture by the Neurostimulation Appropriateness Consensus Committee (NACQ).

After dural puncture, the decision to continue with the procedure at the same
spinal level or a different level, or to abandon the procedure is best left to

If postdural puncture headache lasts longer than 5-7 days, a blood patch may

Evidence level Recommendation Consensus
grade strength

II-3 B Strong

Il @ Strong

Il C Weak

Il B Strong

II-3 B Strong
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Table 9. Recommendations and Evidence Regarding Imaging and Bleeding Risk by the Neurostimulation Appropriateness Consensus Committee (NACC).

Statement Evidence level Recommendation grade ~ Consensus strength
Serious neurologic injury during percutaneous lead placement is low. II-3 A Strong
Advanced neuraxial imaging should be performed in the region of anticipated Il C Moderate
needle placement preoperatively.
Advanced neuraxial imaging should be performed in the location of the M1l C Moderate
ultimate lead placement.
Anticoagulation and bleeding risk should be assessed and managed appropriately. -2 A Strong

spinal stenosis, male gender, and advanced age (5). Clearly, the
most significant and manageable risk factor is the coagulation sta-
tus, and risk factors should be mitigated to the extent possible. It is
very important for the implanter to know that epidural hematoma
has been reported from withdrawal/removal of percutaneous SCS
leads. Accordingly, the implanting physician should be vigilant
regarding coagulation status until completion of the percutaneous
trial period. A guideline with input from multiple pain and neuromo-
dulation societies was recently published and provides the implant-
ing physician with recommendations for the management of
antiplatelet and anticoagulation medications in patients undergoing
interventional spine and pain procedures (33). The NACC has also
published a companion article with recommendations on bleeding
and coagulation management in neurostimulation devices (6).

Recommendations. The incidence of serious permanent neurologic
injury from percutaneous SCS lead placement is low, and based
upon the published studies is 2.35% or less (8,34).

Consensus Point 2. Percutaneous SCS is a safe and effective strat-
egy for treating neuropathic pain of the trunk and limbs.

In order to minimize the risk of serious neurologic injury from per-
cutaneous lead placement or removal, the NACC recommends the
following: preoperative risk assessment and mitigation, and
advanced imaging, preferably an MRI of the relevant spinal anatomy
looking especially for spinal canal narrowing, scar tissue, and/or liga-
mentum flavum abnormalities that would potentially predispose
the patient to an increased risk of injury. If an MRI is contraindicated,
then a CT scan should be sufficient in most cases. If possible, needle
placement should be avoided in areas of significant spinal stenosis
and/or previous surgical scarring.

Consensus Point 3. Neuraxial advanced imaging is routinely rec-
ommended in the location of planned needle entry.

Consensus Point 4. Neuraxial advanced imaging in the location
of the ultimate lead placement should be determined based on
each clinical scenario, but is recommended with the cervical spine.

The patient should be questioned regarding bleeding tendencies
and whether there were concerns about excessive bleeding with
previous surgeries, dental procedures, or injuries. If there are
concerns about a possible bleeding disorder, consider preoperative
consultation with a hematologist. If the patient is on coagulation-
altering medications, the implanting physician should consult with
the patient’s managing physician regarding whether or not such
medications can be safely discontinued prior to the procedure and,
in the case of a trial, throughout the trial period.

Consensus Point 5. Management of anticoagulant medications
for neuraxial procedures has been described and updated within

this edition of the NACC (6). We recommend a multidisciplinary
approach with management of cessation or continuance of anticoa-
gulants perioperatively.

Consensus Point 6. The placement and removal of SCS percuta-
neous leads in the presence of altered coagulation increases the risk
of epidural hematoma. This is based on numerous series and case
reports.

The NACC believes that the implanting physician should not typi-
cally make a unilateral decision to discontinue coagulation-altering
medications that are being prescribed for stroke or myocardial
infarction protection, as there may be significant risks associated
with stopping these medications, even for short periods of time.
Depending on the result of input from the patient’s medical team,
bridging with low molecular weight heparin may be necessary. We
are in agreement with the recently published multisociety guidelines
that shared decision-making between the implanting physician, the
patient’s prescribing physician, and the patient is an important and
essential step in the preoperative planning process (33). Only prop-
erly trained and credentialed individuals should place percutaneous
SCS leads. NAAC recommendations were outlined in a previous pub-
lication (5) and a recent update (6). NACC recommendations regard-
ing imaging and bleeding risk are detailed in Table 9.

Infection and Neurologic Injury

Background. Surgical site infections (SSls) associated with SCS
implantation can lead to serious neurological complications
(5,18,35-39). Both epidural abscess and meningitis have been
reported in the setting of SCS-related SSls (5,18,22,35,38-42). If not
diagnosed and treated promptly, SSIs can lead to sequelae including
paralysis and death. Prompt recognition and appropriate treatment
of SCS-related SSI significantly reduces the likelihood of epidural
abscess formation and adverse neurological outcome.

Evidence. The incidence of SSI is reported to be between 3 and 6%
(5,17,18,21,36,38-40,43). SCS-related infections are broadly catego-
rized into superficial infections, deep tissue infections, and epidural
abscess. Fortunately, the incidence of epidural abscess is low.
Prompt recognition of a possible infection, followed by expeditious
management with appropriate antibiotics and, when necessary,
device removal, usually leads to resolution of the infection without
neurologic sequelae. A previously published NACC guideline dis-
cussed recommendations for infection prevention related to SCS
implants (5), and that publication is being updated and expanded
this year (7). Epidural abscess related to SCS leads, much as for epi-
dural hematoma, is an emergency.

Recommendations. The NACC recommends that its previously
published guidelines be followed for the prevention of SSI related to
SCS implants (5,7) (see Table 10). If a deep tissue infection occurs,
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Table 10. Recommendations and Evidence for Percutaneous Leads by the Neurostimulation Appropriateness Consensus Committee (NACC).
Statement Evidence level Recommendation Consensus
grade strength

To minimize the risk of epidural hematoma, the patient’s coagulation status should 1I-3 B Strong
be optimized.

For patients taking coagulation-altering medications, the relative safety and timing of 1I-3 A Strong
temporarily discontinuing anticoagulation medication(s) and the need for bridging
therapy should be coordinated with the patient’s prescribing physicians.

Surgical site infection (SSI) can lead to severe neurologic injury (44), and risk- [to II-3 A Strong
mitigating strategies should be employed as recommended (5,7).

Intraoperative sedation should be used to maintain a quiet operative field and allow Il B Moderate
for an appropriate response to avoid direct spinal cord or nerve injury.

Intraoperative neural monitoring is helpful in mitigating direct neurologic injury and 1I-2 B Moderate
should be considered when appropriate.

Dorsal root ganglion stimulation is a safe strategy to treat refractory pain, and 1I-3 A Strong
neurologic injury is rare and its incidence similar to SCS.

the device should be explanted and appropriate tissue and fluid
bacterial cultures and antibiotic sensitivities should be obtained. The
NACC recommends consultation, if available, with an infection con-
trol expert or medical microbiologist to outline appropriate antibiot-
ic therapy. If there are sensorimotor signs or symptoms, intense
local pain, or meningism that suggest possible epidural involve-
ment, an MRI or CT scan should be obtained. Even in the absence of
signs or symptoms, MRI imaging, if possible, is suggested to rule out
subclinical epidural involvement, as this would potentially affect
duration of antibiotic therapy. If there is evidence suggestive of epi-
dural involvement, a spine surgeon should be consulted. Small and
asymptomatic epidural abscesses can be managed expectantly but
this requires close neurologic surveillance.

Consensus Point 7. Management of risk mitigation and surgical
site infection are crucial to a successful outcome. These points were
reviewed and graded in a companion paper (7). To summarize, pre-
operative, intraoperative, and postoperative strategies need to be
employed to improve outcomes, with vigilance, appropriate imag-
ing, and expert consultation performed when needed.

