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Abstract
Chronic pain represents one of the most important public health problems in terms of both the number of
patients afﬂicted and health care costs. Most patients with chronic pain are treated with medications as the
mainstay of therapy, and yet most medically treated patients continue to report ongoing pain. Additionally,
adverse effects from pain medications represent a major challenge for clinicians and patients. Spinal cord
stimulation and intrathecal drug delivery systems are well-established techniques that have been utilized for
over 25 years. Intrathecal drug delivery systems have proven efﬁcacy for a wide variety of intractable pain
conditions and fewer adverse effects than systemic medical therapy in patients with refractory cancer-related
pain. Spinal cord stimulation is cost-effective and provides improved pain control compared with medical
therapy in patients with a variety of refractory pain conditions including complex regional pain syndrome,
painful diabetic neuropathy, and chronic radiculopathy. Patients who have intractable pain that has not
responded to reasonable attempts at conservative pain care measures should be referred to a qualiﬁed
interventional pain specialist to determine candidacy for the procedures discussed in this article.
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hronic pain, chronic low back pain,
chronic neuropathic pain, and opioid
use or misuse related to chronic pain
represent important public health problems in
the United States and abroad. Despite
numerous advances in treatments, many
patients with spine and/or limb pain do not
have improvement with standard conservative
medical therapy. A recent evidence-based review of medical therapy for neuropathic pain
concluded that “existing pharmacologic treatments for [neuropathic] pain are limited,
with no more than 40-60% of patients obtaining partial relief of their pain.”1 Put into practical terms, this means that roughly half of all
patients who present to their physician with
common painful conditions such as diabetic
peripheral neuropathy (DPN), postherpetic
neuralgia, complex regional pain syndrome
(CRPS), failed back surgery syndrome (FBSS)
with a neuropathic component, and chronic
radiculopathy (sciatica) will not have sufﬁcient
improvement with conservative pain care
measures.
Advanced pain care options should be
considered for many, if not most, of these patients with refractory pain. Yet studies indicate
that most clinicians are not familiar with these
options.2-5 Accordingly, many patients who
could beneﬁt from such treatment are not
referred to a pain specialist who can identify
and implement the appropriate advanced
interventional pain therapies (AIPTs). Because
many of these chronic painful conditions are
lifelong problems, failure to refer patients for
appropriate therapy potentially subjects them
to needless long-term suffering. Another
important consideration regarding AIPT is
that it offers an alternative to oral opioid therapy for patients with intractable or complex
pain problems. Many patients with chronic
pain are treated with long-term opioid therapy
despite a paucity of evidence for long-term efﬁcacy. Opioid-related adverse effects are common, and opioid misuse has reached epidemic
proportions in the United States. In the past,
AIPT was considered by many physicians to
be a late-stage pain therapy, mainly because
of the invasive nature of the therapy. More
recently, because of the limited efﬁcacy and
the myriad problems associated with longterm opioid therapy, many pain specialists
rightfully consider AIPT earlier in the
Mayo Clin Proc. n February 2016;91(2):246-258
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treatment algorithm for patients with intractable
pain.3,6 Unlike other interventions that may
afford only temporary improvement in pain
such as nerve blocks and injections, neuromodulation addresses chronic pain problems
by continuous application of electrical stimulation or pharmacological treatment delivered to
targeted nerves. In this review, we will discuss
spinal cord stimulation (SCS) and intrathecal
drug delivery systems (IDDSs), 2 advanced
neuromodulation interventional therapies that
have been proved to be effective treatments for
patients with refractory chronic pain. Each of
these techniques involves a surgically implanted
pain-relieving device, as described in the subsequent sections.
SPINAL CORD STIMULATION
SCS Devices
For most patients, the placement of an SCS
device is a 2-stage process: stage 1 is a trial or
temporary implant, and stage 2 is the implantation of the long-term unit. The use of the trial
procedure imparts a substantial advantage for
SCS over many other invasive or interventional
spinal procedures in that it allows both the patient and the medical team to assess the likelihood that SCS will be helpful for the patient’s
painful condition. The trial involves placing
short-term or temporary SCS leads into the
epidural space. It is a minimally invasive outpatient surgical procedure. In most cases, an incision is not required because the leads are placed
via epidural needles. Once the leads are successfully placed, the needles are removed and the
leads are sterilely taped and secured to the skin
surface and then connected to an external battery
or generator. The patient is instructed in the
proper use of the SCS trial generator and is
then dismissed and allowed to assess the amount
of relief over the course of the trial period, which
usually lasts from 3 to 10 days. At the end of the
trial period, the temporary SCS leads are
removed, and a decision is made regarding the
success of the SCS trial. In most cases, if the patient experiences 50% or greater pain relief as
well as notable functional improvement, the decision will be made to implant a long-term SCS
system.
There are 2 main components to an
implanted SCS system, the generator and the
leads (Figure 1). The lead or leads are placed
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that may be advantageous for patients who
do not like the sensation produced by the
paresthesia.7 Additional paresthesia-free subthreshold waveforms are currently under
investigation in multicenter prospective trials.
In recent years, the use of dorsal root ganglion (DRG) spinal stimulation has been
approved in Europe and Australia and is under
study in the United States.8,9 This approach
involves using the epidural route to place a
novel, small arch-shaped lead around the
DRG in the spinal canal. This method also involves a generator but requires about 5% of
the energy of the normal device; thus, it
does not need to be recharged in normal use.