Foreign Body Reaction

Background and Evidence. As foreign bodies, SCS leads may be
expected to create a host reaction. Adverse outcomes due to epidu-
ral fibrosis and/or peri-SCS lead granulomatous masses have been
reported (45-48). Recently, Scranton et al. reported a case of loss of
stimulation efficacy followed by the development of spastic quadri-
paresis in a patient with a percutaneous cervical spine SCS lead (48).
Imaging revealed a mass around the distal end of the SCS lead. Sur-
gical decompression revealed fibrotic/granulomatous tissue. The
patient’s condition improved after decompression.

Recommendations. Host reaction leading to fibrous tissue forma-
tion is a recognized phenomenon with SCS implanted hardware. In
most instances, the worst case outcome is an alteration in paresthe-
sia perception and/or stimulation parameters, and only very rarely
does the reaction lead to neurological injury.

Consensus Point 8. The NACC recommends that any new neu-
rological signs or symptoms in a patient with percutaneous SCS
leads be evaluated immediately. This includes a detailed physical
examination specifically looking for signs of radiculopathy or radi-
culomyelopathy. There should be a very low threshold for

ordering advanced imaging and neurosurgical consultation in this
setting.

Paddle/Open Surgical Methods

Background

Neurological injury is a rare, but serious, complication of SCS.
Intraoperative injury is possible during implantation, and in the post-
operative period epidural hematoma can be a cause of neurological
deficit. This can occur both with percutaneous or laminotomy elec-
trode placement. In addition, although rare, there have been reports
of percutaneous needle placement resulting in direct penetration of
the spinal cord or nerve root (49).

Evidence

A review of the literature demonstrates that many publications
do not report the incidence of neurological injury, and a literature
search for neurological injuries associated with SCS yields very little.
This is secondary to neurological injury being a rare occurrence that
is difficult to comment upon with traditional study sample sizes.
Mekhail et al. reported having no neurological complications in a
review of more than 700 patients (22). Case reports describe the
development of an epidural hematoma following electrode place-
ment via laminotomy (50) and also during the trial phase (51). Smith
et al. reported on a case series of four patients experiencing neuro-
logical injury during the trial or following implantation, which
included percutaneous leads for the trial and either percutaneous or
paddle leads for the permanent implantation (52). One of the inju-
ries was secondary to cord contusion in a patient having a perma-
nent implantation with a paddle electrode, while the other three
were secondary to cord compression with percutaneous leads. Two
of these compressions were due to epidural hematomas and one
secondary to implantation in the setting of broad-based thoracic
disc herniation. Recently, Petraglia et al. reviewed the incidence of
SCI and epidural hematoma in a large group of American patients
undergoing paddle lead SCS implantation (8). Of 5458 patients, 49
(1.71%) reportedly had evidence of SCI and 10 (0.63%) had evidence
of epidural hematoma. This study was performed using an analysis
of diagnosis codes from the Thomson Reuter’s MarketScan database.
Diagnosis codes confirmed either SCI or epidural hematoma; howev-
er, long-term outcomes were not assessed.

In 2013, Bendersky and Yampolsky performed a nonsystematic lit-
erature review dealing with complications associated with SCS
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Table 11. Neurologic Injury Following Implantation of Spinal Cord
Stimulation Paddle Electrodes in 44,587 Patients (1).

Adverse event Rate Outcome
No. (%) No. (%)
Major motor deficit 111 (0.25)
Complete recovery 30 (27.0)
Partial recovery 34 (30.6)
Not recovered 16 (144)
Unknown 31 (279)
Limited motor deficit 61 (0.14)
Complete recovery 24 (39.3)
Partial recovery 16 (26.2)
Not recovered 2 (3.3)

Unknown 19 (31.1)

Autonomic changes 6 (0.013)
Complete recovery 2(33)
Partial recovery 0 (0.0)
Not recovered 2 (33.3)
Unknown 2 (333)
Sensory deficit 46 (0.10)
Complete recovery 21 (45.7)
Partial recovery 7 (15.2)
Not recovered 0 (0.0)
Unknown 18 (39.1)
Cerebral spinal fluid leakage due to a 21 (0.047)
dural puncture
Complete recovery 11 (524)
Partial recovery 1(4.8)
Not recovered 0 (0.0)
Unknown 9 (429)

Reprinted with permission from Levy et al. Neuromodulation

2011;14:412-422 (Table 5).

placement (17). They determined that epidural hematoma formation
and SCI were rare occurrences. Epidural hematoma incidence was
reported at ~0.19%, with SCl being reported as having extremely
low frequency. Levy et al. performed the same type of literature
search specifically for patients in the United States, and their conclu-
sion was that the best source of pertinent data was the device man-
ufacturers’ own databases (1). Data collated from this investigation
on the incidence of neurologic injury following implantation of SCS
paddle electrodes are presented in Table 11. During the 3-year peri-
od, 44,587 paddle electrodes were implanted, and 239 (0.54%) neu-
rologic complications were reported. An additional 21 (0.05%) cases
of CSF leak were reported.

In the evaluation of cases by Levy et al, the total percentage of
patients who permanently lost motor function, with or without an
epidural hematoma, ranged from 0.022 to 0.067% (1). Sensory deficit
was reported in 46 cases (0.1%) of SCS paddle lead patients, with
complications consisting of sensory deficit only; 21 (46%) recovered
completely, 7 (15%) recovered partially, and recovery was not
reported in 18 (39%). Autonomic changes, including bowel and
bladder dysfunction (e.g., incontinence) or sexual dysfunction,
occurred in 6 (0.013%) of 44,587 patients. Two recovered fully (33%),
two did not recover (33%), and results were not reported in two
(33%).

Given the possibility of patient movement and discomfort with
awake placement of stimulators, some have advocated for place-
ment of spinal cord stimulators in an asleep patient, which involves
placing the patient under general anesthesia and utilizing electro-
myography (EMG) responses or somatosensory evoked potential

(SSEP) collision testing to determine whether the patient has ade-
quate paresthesia coverage. Neuromonitoring is used to determine
myotomal coverage, as a marker that corresponds with dermatomal
coverage in the case of using EMG responses (53,54), while SSEP col-
lision testing uses the elimination of sensory responses with stimula-
tion as a marker of paresthesia coverage. Several studies have
shown this method to be as safe and efficacious as implantation in
awake patients and it may lead to fewer adverse events (AEs)
(54,55). The implantation procedure in asleep patients was also
shown to have a 33% decrease in intraoperative time compared to
the awake surgical technique (55).

Recommendations

Neurologic injury is a rare but serious complication of SCS paddle
electrode implantation, with potential direct injury occurring during
placement or occurring secondary to an epidural hematoma imme-
diately or in a delayed fashion. Few cases have been reported in the
literature, with the few studies demonstrating a very low risk of neu-
rological compromise. The incidence of SCl is reported between
0.19 and 1.71%. Implanters should be aware of the risks (Table 12).

Consensus Point 9. Complications of SCS paddle lead placement
can be direct trauma, or secondarily with early- or late-onset epidu-
ral hematoma. These complications are relatively rare, and patient
selection, risks, and benefits need to be assessed prior to
proceeding.

Deep Brain Stimulation

Introduction

Placement of stimulating leads within the brain in a variety of tar-
gets (deep brain stimulation or DBS) has been used for several disor-
ders including Parkinson’s disease, tremor, dystonia, chronic pain,
severe refractory cluster headaches, obsessive-compulsive disorder
(OCD), depression, anxiety, addictive disorders, eating disorders, and
epilepsy. While DBS continues to be effective for several of these dis-
orders, many other indications continue to be studied for efficacy
and safety. Complications of this therapy include hemorrhage, infec-
tion, skin erosions, stroke, seizures (either during surgery itself or in
follow-up longer term), and adverse neurological or psychiatric
changes. It is worth considering the two main complications (hemor-
rhage and infection), because they both have a significant effect on
how patients perceive the procedure, as well as determining the
comparative risk of alternative therapies.

Beyond simply assessing these complication rates, it is helpful
to render a recommendation for the most commonly encountered
decisions regarding DBS therapy. These include: whether or not to
operate on patients of advanced age or with poorly controlled dia-
betes or hypertension; should infected or eroded hardware be
completely removed or can it be salvaged, either in part or wholly;
and whether there is increased risk of hemorrhage in traversing
the ventricular wall with a microelectrode or DBS lead itself.
Although many relatively large series have been published, primar-
ily discussing results and efficacy of DBS, this review specifically
focuses more on series and reviews that assessed the question of
hemorrhage and infection risk. Within that context, other ques-
tions regarding patient comorbidities and techniques could also
better be evaluated. NACC recommendations for DBS are detailed
in Table 13.

Hemorrhage Risk
Background and Evidence. Six major papers specifically evaluated
hemorrhage risk in DBS and/or stereotactic procedures, including
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Table 12. Recommendations and Evidence for Paddle Leads by the Neurostimulation Appropriateness Consensus Committee (NACC).
Statement Evidence Recommendation Consensus
level grade strength

Neurological injury is a rare, but serious, complication of SCS. -3 A Strong

Neurological injury can occur with percutaneous or laminotomy electrode placement. II-3 to Il B Strong

The risk of permanent neurological deficit is extremely rare and can occur from spinal cord II-3 A Strong
contusion and/or epidural hematoma.

Intraoperative risk can be mitigated by awake placement or asleep placement with Il B Strong
appropriate intraoperative monitoring and interpretation.

ablation and biopsy procedures, spanning from 2002 through 2015
(56-61). One hundred sixty-two hemorrhages were described in
9065 patients/procedures, which are mixed and sometimes not
clearly separated. Some patients may be duplicated in different
series. The resulting rate of hemorrhage is 1.8%. Most of the hemor-
rhages were symptomatic, but if all asymptomatic hemorrhages
were included in published totals the rate would likely be higher.
This total includes the 4961 patients reviewed by Rughani et al. (60)
from The Nationwide Inpatient Sample (Agency for Healthcare
Research and Quality, Rockville, MD, USA), wherein the rate was
1.75%. Attempts were made to include only DBS procedures when
discrete data were available. These series include single-center and
surgeon-series over many years, and DBS procedures outside the
United States as well as the large American national database; the
complication rates appear to be internally consistent. Additionally,
most of the large series of DBS cases studying efficacy were included
in the literature reviews of these papers and are thus included in
these totals.

Recommendations. The primarily symptomatic hemorrhage rate of
1.8% for DBS procedures does not appear to be a hindrance to pur-
suing this therapy, and is within accepted rates for other invasive
brain procedures.

Consensus Point 10. DBS is safe strategy for the treatment of
movement disorders, and has a hemorrhage rate in line with other
intracranial brain procedures.

Infections and Skin Erosions

Background and Evidence. There are three primary sources for
infection data in DBS procedures: Sillay et al. 2008 (62), Sixel-Doring
et al. 2010 (63), and Piacentino et al. 2011 (59). If skin erosions are
included and data are only taken from follow-up within the first
year, the combined overall rate of either infection or erosion is 6.7%
(41/611) in the first year. But there are two caveats that are impor-
tant in assessing these data. First, DBS typically involves at least two
incisions per side, with four incisions that need to heal in patients

with bilateral implants. If there is staging of procedures, the lead
wire is often coiled under the scalp and the incision re-opened to
place implantable pulse generators (IPGs) later, thus requiring that
incision to heal twice on the scalp, potentially requiring the healing
of six incisions to avoid a single erosion and infection. Very conserva-
tively, then, one might divide the infection and erosion rate by six to
obtain the actual incisional rate—approximately 1.1%—which is very
similar to typical infection rates in all surgeries.

However, not all patients have staged procedures, or even use
two IPGs, having a Kinetra IPG implanted, for example. So the true
incisional infection/erosion rate is unknown, as more refined data
are simply not available in most studies. The authors of these studies
have made attempts, however, to break down the data sufficiently
to estimate infection/erosion per procedure. Sillay et al. report their
per incision rate as 1.4%, but per patient rate as 4.5% (62). Piacen-
tino et al. reported a higher rate of 4.5% per procedure and 8.5%
per patient (59).

Second, credible evidence from Sixel-Doring et al. demonstrate
that a large number of erosions or infections can occur after the first
year—40% in their series (63), resulting in a cumulative 24.7% of all
consecutive patients who had DBS over >5 years developing ero-
sion or infection. If that is representative of all centers, and there are
no other reliable data for this yet, it is a notable finding.

Recommendations. The per-incision infection rate appears to be
similar to the infection rate of most other single-incision surgeries—
perhaps slightly higher, which would not be surprising as DBS hard-
ware is implanted in the subcutaneous tissue atop bone (in the scalp
at least). It is important for authorities that insist on measuring infec-
tion rates that the differences between typical infection rates in
single-incision surgeries are appropriately compared to these
multiple-incision surgeries. Often the per-patient infection rate is
used. Overall, on a per-incision basis, DBS is recommended for indi-
cated uses. On a per-patient basis, the rate is higher and does not
compare favorably with most other surgeries, especially if erosions
and the need for revision are included. These rates over longer
follow-up periods may show that infection and/or erosion occur in

this therapy to patients.

Table 13. Recommendations and Evidence for Deep Brain Stimulation by the Neurostimulation Appropriateness Consensus Committee (NACC).

Statement Evidence Recommendation Consensus
level grade level
Bleeding risk for DBS procedures is similar to that of other intracranial procedures and is II-3 B Strong
not prohibitive in the DBS applications, including movement disorders.
Infection rate associated with these DBS procedures is similar to other surgeries, when II-3 B Moderate

defined as incisional rate per incision, and should not preclude clinicians from offering
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Table 14. Recommendations and Evidence for Motor Cortex Stimulation by the Neurostimulation Appropriateness Consensus Committee (NACC).
Statement Evidence Recommendation Consensus
level grade level

MCS is a valuable tool in the treatment of refractory neurolgic disorders. II-3 B Strong

MCS has an incidence of bleeding that does not preclude the use of the therapy. II-3 A Strong

When MCS is complicated by an infection, timely and appropriate treatment is critical, and II-3 B Strong
risk- mitigating strategies should be employed.

Seizure is a common complicating feature of MCS and resources for seizure management II-3 B Moderate
should be available.

Prophylactic seizure treatment should be employed mindfully in MCS therapy. Il I Moderate

20-25% of all patients. Patients should be appropriately apprised of
these data during the consent process.

Consensus Point 11. Infection rates vary based on how they are
defined: per incision or per patient. Overall, an informed consent for
the procedure should discuss these new infection rates.

Patient Selection and Technique Decisions

Surprisingly, there are no significant overall data supporting
higher hemorrhage rates for DBS procedures in patients >70 years
old, hypertensives, diabetics, or smokers. There was only a slightly
higher overall complication rate in-hospital for patients >70 years
old from the large Rughani et al. U.S. database review (60). Nor has
there been a clearly higher infection rate in older patients. Salvaging
hardware erosions and infections may be reasonably attempted
based on the Sillay et al. study, as single-site removals (e.g., of the
IPG only) were successful 64% of the time (62). Overt infections,
especially involving all hardware, continue to warrant complete
removal of the system. Finally, traversing the ventricular wall
increases the hemorrhage rate based on findings in the Ben-Haim
et al. study (56), and is taken as a truism in the field anecdotally.

Motor Cortex Stimulation

Introduction

In 1991, Tsubokawa et al. (64) first reported their experience in 12
patients with deafferentation pain treated with epidural motor cor-
tex stimulation (MCS). A continuously stimulating electrode was
placed epidurally such that stimulation of the underlying cortex pro-
duced motor contractions in the painful region. Since that report,
placement of epidural strip/plate electrodes over the motor cortex
has been tried for several disorders including chronic pain (post-
stroke central pain and other types), Parkinson’s disease, and stroke
rehabilitation. Complications of MCS may include hemorrhage, infec-
tion, and seizures (either during surgery itself or in follow-up longer
term). Other complications may occur with procedures of this nature
(i.e, any complication related merely to performing a craniotomy),
including hemorrhage, stroke, or death. We will consider the larger
studies to date in compiling and analyzing the complication profile
of MCS.

More than 500 cases of MCS have been reported in the literature
to date, though many of these reports involve very few patients.
Because MCS is performed in substantially the same way regardless
of the clinical indication, complications are evaluated together.
There are several variations in technique (e.g., trialing the lead, sub-
dural lead placement), but too few cases to make any firm judgment
about differential complication rates with those technique varia-
tions. This analysis, therefore, considers only studies with 10 or more
patients. One study was prospective and randomized with 10 total

patients where only six were surgical, but was included because it
was a higher quality study.