FIGURE 1. Spinal cord stimulator hardware with 2 epidural leads and the
impulse generator. The generator is placed subcutaneously.

into the dorsal epidural space, usually via a
minimally invasive outpatient surgical procedure performed under local anesthesia and
intravenous sedation. There are many different
lead types and conﬁgurations, and the lead
selection depends on several factors including
the patient’s anatomy, the pain diagnosis, and
the pain location. From the spine, the leads are
tunneled under the skin to connect to a generator or battery (similar to a pacemaker generator). The generator is surgically placed just
under the skin, usually in the buttock, ﬂank,
or abdomen. The patient has some control
over the device via a portable handheld remote
control that can turn the device on and off as
well as perform some programming functions.
These devices are most commonly rechargeable, allowing the device to deliver more energy with a longer battery life. The physician
team managing the patient includes a programmer trained in sophisticated programming. The device then delivers electrical
impulses to the dorsal spinal cord. In most
cases, the patient experiences a mild and
pleasant paresthesia, usually in the distribution of the underlying pain pattern. The US
Food and Drug Administration (FDA) has
approved a new paresthesia-free SCS system
248
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Indications and Mechanism of Action
The ﬁrst spinal cord stimulator trial was performed in 1967, and the procedure has been
FDA approved since 1989 to treat intractable
(neuropathic) pain of the trunk and/or limbs.
In the United States, the most common indications for SCS include new or persistent back
and leg pain after spine surgery (FBSS),
CRPS, and chronic radiculopathy, but it may
be used to treat many other refractory neuropathic pain conditions.4,10-18 Several recent
trials have reported substantial beneﬁt for patients with painful diabetic neuropathy, and
recent studies have examined causalgia and
traumatic nerve injury of the lower extremities
and groin.4,9-17
The mechanisms by which SCS relieves
pain, although still uncertain, have been studied
extensively. The electrical signals are thought to
exert pain-relieving effects by one or more of
several mechanisms. There is evidence that
SCS increases the levels of several dorsal horn
neurotransmitters that are known to modulate
pain including serotonin, norepinephrine,
g-aminobutyric acid, and acetylcholine.19-22
Spinal cord stimulation has been found to suppress or modulate hyperexcitable or sensitized
dorsal horn wide dynamic range neurons that
are implicated in many neuropathic pain
states.19,23-26 The procedure may also antidromically stimulate the peripheral release of vasodilatory neurotransmitters including calcitonin
gene-related peptide and nitric oxide.19,27 These
mechanisms are all congruent with the observed
clinical pain-relieving effects of SCS. The effect
of SCS on pain from ischemia may be from a
different mechanism, with the most commonly
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TABLE 1. Indications for Spinal Cord Stimulation
Complex regional pain syndrome
Painful diabetic neuropathy
Chronic painful radiculopathy
Persistent spine or limb pain following spinal surgery
Neuropathic limb pain

accepted pathway being that of sympathetic nervous system alteration. The mechanism of action
for DRG spinal stimulation appears to be a direct
action on the abnormal primary cell bodies in
the DRG.8
Outcomes of SCS Therapy
Several randomized controlled trials (RCTs)
and systematic reviews have documented the
effectiveness of SCS in chronic pain states
(Table 1). Spinal cord stimulation with physical therapy was superior to physical therapy
alone in a prospective RCT that measured
pain scores and global perceived effect over
2 years in patients with refractory CRPS.28
Another study reported better outcomes with
SCS than with redo lumbar spine surgery in
patients with FBSS.29 Greater than 50% pain
relief was achieved long-term in 47% of patients randomized to SCS vs 12% randomized
to reoperation. Furthermore, 14 of 26 patients
randomized to reoperation elected to cross
over to the SCS arm vs 5 of 24 patients randomized to SCS who crossed over to reoperation. In an RCT of 100 patients, Kumar et al30
found that SCS plus medical therapy was far
superior to medical management alone for
the treatment of intractable neuropathic pain
in the setting of failed lumbar spine surgery.
In that study, only 5% of patients receiving
medical management achieved greater than
50% relief of pain at 1 year vs 45% of patients
treated with SCS. The SCS group also experienced signiﬁcant improvements in function
and quality of life (QOL) compared with the
medical therapy group. A recently completed
RCT comparing 2 different types of SCS for
patients with chronic back and leg pain reported that 65% of patients treated with
10,000-hertz SCS experienced signiﬁcant
pain relief at 18-month follow-up, a result
that was statistically superior to conventional
tonic SCS.7 Several recent trials including 2
RCTs have found SCS to be effective for the
Mayo Clin Proc. n February 2016;91(2):246-258
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treatment of intractable pain related to diabetic
neuropathy.15,17,31,32 A recent multicenter
RCT comparing SCS to “best conventional medical practice” in patients with painful DPN
reported no improvement in patients who
received medical therapy, whereas SCS-treated
patients experienced signiﬁcant improvement
in pain and QOL.15 Spinal cord stimulation
has been documented to provide signiﬁcant
pain reduction in patients with painful vasospastic diseases.16,33 Patients with refractory
chest pain from coronary vasospasm or smallvessel disease that is not amenable to stenting
or bypass can have signiﬁcant improvement in
pain, QOL, and reduced physician or emergency department visits following treatment
with SCS.34-37 The procedure has shown promise in a number of other difﬁcult to treat chronic
neuropathic pain states including postherpetic
neuralgia, postamputation pain, and limb pain
secondary to peripheral vascular disease.
Recently, the results of a prospective randomized multicenter study comparing SCS to
DRG spinal stimulation were presented at the
3-month efﬁcacy end point.38 The results
showed a statistically superior outcome in the
DRG group for neuropathic pain involving the
groin or lower extremity. Safety data was similar
in each group, and 2-year follow-up is planned.
In the past, it has been argued that SCS is
costly and should only be used as a last resort.
Several recent studies have reported that SCS is
not only less costly but also cost-effective and
represents value-based therapy for many patients
with intractable pain.5,39-41 This ﬁnding should
not be surprising given the high costs of multiple
rounds of medications, physician and emergency
department visits, and other therapies such as
injections and nerve blocks that patients with
chronic pain often require over a period of years.
Two recent studies found that SCS plus medical
management was cost-effective compared with
medical management alone for several chronic
neuropathic pain conditions including FBSS
and CRPS. The study by Kumar and Rizvi5 documented an incremental cost-effectiveness ratio
(ICER) well below most commonly accepted
willingness-to-pay per quality-adjusted life-year
thresholds. In their study, the ICER for FBSS
was $9293 (Canadian dollars), and the ICER
for CRPS was $11,216.
It is well understood that the longer a patient with chronic pain remains debilitated,
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TABLE 2. Adverse Events Associated With Spinal
Cord Stimulation
Hardware or device related
Pain over the generator site or stimulator leads
Lead migration causing loss of therapy
Lead fracture
Generator depletion
Painful stimulation
Surgery related
Infection (surgical site infection)
Neurologic injury
Accidental dural puncture with associated headache
Epidural hematoma