Complications included only four categories: infection (either IPG
site or craniotomy site), hemorrhage, seizures (in testing, program-
ming, or long-term—per patient, not total number of seizures), or
stimulation-related paresthesias (either transient or recurring). These
studies combined to include 351 patients. Overall, combining these
four categories of complications resulted in a maximum of 14.5%
complication rate if all occurred in separate unique patients (non-
overlapping). In general, however, rates within each category are
not too dissimilar from those found using other implantable device
technologies.

NACC recommendations for MCS are detailed in Table 14.

Hemorrhage

Background and Evidence. As the majority of MCS procedures
implant electrodes in the epidural space, hemorrhage most often
manifests itself as epidural, rather than intracerebral, bleeding. Sai-
toh et al. (65) placed electrodes in the subdural space instead, and 2
of the 19 patients experienced intracranial hemorrhage resulting in
significant neurologic deficits. Monsalve’s review included only 1
hemorrhage (epidural) in a total of 118 trialed patients, almost all of
whom had epidural electrodes (66). The combined MCS literature
reveals a 3.1% (11/351) incidence of hemorrhage.

Recommendations. Surgeons implanting MCS systems should take
extra care in obtaining hemostasis prior to closing. Dural tack-up
sutures may help prevent an epidural hematoma from spreading
further than the craniotomy site. If the electrodes are placed in the
subdural space, care should be taken to ensure that the electrodes
do not impinge on the bridging subdural veins.

Consensus Point 12. Motor cortex stimulation is complicated by
hemorrhage with an incidence higher than other neurostimulation
strategies. As with any surgical procedure, vigilance with hemostasis
prior to closing is recommended.

Infection

Background and Evidence. Analysis of the MCS literature reveals a
5.4% (19/351) incidence of infection. In Nguyen et al.’s analysis of
155 patients in nine series, there were nine reported infections
(5.8%) and two cases (1.3%) of hardware erosion through the skin
(67). Sachs’ group explanted two of 14 (14%) patients due to hard-
ware infection (68). Nuti et al. reported that one of 31 patients had a
frank SSI and 2 had delays in wound healing (69). Monsalve reported
a total of seven infections in 100 implanted patients (66). The overall
risk of infection with MCS is higher compared with other neuromo-
dulation implant techniques including SCS. There is no evidence in
the literature that an externalized trial before full implant carries a
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higher risk of postoperative infection compared to implanting the
system without an externalized trial.

Recommendations. Infection is of particular concern with surgical
procedures involving implanted devices. The NACC recommends
that surgeons implanting MCS systems follow accepted best practi-
ces and administer prophylactic antibiotics within 1 hour of skin inci-
sion. These may be continued for up to 24 hours postoperatively. If
an externalized trial is performed, use of prophylactic antibiotics dur-
ing the length of the trial is at the surgeon’s discretion. Clinicians
should monitor patients for wound breakdown and other signs and
symptoms of device infection, understanding that most device infec-
tions require partial or complete device removal, in addition to anti-
biotic treatment for eradication of the infection. A postoperative
infection in the region of the craniotomy often results in involve-
ment of the craniotomy flap. Given the isolation of this section of
bone it may serve as a privileged space for retention of infectious
organisms despite antibiotic therapy. Therefore, it is prudent in
many instances where there is gross purulence in the craniotomy to
discard it to allow full treatment of the infection.

Consensus Point 13. Careful attention to the surgical site risk-
mitigation strategies should be employed during MCS procedures. If
infections should arise, they should be treated aggressively.

Seizure
Background and Evidence. Electrical stimulation of the cortex car-
ries with it an inherent risk of seizure. This risk may be enhanced by
the chronic nature of motor cortical stimulation for pain. Nguyen
et al.s review found that 18.7% of patients experienced a seizure
during programming but none were reported to have suffered
chronic seizures (70). Similarly, only one of his own 100 patients suf-
fered a seizure and that was during a trial using high-amplitude stim-
ulation (67). However, seizures can significantly hamper the therapy
due to the limitation on stimulation amplitude. Henderson et al. (71)
published a series in which five of 19 patients experienced persistent
seizures from the therapy. Some of these patients even experienced
seizures during times when the stimulator was turned off. Moreover,
the stimulation parameters required to induce a seizure decreased
over time in some patients, indicating persistent excitation or irrita-
tion of the underlying cortex. Of the 31 patients reported on by Nuti
et al,, three developed partial seizures that responded to decreasing
stimulation intensity (69). However, the effect of such decreased
stimulation intensity on the level of pain relief obtained is not
described. Rasche et al. (72) stated that 7 of the 17 patients trialed in
their cohort experienced intraoperative seizures only, but none
occurred with chronic stimulation lasting as long as 10 years. In
reviewing the literature, Monsalve included 16 studies totaling 100
implanted patients (66). In at least 10 of these series, patients were
reported to have stimulation-induced seizures. Nonetheless, other
small series reported no seizures among their patients (73-78).
Patients being treated with MCS are at risk for seizure episodes
related to the therapy. In most cases, the seizures are attributable to
programming parameters. Programming-related seizures are most
often related to the amount of energy (voltage or current) applied.
In these cases, reducing the voltage or current will usually resolve
the problem. There are cases of seizure activity that do not appear
to be directly related to programming or stimulation and in these
cases, the seizure activity may be related to the presence of the
device itself or to persistent effects of chronic stimulation. The inci-
dence of seizures related to MCS is difficult to determine, as it is

likely to be under-reported. Analysis of the current MCS literature
reveals a 2.8% (10/351) incidence of seizures related to MCS.

Recommendations. The NACC recommends that individuals and
facilities involved in MCS programming be experienced and have the
necessary support staff, equipment, and medications needed to
manage a seizure. A sensible precaution during initial programming
is to have venous access, antiseizure medications ready (a syringe of
lorazepam or midazolam), access to oxygen, and a team of caregivers
present or immediately available. Programming MCS systems should
be done cautiously with attention to the onset of neurologic signs
(such as motor contractions) that could herald the onset of a seizure.

There is not enough evidence to make a recommendation regard-
ing the use of prophylactic anticonvulsants either during MCS trial
or long-term after implant.

Consensus Point 14. Vigilance and anticipation of seizure during
initial and subsequent reprogramming is recommended with appro-
priate seizure-management resources available.

Other Neurologic Deficits

Rasche et al. reported that one patient experienced complete
speech arrest for 3 months before recovering (72). Nuti et al. had
two patients with transient postoperative neurologic issues (one
with speech disorder and one with motor deficits) that resolved
spontaneously (69).

Peripheral Nerve Stimulation

Background

Peripheral nerve and peripheral nerve field stimulator leads can
be placed via an open surgical approach with direct vision or via a
percutaneous approach using cylindrical leads advanced through
percutaneously placed needles or sheaths. Percutaneous placement
can be done with or without image guidance, and image guidance
techniques include fluoroscopy and ultrasound (79). A peripheral
nerve stimulator is used to guide percutaneous placement of
peripheral nerve stimulation (PNS).

The early and now less commonly used approaches to PNS lead
placement involved direct visualization of the nerve with cut-down
and a different set of risks and complications exist than with percu-
taneous approaches (80,81). Percutaneous approaches are now
more commonly used than direct open surgical approaches. It has
been presumed that percutaneous approaches have a lower compli-
cation rate, but it should be noted that no direct comparison studies
exist (82,83).

Regardless of the technique used, each approach has the poten-
tial to cause harm including neurological injury. Nerve injury may
potentially occur via direct surgical trauma from surgical dissection,
needle/sheath placement, and/or lead placement. Foreign body or
allergic reactions to the leads have been described and have the
potential to cause perineural scarring or fibrosis. As with SCS, SSls
have the potential to cause neurological injury.

NACC recommendations for PNS are detailed in Table 15.

Evidence

There is a paucity of data regarding the true risk of serious neuro-
logical complications from PNS. The major reason for this is that
most of the published experience consists of case reports, small
case series, and retrospective analyses. The largest prospective PNS
clinical trial is a recently published multicenter trial of PNS of the
occipital nerves for headache by Dodick et al. (84). One-year follow-
up safety data from this trial involving 157 patients revealed a

www.neuromodulationjournal.com

© 2017 International Neuromodulation Society

Neuromodulation 2017; 20: 15-30



NACC NEUROLOGICAL SAFETY GUIDELINES

Table 15. Recommendations and Evidence for Peripheral Nerve Stimulation by the Neurostimulation Appropriateness Consensus Committee (NACC).
Statement Evidence Recommendation Consensus
level grade level

PNS has not been associated with direct neurologic trauma and its risk is low. II-3 B Strong

Imaging guidance, as well as intermittent nerve stimulation, is recommended for Il I Strong
percutaneous PNS placement.

Specialized equipment designed for PNS will likely improve efficacy, safety, and reduce Il B Strong
complication rates.

relatively high incidence of AEs, but there were no reports of serious
neurological damage. The most common AE was persistent pain at
the hardware site(s) in 38 patients. There were 11 infections, 8 skin
erosions, and 11 cases of unexpected pain or numbness (84). Ishizuka
et al, in a retrospective review of causes for surgical revision in
patients with CRPS Type II, who previously experienced initial pain
relief from an implanted peripheral nerve stimulator, demonstrated
that in 33% of their patients lead migration was the most common
complication of PNS (85). There were no reports of neurological inju-
ry. Stevanato et al. recently reported an enhanced implantation tech-
nique for patients with post-traumatic brachial plexus injury or distal
peripheral nerve lesions with chronic severe intractable neuropathic
pain (86). The authors report that by implanting quadripolar leads
proximal to the site of injury and close to the axilla, there was no
lead migration or any other complication at 12-month follow-up in
all seven patients studied. Deer et al, in a recent randomized
double-blind multicenter PNS trial involving 147 patients, where
both fluoroscopy and intermittent nerve stimulation were used to
guide proper placement of PNS leads, did not report any complica-
tions or AEs (87).

Finally, peripheral nerve field stimulation (PNfS) is a novel
approach to peripheral stimulation in which the electrodes are
implanted in the painful region without directly targeting a discreet
peripheral nerve. The electrodes are tunneled and connected to an
implanted pulse generator. Key determinants of effectiveness have
been found to include depth and orientation of the lead. AEs
include lead migration and failure (88-91). McRoberts et al. reported
the results of a prospective multicenter trial of percutaneously
placed cylindrical PNfS leads to treat axial spine pain (92). In this trial,
32 patients had trial leads placed and 24 patients went on to perma-
nent implantation. As with the occipital stimulation trial, there were
no reported cases of serious neurological complications.

Recommendations

There is a significant need for large-scale PNS clinical trials with
long-term follow-up to better determine efficacy and the relative risk
of AEs, including neurological complications. Although the overall risk
of AEs associated with PNS is relatively high, owing mainly to
hardware-related problems, the available data indicate that the risk of
serious neurological injury associated with PNS is very low
(84,85,92,93). Two large prospective clinical trials involving PNS did
not have any documented cases of serious neurological injury (84,87).

Consensus Point 15. Peripheral nerve stimulation has not been
linked to nerve injury in the peer-reviewed literature, and appears as
a safe strategy for the treatment of pain.

Several of the methods described to reduce the risk of neurologi-
cal injury from SCS also apply to PNS (5). This includes attending to
published guidelines to reduce the risk of SSIs (94), and also manag-
ing sedation during percutaneous needle/sheath and lead

placement in the vicinity of nerves such that the patient is able to
report a paresthesia (5).

Finally, there is a need for dedicated PNS equipment and devices.
The majority of AEs from current PNS/PNfS devices relate to hard-
ware issues including peri-hardware pain and lead migration. The
relatively high incidence of these AEs relates to the fact that most of
the current PNS devices were designed for SCS and are used off-
label for PNS. It is likely that devices designed for and dedicated
specifically to PNS would have a lower rate of these AEs (95). In
addition, some advances in SCS lead and electrode technology,
including a novel MRI-compatible lead that is powered by wireless
radiofrequency technology, allow for an externally worn IPG, obviat-
ing the need for an implanted IPG, thus mitigating the risk of lead
migration and implanted hardware-related AEs (96).

SUMMARY OF CONSENSUS POINTS

Consensus Point 16. The NACC recommends that for percutane-
ous and surgical SCS lead placement and removal, the patient's
coagulation status should be optimized to prevent neurological inju-
ry from spinal hematoma. For patients taking anticoagulation medi-
cations for prophylaxis to prevent neurological or cardiovascular
thrombosis, this requires careful coordination and communication
with the patient and the patient’s managing medical physicians. The
recently published NACC Recommendations on Bleeding and Coagula-
tion Management in Neurostimulation Devices provides more detailed
guidance (6).

Consensus Point 17. Surgical site infection can lead to severe
neurological injury including epidural abscess and meningitis. The
NACC recommends that the risk of SSI should be minimized by fol-
lowing the infection control measures recommended by the United
States Centers for Disease Control (4). These recommendations
apply to all neuromodulation implant procedures and have been
further elucidated and strengthened in the recently published NACC
Recommendation for Infection Prevention and Management in Neuro-
stimulation Devices (7).

Consensus Point 18. To minimize the risk of spinal cord or nerve
injury during percutaneous SCS lead placement, the NACC recom-
mends that the management of sedation should be such that the
patient is sufficiently alert to provide feedback to the implanting
physician, including the ability to report pain or paresthesia that
may provide valuable information to the implanting physician. In
some settings, the risk-to-benefit ratio may lead the physician to
implant under deep sedation or general anesthesia. This should be
considered when the risks are acceptable and may be a better
option than abandoning neurostimulation. If percutaneous lead
placement under deep sedation or general anesthesia is performed,
then the intraoperative monitoring recommendations for paddle
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lead placement under deep sedation or general anesthesia should
be considered (see Consensus Point 19).

Consensus Point 19. In the case of paddle lead placement under
deep sedation or general anesthesia, motor evoked potential (MEP)
and SSEP monitoring should be considered. Although there have
been no studies specifically evaluating the use of MEP and SSEP
monitoring during asleep placement of stimulator leads, NACC sug-
gests that the use of these monitoring modalities can be a helpful
adjunct in determining whether cord function has been compro-
mised. Anecdotally, there have been cases wherein a lead was
changed or removed because of monitoring changes, but the topic
has not been researched sufficiently to make a stronger recommen-
dation at present. Confirmation of correct lead placement has been
advocated with either awake intraoperative confirmation of pares-
thesia coverage or use of neuromonitoring in asleep placement
such as EMG responses or SSEP collision testing.

Consensus Point 20. The NACC recommends that the relevant
spine imaging should be personally reviewed by the implanting
physician or by a radiologist who is familiar with the need for suffi-
cient space in the canal prior to percutaneous or surgical SCS lead
placement. Significant spinal canal stenosis where space-occupying
SCS leads are to traverse or be implanted may increase the risk of
neurological injury. SCS leads typically should not be implanted or
navigated through an area of severe spinal canal narrowing. For the
purpose of SCS lead placement, severe stenosis is present when
there is significant compression, or loss of the epidural space and
CSF space in the AP dimension of the CT or MRI images, such that
placement of one or more leads has the potential to compress the
spinal cord. Paddle placement after surgical decompression is an
option and is at the clinical judgment of the clinician.

Consensus Point 21. Based on a recent evaluation of neurological
risks, the rate of SCI from lead placement has been demonstrated to
be low, and without statistically significant difference between per-
cutaneous and paddle leads (1,8,21,31,97). The recent publication by
Petraglia et al. is notable in that the results suggest that neurological
damage occurs more frequently than previously thought following
SCS placement, and neurological injury following percutaneous lead
placement is as frequent as during paddle lead placement, although
the reasons for this are not entirely clear (8).

Consensus Point 22. Grand mal seizure activity is a risk with MCS
programming. The NACC recommends that individuals and facilities
involved in MCS programming be experienced and have the neces-
sary support staff, equipment, and medications needed to manage
seizures. A sensible precaution during initial programming is to con-
sider venous access, and have a syringe of diazepam or other fast-
acting anticonvulsant on hand, and a nurse or other assistant
present or immediately available. Programming MCS systems should
be done cautiously with attention to the onset of neurologic signs
(such as motor contractions) that could herald the onset of a seizure.