the more treatment-refractory that pain becomes. This issue has led to a reappraisal of
SCS being used as a late-stage or last resort
therapy for intractable pain. Recent studies
have found that earlier intervention with SCS
leads to much better outcomes.3,4,14,42-44
Knowing that chronic neuropathic pain is
notoriously resistant to medical therapy and
that SCS therapy provides cost-effective pain
relief and improved QOL when compared
with conventional medical management has
led many pain specialists to place SCS therapy
much earlier in the chronic pain treatment
algorithm. A corollary is that patients with
refractory chronic pain should be referred to
a pain specialist earlier rather than later.
Adverse Events
Because SCS is an interventional and surgical
procedure, consideration should be given to
possible adverse events and outcomes. The
most common adverse events are listed in
Table 2. The risk of a serious adverse event
can be minimized or mitigated with experience and by adhering to good surgical technique and published guidelines.45,46 The risk
or likelihood of a severe neurologic injury
such as spinal cord injury or nerve root injury
is very low. In the 2 largest series, Mekhail
et al47 reported no permanent neurologic injuries
in a review of over 1200 lead placements, and
Cameron48 reported one case of paralysis due
to infection and epidural abscess in a series of
nearly 3000 patients. The most feared SCS
complication is epidural hematoma from lead
placement. This is a rare complication, and the
likelihood of it occurring depends on many
factors including the selection of lead type.
250
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Levy et al49 reviewed over 44,000 cases of
surgically placed paddle-type leads and identiﬁed 83 cases of epidural hematoma
(0.19%), with 51% of these patients having
persistent residual impairment.
The most frequent adverse events are equipment related including discomfort around the
hardware and movement of the leads. The frequency of these issues has been reduced considerably in the past 5 years with improvements
in equipment and surgical techniques.45,50
Recently, the International Neuromodulation
Society provided guidance in a large consensus
project on best practices to reduce the rate and
severity of complications of SCS.45
INTRATHECAL DRUG DELIVERY SYSTEMS
IDDS Devices
There are 2 main components to IDDS devices, the pump component and the catheter
that carries the drug(s) from the pump to
the cerebrospinal ﬂuid within the spinal canal
(Figure 2). These devices are surgically placed
in a fashion similar to that for the SCS systems.
The IDDS device placement can be performed
as an outpatient procedure, but most patients
are hospitalized for the procedure, observed
overnight, and dismissed the next day. The
pump is ﬁlled with the desired analgesic medication, and the pump delivers the medication
via the catheter to the cerebrospinal ﬂuid. The
amount of drug that the patient receives can
be regulated by controlling the concentration
of the drug in the pump and/or by varying
the rate of the infusion. Most pumps that are
currently in use are fully programmable via
an external programmer controlled by the
management team. This feature allows dose
adjustments to be made noninvasively as the
patient’s clinical condition changes. Additionally, patients may be equipped with a remote
device whereby they can self-administer a
bolus on an as-needed basis; the dose, lockout
interval, and maximum doses per day are preset by the clinician. The pump must be reﬁlled
periodically, for most patients every 1 to 3
months, in a sterile procedure performed in
the clinic or through a home visiting nurse
service. The pump has an access port (much
like a subcutaneous intravenous port) that
can be accessed by a special needle and kit.
After sterile preparation of the skin, the needle
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is advanced through the skin and through the
access port into the drug reservoir. The medication is delivered, the needle is removed, and
the pump is reprogrammed.
Indications and Mechanisms of Action
Wang and colleagues from the Mayo Clinic reported the ﬁrst use of intrathecal opioids in
humans in 1979.51,52 The ﬁrst programmable
intrathecal catheter and pump implant was
placed in 1982. Over the ensuing years, spinal
analgesia via an implantable IDDS has become
mainstream treatment for intractable pain and
spasticity. There are 3 main clinical scenarios
in which IDDS devices can be extremely
beneﬁcial:
1. Intrathecal baclofen can be very effective in
managing intractable spasticity in the setting
of brain and/or spinal cord pathology from
a number of causes including multiple sclerosis, cerebral palsy, spinal cord injury, and
stroke.
2. Intrathecal delivery of pain medications is
effective for patients with intractable
cancer-related pain and has been found to
provide improved pain control and QOL
with substantially fewer adverse effects
(such as constipation and sedation)
compared with systemic analgesics.
3. The third scenario is the use of IDDSs for the
management of many chronic painful conditions that have failed to respond adequately
to more conservative pain care measures
(eg, physical therapy, oral medications, nerve
blocks, cognitive behavioral therapy).
The FDA has approved 2 medications for
pain and 1 for spasticity. Baclofen is a very
effective FDA-approved agent for management
of intractable and refractory spasticity.53,54
Currently, no off-label drugs have been found
to be clinically acceptable for the treatment of
spasticity or movement disorders when delivered intrathecally. Morphine and ziconotide
are the 2 FDA-approved pain medications
currently available for use in IDDS devices.
Morphine exerts a very potent analgesic effect in the spinal canal. Pain signals are moderated by morphine binding to opioid receptors
in the dorsal horn of the spinal cord. As an
example of the potency, a typical daily oral
morphine dose for a patient with chronic or
Mayo Clin Proc. n February 2016;91(2):246-258
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FIGURE 2. Intrathecal drug delivery device. The catheter is inserted into the
intrathecal space. From there it is tunneled subcutaneously to the pump,
which contains the drug reservoir.