CONCLUSIONS

Serious neurologic injury is an inherent concern when the
intended site of surgery is near neural tissue. Complications can
occur with direct injury, or secondarily due to hemorrhage or infec-
tion. With mindful approaches and risk-mitigating strategies, these
therapies can be employed to improve treatment for refractory

diseases and minimize potential complications. Improved assess-
ment of the surroundings, either with patient feedback or neural
monitoring, may be helpful to improve safety. Specifically designed
equipment for delivery of neurostimulation may also improve effi-
ciency, efficacy, and overall safety, as modifications of existing
equipment are less than ideal.

The NACC has examined the evidence to give the clinician best
practices to improve safety for those undergoing neuromodulation.
The NACC group has provided an evidence-based strategy to miti-
gate complications and to manage those issues that arise in a man-
ner that provides the best outcomes. This ongoing process will
continue, with each update being based on new evidence and con-
sensus opinion based on clinical practice, and with an international
emphasis on global access and global improvements that result in
enhanced disease management by electrical targeting of the ner-
vous system.

Acknowledgement

The NACC was initiated by INS and funded by unrestrict-
ed educational grants from Medtronic Inc., St. Jude Medical
Inc., and Boston Scientific Corp. No corporate entities had
any direct input into the contents of the manuscript or the
conclusions of the collaborators. Sarah Staples, MA, ELS,
assisted with manuscript preparation.

Authorship Statement

Dr. Deer served as primary author, project organizer, and
editor; Drs. Lamer, Arle, Falowski, Pope, and Williams per-
formed literature searches; Drs. Lamer, Falowski, Pope, and
Arle prepared evidence tables; Drs. Simpson and Mekhail
served as senior editors; all authors acquired or interpreted
data, wrote sections of the manuscript, and provided criti-
cal reviews and editing.

How to Cite this Article:

Deer TR, Lamer TJ, Pope JE, Falowski SM, Provenzano
DA, Slavin K, Golovac S, Arle J, Rosenow JM., Williams
K, McRoberts P, Narouze S, Eldabe S, Lad SP, De
Andrées JA, Buchser E, Rigoard P, Levy RM, Simpson B,
Mekhail N. 2017. The Neurostimulation Appropriateness
Consensus Committee (NACC) Safety Guidelines for the
Reduction of Severe Neurological Injury.
Neuromodulation 2017; 20: 15-30

REFERENCES

. Levy R, Henderson J, Slavin K et al. Incidence and avoidance of neurologic complica-
tions with paddle type spinal cord stimulation leads. Neuromodulation 2011;14:412-
422; discussion 422.

2. Deer TR, Pope JE, Veizi IE et al. Polyanalgesic Consensus Conference recommenda-
tions for intrathecal drug delivery: guidance for improving safety and mitigating
risk. Neuromodulation 2017;20:155-175.

3. Harris RP, Helfand M, Woolf SH et al.; for the Methods Work Group, Third U.S. Pre-
ventive Services Task Force. Current methods of the US Preventive Services Task
Force: a review of the process. Am J Prev Med 2001;20:21-35.

4. Mangram AJ, Horan TC, Pearson ML, Silver LC, Jarvis WR. Guideline for prevention

of surgical site infection, 1999. Hospital Infection Control Practices Advisory Com-

mittee. Infect Control Hosp Epidemiol 1999;20:250-278.

www.neuromodulationjournal.com

© 2017 International Neuromodulation Society

Neuromodulation 2017; 20: 15-30



NACC NEUROLOGICAL SAFETY GUIDELINES

5.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Deer TR, Mekhail N, Provenzano D et al. The appropriate use of neurostimulation:
avoidance and treatment of complications of neurostimulation therapies for the
treatment of chronic pain. Neuromodulation 2014;17:571-597.

. Deer TR, Narouze S, Provenzano D et al. The Neurostimulation Appropriateness

Consensus Committee (NACC) recommendations on bleeding and coagulation
management in neurostimulation devices. Neuromodulation 2017;20:51-62.

. Deer TR, Provenzano D, Hanes M et al. The Neurostimulation Appropriateness Con-

sensus Committee (NACC) recommendations for infection prevention and manage-
ment. Neuromodulation 2017;20:31-50

. Petraglia FW, Farber SH, Gramer R et al. The incidence of spinal cord injury in

implantation of percutaneous and paddle electrodes for spinal cord stimulation.
Neuromodulation 2016;19:85-90.

. Liem L, Russo M, Huygen FJ et al. One-year outcomes of spinal cord stimulation of

the dorsal root ganglion in the treatment of chronic neuropathic pain. Neuromodu-
lation 2015;18:41-48. discussion 48-49.

. Neal JM, Barrington MJ, Brull R et al. The Second ASRA Practice Advisory on Neuro-

logic Complications Associated With Regional Anesthesia and Pain Medicine: execu-
tive summary 2015. Reg Anesth Pain Med 2015;40:401-430.

. Schievink WI, Maya MM. Diffuse non-aneurysmal SAH in spontaneous intracranial

hypotension: sequela of ventral CSF leak? Cephalalgia 2016;36:589-592.

. Mokri B. Spontaneous intracranial hypotension. Continuum 2015;21 (4 Headache):

1086-1108.

. Bezov D, Ashina S, Lipton R. Post-dural puncture headache. Il. Prevention, manage-

ment, and prognosis. Headache 2010;50:1482-1498.

. Deer TR, Krames E, Mekhail N et al. The appropriate use of neurostimulation: new

and evolving neurostimulation therapies and applicable treatment for chronic pain
and selected disease states. Neuromodulation 2014;17:599-615.

. Fitzgibbon DR, Posner KL, Domino KB, Caplan RA, Lee LA, Cheney FW. Chronic pain

management: American Society of Anesthesiologists Closed Claims Project. Anesthe-
siology 2004;100:98-105.

. McGrath JM, Schaefer MP, Malkamaki DM. Incidence and characteristics of complica-

tions from epidural steroid injections. Pain Med 2011;12:726-731.

. Bendersky D, Yampolsky C. Is spinal cord stimulation safe? A review of its complica-

tions. World Neurosurgery 2014;82:1359-1368.

. Deer TR, Stewart CD. Complications of spinal cord stimulation: identification, treat-

ment, and prevention. Pain Med 2008;9:593-S101.

. Eldrige JS, Weingarten TN, Rho RH. Management of cerebral spinal fluid leak com-

plicating spinal cord stimulator implantation. Pain Pract 2006;6:285-288.

Slangen R, Schaper NC, Faber CG et al. Spinal cord stimulation and pain relief in
painful diabetic peripheral neuropathy: a prospective two-center randomized con-
trolled trial. Diabetes Care 2014;37:3016-3024.

Cameron T. Safety and efficacy of spinal cord stimulation for the treatment of
chronic pain: a 20-year literature review. J Neurosurg 2004;100:254-267.

Mekhail NA, Mathews M, Nageeb F, Guirguis M, Mekhail MN, Cheng J. Retrospective
review of 707 cases of spinal cord stimulation: indications and complications. Pain
Pract 2011;11:148-153.

Kemler MA, Barendse GA, van Kleef M et al. Spinal cord stimulation in patients with
chronic reflex sympathetic dystrophy. New Engl J Med 2000;343:618-624.
Simopoulos TT, Sharma S, Aner M, Gill JS. The incidence and management of post-
dural puncture headache in patients undergoing percutaneous lead placement for
spinal cord stimulation. Neuromodulation 2016;19:738-743.

Baysinger CL, Pope JE, Lockhart EM, Mercaldo ND. The management of accidental
dural puncture and postdural puncture headache: a North American survey. J Clin
Anesth 2011;23:349-360.

Chiravuri S, Wasserman R, Chawla A, Haider N. Subdural hematoma following spinal
cord stimulator implant. Pain Physician 2008;11:97-101.

Neal JM, Bernards CM, Hadzic A et al. ASRA Practice Advisory on Neurologic Compli-
cations in Regional Anesthesia and Pain Medicine. Reg Anesth Pain Med 2008;33:
404-415.