cancer-related pain is 100 mg per 24-hour
period. An approximate equivalent intrathecal
24-hour dose is 0.5 to 1.0 mg.
Ziconotide, a nonopioid analgesic, is a
25eamino acid conotoxin (derived from
cone snails) that blocks N-type calcium channels in the brain and spinal cord.55 This process in turn interferes with the release of
neurotransmitters involved in pain modulation and transmission in the spinal cord. Ziconotide may be a very potent analgesic in some
patients, but it requires careful dose titration
because of its very narrow therapeutic window, as discussed subsequently.
In past analysis, it appears that only 20% to
25% of patients are successfully treated with
these 2 initial drugs. Because of the high failure
rate of these medications due to either lack of efﬁcacy or adverse effects, most patients are treated
with medications or combinations that are not
labeled for initial use. In addition, of those
receiving the 2 drugs initially labeled by the
FDA, most are treated with compounded formulations to address concentration needs; therefore,
a minority of patients are treated on-label. The
safe and efﬁcacious use of these medications
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TABLE 3. Medications for Intrathecal Drug Delivery
FDA-approved medications
Morphine
Ziconotide
Baclofen
Commonly used off-label medications
Bupivacaine
Fentanyl
Hydromorphone
Clonidine
FDA ¼ Food and Drug Administration.

has been outlined by an expert consensus
group.56-62 The Polyanalgesic Consensus Conference group has met intermittently over the past
several years to establish the best practices for
this therapy.58 Table 3 lists the most commonly
used medications. Off-label medications that
are commonly used, depending on the type
and location of the pain, include bupivacaine,
clonidine, hydromorphone, and fentanyl.57,58,61
Combinations of medications are used in many
patients, and all combination therapies represent
off-label use. That being said, in 3629 of 5478
SynchroMed II intrathecal pain pumps (Medtronic) enrolled in the manufacturer’s Implantable Systems Product Registry, off-label drug or
admixture was used, and this number is most
likely much higher considering that any compounded drug is by deﬁnition off-label, including
morphine.63
A challenge that is faced when drug combinations are used in the pump is that the pump has a
single drug chamber. All medicines being used
are combined into a single mixture, and the
pump chamber is then ﬁlled with the drug
mixture. Therefore, when a combination drug
mixture is used, individual drug dosage changes
cannot be made unless the pump is reﬁlled with a
new drug mixture. As an example, when a single
drug such as morphine is used, the dose can be
changed by simply reprogramming the pump
with a telemetry-based programmer. When a
pump containing a drug mixture such as
morphine and bupivacaine is programmed to
change the dose, the doses of both drugs are
affected. The only way to change the dose of
one drug and keep the other drug dose constant
is to reﬁll the pump with a new drug solution.
The use of intrathecal drug combinations requires very careful and thoughtful dose
252
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adjustments by an experienced team in order
optimize therapy and minimize adverse events.
There are 2 important advantages of the use
of an IDDS in refractory pain states. The ﬁrst is
that when an opioid is used, the dosage required
is at least 50 to 100 times less than an equianalgesic oral systemic dose. The clinical advantage
is that the 3 most troublesome adverse effects
of opioid therapydconstipation, sedation,
and cognitive dysfunctiondare almost always
decreased with IDDS therapy compared with systemic therapy. The second advantage is that multiple medications are available for intrathecal use
that are not available for systemic pain therapy,
thus increasing treatment options.
Outcomes of IDDS Therapy
Intrathecal analgesia has been documented in
multiple trials, including a multicenter randomized controlled trial, to provide equal or superior
analgesia with fewer adverse effects compared
with systemic analgesics in patients with severe
cancer-related pain.64,65 Intrathecal analgesia
should be strongly considered in patients with
advanced disease who have severe cancerrelated pain that is suboptimally managed with
systemic medications and in those who are
experiencing severe pain medicine toxicity (usually constipation and/or cognitive dysfunction).
In this setting, implementation of intrathecal
analgesia with an IDDS will allow a substantial
reduction in the dose of systemic pain medication(s) and almost always leads to improved
pain control and improvement in systemic
pain medicationeinduced bowel and/or cognitive dysfunction.60,64-66
The use of an IDDS may also be considered for patients with nonterminal disease
who have refractory pain. Patients who may
be good candidates include those with severe
back pain, severe pain accompanied by
spasticity (eg, multiple sclerosis), and
CRPS.56,60,62,67,68 Conversely, patients with
diffuse or widespread pain (eg, ﬁbromyalgia)
or poorly deﬁned pain problems in which
the pathoanatomic or pathophysiologic basis
is unknown typically do not do well with
IDDSs and are not typically considered candidates for this therapy.
Adverse Events
Adverse events related to IDDS therapy can be
divided into medication-related adverse effects,
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device-related events, surgical proceduree
related events, and human error (Table 4).
Although intrathecal opioids have a lower incidence of the 3 most troublesome opioid-related
adverse effects (sedation, cognitive dysfunction,
and constipation) than systemic opioids, adverse
effects can occur and require monitoring. The
most common adverse effects are readily
manageable and include pruritus, nausea,
lower extremity edema, urinary hesitancy,
and opioid-related endocrinopathies.67,69
Opioid-related hypogonadism due to suppression of the hypothalamic-pituitarygonadal axis occurs commonly with both oral
and intrathecal opioid therapy. This complication can be monitored by checking testosterone,
follicle-stimulating hormone, and luteinizing
hormone levels and treating deﬁciencies appropriately. Additionally, sterile growths of macrophages, monocytes, and neutrophils can occur
at meninges surrounding the intrathecal catheter
tip in patients receiving morphine or hydromorphone. This phenomenon, called a granuloma
or inﬂammatory mass, can lead to progressive
neurologic disease.70 With the recent identiﬁcation of this issue being directly related to
morphine or hydromorphone concentration,
the incidence of granuloma appears to be
declining.
The most common device-related adverse
events include catheter leaks or obstruction,
pump malfunction, catheter migration out of
the intrathecal space, and pump reﬁllerelated
complications.
The most common surgical- and procedurerelated adverse events include surgical site infections and persistent spinal ﬂuid leak related to
puncture of the dural sac during catheter placement. Rarely, nerve or spinal cord injury related
to needle or catheter placement into the dural
sac can occur. This complication may be mitigated by performing this part of the procedure
with the patient under conscious sedation,
although the risk beneﬁt must be considered
in those who have severe pain in the surgical
position.
Errors that may occur during the reﬁlling
and/or reprogramming of the pump represent
the most serious and life-threatening adverse
events and also the most preventable. Errors
that lead to unrecognized medication underdosing can cause acute withdrawal syndromes,
which can be serious and in the case of
Mayo Clin Proc. n February 2016;91(2):246-258
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TABLE 4. Adverse Events Associated With IDDS Therapy
Hardware or device related
Pump malfunction
Catheter breakage, obstruction, or migration
Pain/discomfort from the pump
Granuloma (mass) formation at catheter tip
Surgery related
Infection (surgical site infection)
Neurologic injury
Spinal ﬂuid leak from dural puncture (spinal headache)
Medication adverse effects (different for each medication)
Sedation (opioids, clonidine, ziconotide)
Endocrine dysfunction, especially hypogonadism (opioids)
Urinary retention (opioids, local anesthetic, ziconotide)
Hypotension (local anesthetic, clonidine)
Motor weakness (local anesthetic)
Cognitive dysfunction (ziconotide)
Psychiatric symptoms (ziconotide)
Edema (opioids)
Pruritus (opioids)
Human error
Pump programming error
Pump reﬁll error
Pharmacy drug concentration error
IDDS ¼ intrathecal drug delivery system.

baclofen, life-threatening. Errors in programming or reﬁlling that lead to an unrecognized
overdose can be fatal. These errors are preventable by having systems and procedures
in place that follow published guidelines and
reﬁll protocols. Most IDDS-related adverse
events will require management or comanagement with the patient’s pain management
team. When a primary care physician or
nonepain specialist is caring for these patients, the most clinically important situations
to be aware of are opioid-induced hypogonadism, sudden loss of pain relief in a patient who
was previously doing well, new back pain, and
new neurologic symptoms. Symptoms of hypogonadism should be assessed regularly and endocrine work-up obtained if symptoms occur.
Opioid-induced hypogonadism is treatable with
appropriate hormone replacement therapy.
As with systemic pain medications, tolerance to the pain-relieving effects often occurs
over time with IDDS therapy. This problem
can usually be managed by dose adjustments
or alternative medications. Conversely, a sudden loss of pain relief should signal the need
for an immediate and systematic evaluation.
The most common causes of a sudden loss
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TABLE 5. Contraindications to SCS and IDDS
Therapy
Widespread pain without a deﬁned cause
Active coagulopathy
Active systemic infection
Poorly controlled diabetes
Immune dysfunction
Spinal anatomy that precludes device placement
Suboptimally treated psychiatric disease
Active substance abuse disorder
IDDS ¼ intrathecal drug delivery system; SCS ¼ spinal cord
stimulation.

of pain relief are a new pain problem, pump or
catheter system malfunction, and the development of a granuloma around the tip of the
intrathecal catheter. The lattermost situation
is a medical emergency because catheter tip
granulomas can compress the adjacent spinal
cord and if not recognized and treated
promptly, can lead to permanent neurologic
injury including paralysis. The most common
clinical presentations of a catheter tip granuloma are the loss of pain relief with or without
new back pain and/or new neurologic symptoms such as radiating trunk or leg pain, gait
changes, and a change in bowel or bladder
function.
PATIENT SELECTION FOR AIPT
Many RCTs have found that SCS is superior to
medical management in patients with severe,
painful neuropathic conditions including
CRPS, FBSS, and painful DPN. It is also clear
that implementing SCS earlier in the treatment
algorithm rather than as a last resort leads to
better outcomes. Accordingly, patients with
chronic pain in whom reasonable attempts at
conservative care have failed should be
referred to an experienced interventional
pain specialist for consideration of AIPT. For
most patients with neuropathic pain, a reasonable attempt at conservative care would
include the following: (1) a trial of 2 or 3
ﬁrst-line neuropathic pain medications. Examples include topical lidocaine, gabapentin,
duloxetine, and amitriptyline, depending on
the patient and the pain problem. Too often
patients experience years of multiple failed
medication trials, leading to hopelessness,
frustration, and wasted time and resources;
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(2) a good physical medicine program
including a concerted effort of therapeutic
exercise and the use of adjunctive physical
modalities (eg, heat, ice, surface electrical stimulation); and (3) cognitive behavioral therapies. Concomitant management modalities
that have proved useful in a particular patient
in conjunction with neuromodulation may
offer the best option for achieving satisfactory
pain relief.
Many pain specialists and pain centers
have a formal psychological screening process
as a component of the patient evaluation process.71 This process includes screening for
untreated or suboptimally treated anxiety,
depression, and personality and substance
abuse disorders that could negatively affect
the outcome of interventional therapies. A
patient’s medical and emotional conditions
should be optimized before implantation of
an SCS or IDDS device. Because these devices
involve surgery of the spine, coagulation status
must be normal, blood sugar control should
be optimized in diabetic patients, and clinically important chronic disease states should
be stable and optimally managed. Table 5 lists
the most important contraindications to IDDS
and SCS therapy.
OTHER STIMULATION TECHNIQUES
Spinal cord stimulation and IDDS are the 2
advanced interventional techniques currently
approved by the FDA. Many other stimulation
techniques that have off-label uses have been
found to be useful in certain pain situations.
Occipital nerve stimulation is a procedure
involving the placement of stimulation electrodes just under the skin in the occipital
region in order to electrically stimulate the
occipital nerves. It has been used for almost
20 years to treat refractory headache syndromes.72-77 A recent RCT reported pain relief
in patients with chronic migraine.78 Sphenopalatine ganglion stimulation is a relatively
new procedure that has shown promise in
treating refractory head and face pain syndromes.79 Deep brain stimulation and motor
cortex stimulation can be useful in carefully
selected patients with refractory pain syndromes including head, face, and poststroke
pain.80-86 Noninvasive stimulation techniques
may also be used in the future. Transcranial
magnetic stimulation and direct current
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stimulation are being studied to treat a number of neurologic symptoms, and some studies
have found beneﬁt in patients with chronic
pain.87-90

pain care measures should be referred to a
qualiﬁed interventional pain specialist to
determine candidacy for the procedures discussed in this article.