Giberson CE, Barbosa J, Brooks ES et al. Epidural hematomas after removal of percu-
taneous spinal cord stimulator trial leads: two case reports. Reg Anesth Pain Med
2014;39:73-77.

Navarro P, Mena J. Epidural hematoma and paraplegia after spinal cord stimulator
trial lead removal: a case report. PM R 2014;1:5361-5362.

Brown MW, Yilmaz TS, Kasper EM. latrogenic spinal hematoma as a complication of
lumbar puncture: what is the risk and best management plan? Surg Neurol Int 2016;
7 (Suppl 22):5581-5589.

Kumar K, Hunter G, Demeria D. Spinal cord stimulation in treatment of chronic
benign pain: challenges in treatment planning and present status, a 22-year experi-
ence. Neurosurgery 2006;58:481-496; discussion 481-496.

Kapural L, Yu C, Doust MW et al. Novel 10-kHz High-frequency therapy (HF10 thera-
py) is superior to traditional low-frequency spinal cord stimulation for the treatment
of chronic back and leg pain: the SENZA-RCT randomized controlled trial. Anesthesi-
ology 2015;123:851-860.

Narouze S, Benzon HT, Provenzano DA et al. Interventional spine and pain proce-
dures in patients on antiplatelet and anticoagulant medications: guidelines from the
American Society of Regional Anesthesia and Pain Medicine, the European Society of
Regional Anaesthesia and Pain Therapy, the American Academy of Pain Medicine,
the International Neuromodulation Society, the North American Neuromodulation
Society, and the World Institute of Pain. Reg Anesth Pain Med 2015;40:182-212.
Fitzgibbon DR, Stephens LS, Posner KL et al. Injury and liability associated with
implantable devices for chronic pain. Anesthesiology 2016;124:1384-1393.

Pope JE. Complications of spinal cord stimulation. In: Ranson M, Pope JE, Deer T,
eds. Reducing Risks and Complications of Interventional Pain Procedures. Philadelphia:
Saunders; 2012:3-10.

36

37.

38.

39.

40.

41.

42.

43,

45,

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

. Kumar K, Wilson JR, Taylor RS, Gupta S. Complications of spinal cord stimulation,
suggestions to improve outcome, and financial impact. J Neurosurg Spine 2006;5:
191-203.

Rauchwerger JJ, Zoarski GH, Waghmarae R et al. Epidural abscess due to spinal cord
stimulator trial. Pain Pract 2008;8:324-328.

Bara G, Kowatz L, Schu S, Vesper J. Infection rates of percutaneously implanted
leads for SCS after a trial phase: three-year follow up [abstr]. Neuromodulation 2013;
16:¢106.

Engle MP, Vinh BP, Harun N, Koyyalagunta D. Infectious complications related to
intrathecal drug delivery system and spinal cord stimulator system implantations at
a comprehensive cancer pain center. Pain Physician 2013;16:251-257.

Hayek SM, Veizi E, Hanes M. Treatment-limiting complications of percutaneous spi-
nal cord stimulator implants: a review of eight years of experience from an academ-
ic center database. Neuromodulation 2015;18:603-608; discussion 608-609.

Fritz AK, Bhagwat P. Management of thoracic epidural abscess post spinal cord
stimulator insertion-a case report [abstr]. Neuromodulation 2013;16:e70.

Quigley DG, Arnold J, Eldridge PR et al. Long-term outcome of spinal cord stimula-
tion and hardware complications. Stereo Funct Neurosurg 2003;81:50-56.

Burgher AH, Barnett CF, Obray JB, Mauck WD. Introduction of infection control mea-
sures to reduce infection associated with implantable pain therapy devices. Pain
Pract 2007;7:279-284.

. Follett KA, Boortz-Marx RL, Drake JM et al. Prevention and management of intrathe-
cal drug delivery and spinal cord stimulation system infections. Anesthesiology 2004;
100:1582-1594.

Cicuendez M, Munarriz PM, Castano-Leon AM, Paredes |. Dorsal myelopathy second-
ary to epidural fibrous scar tissue around a spinal cord stimulation electrode.
J Neurosurg Spine 2012;17:598-601.

. Dam-Hieu P, Magro E, Seizeur R, Simon A, Quinio B. Cervical cord compression due
to delayed scarring around epidural electrodes used in spinal cord stimulation.
J Neurosurg Spine 2010;12:409-412.

Lennarson PJ, Guillen FT. Spinal cord compression from a foreign body reaction to
spinal cord stimulation: a previously unreported complication. Spine 2010;35:
E1516-E1519.

Scranton RA, Skaribas IM, Simpson RK. Spinal stimulator peri-electrode masses: case
report. J Neurosurg Spine 2015;22:70-74.

Meyer SC, Swartz K, Johnson JP. Quadriparesis and spinal cord stimulation: case
report. Spine 2007;32:E565-E568.

Franzini A, Ferroli P, Marras C, Broggi G. Huge epidural hematoma after surgery for
spinal cord stimulation. Acta Neurochirurg 2005;147:565-567; discussion 567.
Takawira N, Han RJ, Nguyen TQ, Gaines JD, Han TH. Spinal cord stimulator and epi-
dural haematoma. Br J Anaesth 2012;109:649-650.

Smith CC, Lin JL, Shokat M, Dosanjh SS, Casthely D. A report of paraparesis follow-
ing spinal cord stimulator trial, implantation and revision. Pain Physician 2010;13:
357-363.

Falowski S, Dianna A. Neuromonitoring protocol for spinal cord stimulator cases
with case descriptions. Int J Acad Med 2016;3 (Suppl 1).

Falowski SM, Celii A, Sestokas AK, Schwartz DM, Matsumoto C, Sharan A. Awake vs.
asleep placement of spinal cord stimulators: a cohort analysis of complications asso-
ciated with placement. Neuromodulation 2011;14:130-134; discussion 134-135.
Shils JL, Arle JE. Intraoperative neurophysiologic methods for spinal cord stimulator
placement under general anesthesia. Neuromodulation 2012;15:560-571. discussion
571-562.

Ben-Haim S, Asaad WF, Gale JT, Eskandar EN. Risk factors for hemorrhage during
microelectrode-guided deep brain stimulation and the introduction of an improved
microelectrode design. Neurosurgery 2009;64:754-762. discussion 762-753.

Binder DK, Rau GM, Starr PA. Risk factors for hemorrhage during microelectrode-
guided deep brain stimulator implantation for movement disorders. Neurosurgery
2005;56:722-732; discussion 722-732.

Favre J, Taha JM, Burchiel KJ. An analysis of the respective risks of hematoma forma-
tion in 361 consecutive morphological and functional stereotactic procedures. Neu-
rosurgery 2002;50:48-56. discussion 56-47.

Piacentino M, Pilleri M, Bartolomei L. Hardware-related infections after deep brain
stimulation surgery: review of incidence, severity and management in 212 single-
center procedures in the first year after implantation. Acta Neurochir 2011;153:2337-
2341.

Rughani Al, Hodaie M, Lozano AM. Acute complications of movement disorders sur-
gery: effects of age and comorbidities. Mov Disord 2013;28:1661-1667.

Sansur CA, Frysinger RC, Pouratian N et al. Incidence of symptomatic hemorrhage
after stereotactic electrode placement. J Neurosurg 2007;107:998-1003.

Sillay KA, Larson PS, Starr PA. Deep brain stimulator hardware-related infections:
incidence and management in a large series. Neurosurgery 2008;62:360-366; discus-
sion 366-367.

Sixel-Doring F, Trenkwalder C, Kappus C, Hellwig D. Skin complications in deep
brain stimulation for Parkinson’s disease: frequency, time course, and risk factors.
Acta Neurochir 2010;152:195-200.

Tsubokawa T, Katayama Y, Yamamoto T, Hirayama T, Koyama S. Chronic motor
cortex stimulation for the treatment of central pain. Acta Neurochir Suppl 1991;
52:137-139.

Saitoh Y, Kato A, Ninomiya H et al. Primary motor cortex stimulation within the cen-
tral sulcus for treating deafferentation pain. Acta Neurochir Suppl 2003;87:149-152.
Monsalve GA. Motor cortex stimulation for facial chronic neuropathic pain: a review
of the literature. Surg Neurol Int 2012;3 (Suppl 4):5290-S311.