THE FUTURE OF SCS AND IDDS THERAPIES
The past 25 years have seen remarkable advancements in the ﬁeld of advanced interventional pain-relieving devices. Outcomes are
improving because of continuing advancements in equipment and surgical implant
techniques. Indications are expanding as evidenced by several recent trials documenting
the efﬁcacy of SCS for patients with painful
DPN and chronic chest pain. Recently
approved novel neuromodulation systems,
and more to come, will add to our armamentarium. A new paresthesia-less SCS system has
been found to be very effective in treating
patients with persistent pain following back
surgery, and a recently approved DRG stimulation system looks promising for treatment
of some of the most challenging painful conditions. It is likely that some of the off-label
techniques described in this article may
become FDA-approved therapies in the future,
pending the results of additional clinical trials.

Abbreviations and Acronyms: AIPT = advanced interventional pain therapy; CRPS = complex regional pain
syndrome; DPN = diabetic peripheral neuropathy; DRG =
dorsal root ganglion; FBSS = failed back surgery syndrome;
FDA = Food and Drug Administration; IDDS = intrathecal
drug delivery system; ICER = incremental cost-effectiveness
ratio; QOL = quality of life; RCT = randomized controlled
trial; SCS = spinal cord stimulation

CONCLUSION
Chronic pain represents one of the most
important public health problems in terms of
the number of patients afﬂicted and health
care costs. Most patients with chronic pain
are treated with medications as the mainstay
of therapy, and yet most medically treated patients continue to report ongoing pain. Additionally, adverse effects from pain-related
medications represent a considerable challenge
for clinicians and patients. Spinal cord stimulation and IDDS therapy are well-established
techniques that have been utilized for over
25 years. Intrathecal drug delivery systems
have proven efﬁcacy for a wide variety of
intractable pain conditions and substantially
fewer adverse effects than systemic medical
therapy in patients with refractory cancerrelated pain. Spinal cord stimulation is costeffective and provides improved pain control
compared with medical therapy in patients
with a variety of refractory pain conditions
including CRPS, painful diabetic neuropathy,
and FBSS. Patients with intractable pain that
has not responded to reasonable conservative
Mayo Clin Proc. n February 2016;91(2):246-258
www.mayoclinicproceedings.org

n

Potential Competing Interests: Dr Lamer receives
research funding from Boston Scientiﬁc Corporation and
Medtronic.
Dr Deer is a consultant for Bioness Inc, Nevro Corp, St.
Jude Medical, Inc, Medtronic, Flowonix Medical Inc, Jazz
Pharmaceuticals, Saluda Medical, Axonics Modulation
Technologies, Vertos Medical Inc, and Nuvectra Corporation; has minority shares in Axonics Modulation Technologies, Bioness Inc, and Nevro Corp; was previously a
shareholder in Spinal Modulation Inc; and receives research
funding from St. Jude Medical, Inc, and Nevro Corp.
Dr Hayek serves as a consultant or medical advisory
board member for Boston Scientiﬁc Corporation’s Neuromodulation Division, Neuros Medical Inc, and Flowonix
Medical Inc; is a consultant for Nuvectra Corporation,
Globus Medical, Inc, and Micro Systems Engineering, Inc;
receives research funding from Boston Scientiﬁc Corporation; has applied for research funding from Medtronic.
Boston Scientiﬁc Corporation, Medtronic, and St. Jude
Medical, Inc; and receives support from University Hospitals’
fellowship program for pain medicine, where he serves as
program director.
Correspondence: Address to Tim J. Lamer, MD, Department of Anesthesiology, Division of Pain Medicine, Mayo
Clinic, 200 First St SW, Rochester, MN 55905 (lamer.
tim@mayo.edu). Individual reprints of this article and a
bound reprint of the entire Symposium on Pain Medicine
will be available for purchase from our website www.
mayoclinicproceedings.org.
The Symposium on Pain Medicine will continue in an
upcoming issue.

REFERENCES
1. Dworkin RH, O’Connor AB, Backonja M, et al. Pharmacologic
management of neuropathic pain: evidence-based recommendations. Pain. 2007;132(3):237-251.
2. Compton AK, Shah B, Hayek SM. Spinal cord stimulation: a review.
Curr Pain Headache Rep. 2012;16(1):35-42.
3. Deer TR. Spinal cord and peripheral nerve stimulation should
be used earlier in the treatment algorithm for neuropathic
pain. Pain Manag. 2011;1(1):7-10.
4. Kumar K, Abbas M, Rizvi S. The use of spinal cord stimulation in
pain management. Pain Manag. 2012;2(2):125-134.
5. Kumar K, Rizvi S. Cost-effectiveness of spinal cord stimulation
therapy in management of chronic pain. Pain Med. 2013;
14(11):1631-1649.

http://dx.doi.org/10.1016/j.mayocp.2015.12.001

255

MAYO CLINIC PROCEEDINGS

6. Deer TR. Neurostimulation should be used as a method of
reducing or eliminating opioids in the treatment of chronic
pain: the digital drug revolution. Expert Rev Med Devices.
2013;10(6):697-699.
7. Kapural L, Yu C, Doust MW, et al. Novel 10-kHz highfrequency therapy (HF10 therapy) is superior to traditional
low-frequency spinal cord stimulation for the treatment of
chronic back and leg pain: the SENZA-RCT randomized
controlled trial. Anesthesiology. 2015;123(4):851-860.
8. Liem L. Stimulation of the dorsal root ganglion. Prog Neurol Surg.
2015;29:213-224.
9. Van Buyten JP, Smet I, Liem L, Russo M, Huygen F. Stimulation
of dorsal root ganglia for the management of complex regional
pain syndrome: a prospective case series. Pain Pract. 2015;
15(3):208-216.
10. Kumar K, Rizvi S, Bnurs SB. Spinal cord stimulation is effective in
management of complex regional pain syndrome I: fact or ﬁction. Neurosurgery. 2011;69(3):566-578.
11. Miyazaki Y, Koike H, Akane A, Shibata Y, Nishiwaki K, Sobue G.
Spinal cord stimulation markedly ameliorated refractory neuropathic pain in transthyretin Val30Met familial amyloid polyneuropathy. Amyloid. 2011;18(2):87-90.
12. Raso L, Deer T. Spinal cord stimulation in the treatment of
acute and chronic vasculitis: clinical discussion and synopsis of
the literature. Neuromodulation. 2011;14(3):225-228.
13. Geurts JW, Smits H, Kemler MA, Brunner F, Kessels AG, van
Kleef M. Spinal cord stimulation for complex regional pain syndrome type I: a prospective cohort study with long-term
follow-up. Neuromodulation. 2013;16(6):523-529.
14. Poree L, Krames E, Pope J, Deer TR, Levy R, Schultz L. Spinal
cord stimulation as treatment for complex regional pain syndrome should be considered earlier than last resort therapy.
Neuromodulation. 2013;16(2):125-141.
15. de Vos CC, Meier K, Zaalberg PB, et al. Spinal cord stimulation
in patients with painful diabetic neuropathy: a multicentre randomized clinical trial. Pain. 2014;155(11):2426-2431.
16. Deogaonkar M, Zibly Z, Slavin KV. Spinal cord stimulation for
the treatment of vascular pathology. Neurosurg Clin N Am.
2014;25(1):25-31.
17. Slangen R, Schaper NC, Faber CG, et al. Spinal cord stimulation
and pain relief in painful diabetic peripheral neuropathy: a prospective two-center randomized controlled trial. Diabetes Care.
2014;37(11):3016-3024.
18. Sanders RA, Moeschler SM, Gazelka HM, et al. Patient outcomes and spinal cord stimulation: a retrospective case series
evaluating patient satisfaction, pain scores, and opioid requirements [published online ahead of print August 27, 2015].
Pain Pract. doi:10.1111/papr.12340.
19. Linderoth B, Meyerson BA. Spinal cord stimulation: exploration
of the physiological basis of a widely used therapy [editorial].
Anesthesiology. 2010;113(6):1265-1267.
20. Meyerson BA, Linderoth B. Mode of action of spinal cord stimulation in neuropathic pain. J Pain Symptom Manage. 2006;31(4,
suppl):S6-S12.
21. Schechtmann G, Song Z, Ultenius C, Meyerson BA,
Linderoth B. Cholinergic mechanisms involved in the pain
relieving effect of spinal cord stimulation in a model of neuropathy. Pain. 2008;139(1):136-145.
22. Smits H, van Kleef M, Holsheimer J, Joosten EA. Experimental
spinal cord stimulation and neuropathic pain: mechanism of action, technical aspects, and effectiveness. Pain Pract. 2013;13(2):
154-168.
23. Smits H, van Kleef M, Joosten EA. Spinal cord stimulation of
dorsal columns in a rat model of neuropathic pain: evidence
for a segmental spinal mechanism of pain relief. Pain. 2012;
153(1):177-183.
24. Truin M, van Kleef M, Linderoth B, Smits H, Janssen SP,
Joosten EA. Increased efﬁcacy of early spinal cord stimulation
in an animal model of neuropathic pain. Eur J Pain. 2011;
15(2):111-117.

256

Mayo Clin Proc.

n

25. Truin M, van Kleef M, Verboeket Y, Deumens R, Honig W,
Joosten EA. The effect of spinal cord stimulation in mice with
chronic neuropathic pain after partial ligation of the sciatic
nerve. Pain. 2009;145(3):312-318.
26. Zhang TC, Janik JJ, Grill WM. Mechanisms and models of spinal
cord stimulation for the treatment of neuropathic pain. Brain
Res. 2014;1569:19-31.
27. Foreman RD, Linderoth B. Neural mechanisms of spinal cord
stimulation. Int Rev Neurobiol. 2012;107:87-119.
28. Kumar K, Taylor RS, Jacques L, et al. The effects of spinal cord
stimulation in neuropathic pain are sustained: a 24-month
follow-up of the Prospective Randomized Controlled Multicenter Trial of the Effectiveness of Spinal Cord Stimulation.
Neurosurgery. 2008;63(4):762-770.
29. North RB, Kidd D, Shipley J, Taylor RS. Spinal cord stimulation versus reoperation for failed back surgery syndrome: a
cost effectiveness and cost utility analysis based on a randomized, controlled trial [published correction appears in
Neurosurgery. 2009;64(4):601]. Neurosurgery. 2007;61(2):
361-368.
30. Kumar K, Taylor RS, Jacques L, et al. Spinal cord stimulation
versus conventional medical management for neuropathic
pain: a multicentre randomised controlled trial in patients
with failed back surgery syndrome. Pain. 2007;132(1-2):
179-188.
31. de Vos CC, Rajan V, Steenbergen W, van der Aa HE,
Buschman HP. Effect and safety of spinal cord stimulation for
treatment of chronic pain caused by diabetic neuropathy.
J Diabetes Complications. 2009;23(1):40-45.
32. Pluijms WA, Slangen R, Joosten EA, et al. Electrical spinal cord
stimulation in painful diabetic polyneuropathy, a systematic review on treatment efﬁcacy and safety. Eur J Pain. 2011;15(8):
783-788.
33. Ubbink DT, Vermeulen H. Spinal cord stimulation for nonreconstructable chronic critical leg ischaemia. Cochrane Database Syst Rev. 2013;2:CD004001.
34. Andréll P, Yu W, Gersbach P, et al. Long-term effects of spinal
cord stimulation on angina symptoms and quality of life in patients with refractory angina pectorisdresults from the European Angina Registry Link Study (EARL). Heart. 2010;96(14):
1132-1136.
35. Börjesson M, Andrell P, Lundberg D, Mannheimer C. Spinal
cord stimulation in severe angina pectorisda systematic review
based on the Swedish Council on Technology assessment in
health care report on long-standing pain. Pain. 2008;140(3):
501-508.
36. Börjesson M, Andréll P, Mannheimer C. Spinal cord stimulation
for long-term treatment of severe angina pectoris: what does
the evidence say? Future Cardiol. 2011;7(6):825-833.
37. Tsigaridas N, Naka K, Tsapogas P, Pelechas E, Damigos D.
Spinal cord stimulation in refractory angina: a systematic review of randomized controlled trials. Acta Cardiol. 2015;70:
233-243.
38. 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. Neuromodulation. 2015;
18(1):41-48.
39. Kemler MA, Raphael JH, Bentley A, Taylor RS. The costeffectiveness of spinal cord stimulation for complex regional
pain syndrome. Value Health. 2010;13(6):735-742.
40. Taylor RS, Ryan J, O’Donnell R, Eldabe S, Kumar K, North RB.
The cost-effectiveness of spinal cord stimulation in the treatment of failed back surgery syndrome. Clin J Pain. 2010;26(6):
463-469.
41. Zucco F, Ciampichini R, Lavano A, et al. Cost-effectiveness and
cost-utility analysis of spinal cord stimulation in patients with
failed back surgery syndrome: results from the PRECISE Study.
Neuromodulation. 2015;18(4):266-276.
42. Krames ES, Monis S, Poree L, Deer T, Levy R. Using the SAFE
principles when evaluating electrical stimulation therapies for