Nguyen JP, Lefaucheur JP, Decq P et al. Chronic motor cortex stimulation in the
treatment of central and neuropathic pain. Correlations between clinical, electro-
physiological and anatomical data. Pain 1999;82:245-251.

www.neuromodulationjournal.com

© 2017 International Neuromodulation Society

Neuromodulation 2017; 20: 15-30




(013

DEER ET AL.

68. Sachs AJ, Babu H, Su YF, Miller KJ, Henderson JM. Lack of efficacy of motor cortex
stimulation for the treatment of neuropathic pain in 14 patients. Neuromodulation
2014;17:303-310. discussion 310-301.

69. Nuti C, Peyron R, Garcia-Larrea L et al. Motor cortex stimulation for refractory neuro-
pathic pain: four year outcome and predictors of efficacy. Pain 2005;118:43-52.

70. Nguyen JP, Nizard J, Keravel Y, Lefaucheur JP. Invasive brain stimulation for the
treatment of neuropathic pain. Nat Rev Neurol 2011;7:699-709.

71. Henderson JM, Heit G, Fisher RS. Recurrent seizures related to motor cortex stimula-
tor programming. Neuromodulation 2010;13:37-43.

72. Rasche D, Ruppolt M, Stippich C, Unterberg A, Tronnier VM. Motor cortex stimula-
tion for long-term relief of chronic neuropathic pain: a 10 year experience. Pain
2006;121:43-52.

73. Velasco F, Arguelles C, Carrillo-Ruiz JD et al. Efficacy of motor cortex stimulation in
the treatment of neuropathic pain: a randomized double-blind trial. J Neurosurg
2008;108:698-706.

74. Lefaucheur JP, Drouot X, Cunin P et al. Motor cortex stimulation for the treatment
of refractory peripheral neuropathic pain. Brain 2009;132(Part 6):1463-1471.

75. Nguyen JP, Lefaucheur JP, Raoul S, Roualdes V, Keravel Y, Motor cortex stimulation
for the treatment of neuropathic pain. In: Krames ES, Peckham PH, Rezai AR, eds.
Neuromodulation. Amsterdam: Elsevier; 2009:515-526.

76. Lefaucheur JP, Keravel Y, Nguyen JP. Treatment of poststroke pain by epidural
motor cortex stimulation with a new octopolar lead. Neurosurgery 2011;68 (1 Suppl
Operative):180-187; discussion 187.

77. Leveque M, Weil AG, Nguyen JP. Simultaneous deep brain stimulation/motor cortex
stimulation trial for neuropathic pain: fishing with dynamite? Stereotact Funct Neuro-
surg 2015;93:219.

78. Nguyen JP, Velasco F, Brugieres P et al. Treatment of chronic neuropathic pain by
motor cortex stimulation: results of a bicentric controlled crossover trial. Brain Stim
2008;1:89-96.

79. Huntoon MA, Burgher AH. Ultrasound-guided permanent implantation of peripher-
al nerve stimulation (PNS) system for neuropathic pain of the extremities: original
cases and outcomes. Pain Med 2009;10:1369-1377.

80. Nashold BS, Goldner JL, Mullen JB, Bright DS. Long-term pain control by direct
peripheral-nerve stimulation. J Bone Joint Surg Am 1982;64:1-10.

81. Waisbrod H, Panhans C, Hansen D, Gerbershagen HU. Direct nerve stimulation for
painful peripheral neuropathies. J Bone Joint Surg Br 1985;67:470-472.

82. Stanton-Hicks M, Panourias IG, Sakas DE, Slavin KV. The future of peripheral nerve
stimulation. Prog Neurol Surg 2011;24:210-217.

83. Rasskazoff SY, Slavin KV. An update on peripheral nerve stimulation. J Neurosurg Sci
2012;56:279-285.

84. Dodick DW, Silberstein SD, Reed KL et al. Safety and efficacy of peripheral nerve
stimulation of the occipital nerves for the management of chronic migraine: long-
term results from a randomized, multicenter, double-blinded, controlled study.
Cephalalgia 2015;35:344-358.

85. Ishizuka K, Oaklander AL, Chiocca EA. A retrospective analysis of reasons for reoper-
ation following initially successful peripheral nerve stimulation. J Neurosurg 2007;
106:388-390.

86. Stevanato G, Devigili G, Eleopra R et al. Chronic post-traumatic neuropathic pain of
brachial plexus and upper limb: a new technique of peripheral nerve stimulation.
Neurosurg Rev 2014;37:473-479. discussion 479-480.

87. Deer TR, Pope J, Benyamin R et al. Prospective, multicenter, randomized, double-
blind, partial crossover study to assess the safety and efficacy of the novel neuro-
modulation system in the treatment of patients with chronic pain of peripheral
nerve origin. Neuromodulation 2016;19:91-100.

88. Morch CD, Nguyen GP, Wacnik PW, Andersen OK. Mathematical model of nerve
fiber activation during low back peripheral nerve field stimulation: analysis of elec-
trode implant depth. Neuromodulation 2014;17:218-225. discussion 225.

89. Frahm KS, Hennings K, Vera-Portocarrero L, Wacnik PW, Morch CD. Muscle
activation during peripheral nerve field stimulation occurs due to recruitment of
efferent nerve fibers, not direct muscle activation. Neuromodulation 2016;19:
587-596.

90. Frahm KS, Hennings K, Vera-Portocarrero L, Wacnik PW, Morch CD. Nerve fiber
activation during peripheral nerve field stimulation: importance of electrode
orientation and estimation of area of paresthesia. Neuromodulation 2016;19:311-
318.

91.

92.

93.

94,

95.

96.

97.

Kloimstein H, Likar R, Kern M et al. Peripheral nerve field stimulation (PNFS) in
chronic low back pain: a prospective multicenter study. Neuromodulation 2014;17:
180-187.

McRoberts WP, Wolkowitz R, Meyer DJ et al. Peripheral nerve field stimulation for
the management of localized chronic intractable back pain: results from a random-
ized controlled study. Neuromodulation 2013;16:565-574. discussion 574-565.

Lee PB, Horazeck C, Nahm FS, Huh BK. Peripheral nerve stimulation for the treat-
ment of chronic intractable headaches: long-term efficacy and safety study. Pain
Physician 2015;18:505-516.

Provenzano DA, Deer T, Luginbuhl Phelps A et al. An international survey to under-
stand infection control practices for spinal cord stimulation. Neuromodulation 2015;
19:71-84.

Goroszeniuk T, Pang D, Shetty A, Eldabe S, O'Keeffe D, Racz G. Percutaneous periph-
eral neuromodulation lead insertion using a novel stimulating Coude needle. Neuro-
modulation 2014;17:506-509.

Shellock FG, Audet-Griffin AJ. Evaluation of magnetic resonance imaging issues for
a wirelessly powered lead used for epidural, spinal cord stimulation. Neuromodula-
tion 2014;17:334-339; discussion 339.

Lad SP, Babu R, Bagley JH et al. Utilization of spinal cord stimulation in patients
with failed back surgery syndrome. Spine 2014;39:E719-E727.

COMMENTS

This article presents guidelines on security in neurostimulation. Knowl-

edge about the safety and appropriateness of procedures is essential in
our daily professional activities and also a great protection for physicians
and patients. The article is also fundamental in the fields of law and
medical litigation. This article is very important for experienced physi-
cians and for doctors who are starting to use these surgical techniques.

Gianni Colini-Baldeschi, MD
Rome, Italy

This paper represents consensus opinions regarding many aspects of

implantation of neurostimulators throughout the neuraxis. The basis for
these consensus statements is review of the literature available. While
some may debate a consensus, these are written with a conservative
approach and as such should be carefully reviewed.

Claudio Feler, MD
Memphis, TN, USA

As with other publications from the NACC, this document provides a

thorough review of the evidence for neurologic injury with recommen-
dations for their reduction in the future. These reviews will become the
gold standard for years to come.

Louis Raso, MD
Jupiter, FL, USA

Comments not included in the Early View version of this paper.
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