February 2016;91(2):246-258

n

http://dx.doi.org/10.1016/j.mayocp.2015.12.001
www.mayoclinicproceedings.org

NEUROMODULATION FOR INTRACTABLE PAIN

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.
56.

57.

58.

59.
60.
61.

62.
63.

64.

the pain of failed back surgery syndrome. Neuromodulation.
2011;14(4):299-311.
Kumar K, Rizvi S, Nguyen R, Abbas M, Bishop S, Murthy V.
Impact of wait times on spinal cord stimulation therapy outcomes. Pain Pract. 2014;14(8):709-720.
Rizvi S, Kumar K. Spinal cord stimulation for chronic pain: the
importance of early referral. Pain Manag. 2014;4(5):329-331.
Deer TR, Mekhail N, Provenzano D, et al; Neuromodulation
Appropriateness Consensus Committee. The appropriate use
of neurostimulation: avoidance and treatment of complications
of neurostimulation therapies for the treatment of chronic pain.
Neuromodulation. 2014;17(6):571-597.
Deer TR, Provenzano DA. Recommendations for reducing
infection in the practice of implanting spinal cord stimulation
and intrathecal drug delivery devices: a physician’s playbook
[editorial]. Pain Physician. 2013;16(3):E125-E128.
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(2):
148-153.
Cameron T. Safety and efﬁcacy of spinal cord stimulation for
the treatment of chronic pain: a 20-year literature review.
J Neurosurg. 2004;100(3, suppl spine):254-267.
Levy R, Henderson J, Slavin K, et al. Incidence and avoidance of
neurologic complications with paddle type spinal cord stimulation leads. Neuromodulation. 2011;14(5):412-422.
Gazelka HM, Freeman ED, Hooten WM, et al. Incidence of clinically signiﬁcant percutaneous spinal cord stimulator lead migration. Neuromodulation. 2015;18(2):123-125.
Wang JK, Nauss LA, Thomas JE. Pain relief by intrathecally
applied morphine in man. Anesthesiology. 1979;50(2):
149-151.
Onofrio BM, Yaksh TL, Arnold PG. Continuous low-dose
intrathecal morphine administration in the treatment of
chronic pain of malignant origin. Mayo Clin Proc. 1981;
56(8):516-520.
Dvorak EM, Ketchum NC, McGuire JR. The underutilization of
intrathecal baclofen in poststroke spasticity. Top Stroke Rehabil.
2011;18(3):195-202.
Furr-Stimming E, Boyle AM, Schiess MC. Spasticity and intrathecal baclofen. Semin Neurol. 2014;34(5):591-596.
Pope JE, Deer TR. Ziconotide: a clinical update and pharmacologic review. Expert Opin Pharmacother. 2013;14(7):957-966.
Patel VB, Manchikanti L, Singh V, Schultz DM, Hayek SM,
Smith HS. Systematic review of intrathecal infusion systems
for long-term management of chronic non-cancer pain. Pain
Physician. 2009;12(2):345-360.
Deer TR, Smith HS, Burton AW, et al. Comprehensive
consensus based guidelines on intrathecal drug delivery systems
in the treatment of pain caused by cancer pain. Pain Physician.
2011;14(3):E283-E312.
Deer TR, Prager J, Levy R, et al. Polyanalgesic Consensus Conference 2012: recommendations for the management of pain
by intrathecal (intraspinal) drug delivery: report of an interdisciplinary expert panel. Neuromodulation. 2012;15(5):436-464.
Lawson EF, Wallace MS. Advances in intrathecal drug delivery.
Curr Opin Anaesthesiol. 2012;25(5):572-576.
Prager J, Deer T, Levy R, et al. Best practices for intrathecal drug
delivery for pain. Neuromodulation. 2014;17(4):354-372.
Deer TR, Pope JE. Factors to consider in the choice of intrathecal drug in the treatment of neuropathic pain. Expert Rev
Clin Pharmacol. 2015;8(5):507-510.
Pope JE, Deer TR. Intrathecal drug delivery for pain: a clinical
guide and future directions. Pain Manag. 2015;5(3):175-183.
Medtronic. 2013 Product Performance Report. Medtronic website. http://professional.medtronic.com/wcm/groups/mdtcom_
sg/@mdt/@neuro/documents/documents/2013-ppr-report.pdf.
Accessed December 15, 2015.
Smith TJ, Coyne PJ, Staats PS, et al. An implantable drug delivery
system (IDDS) for refractory cancer pain provides sustained

Mayo Clin Proc. n February 2016;91(2):246-258
www.mayoclinicproceedings.org

n

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

pain control, less drug-related toxicity, and possibly better survival compared with comprehensive medical management
(CMM). Ann Oncol. 2005;16(5):825-833.
Smith TJ, Staats PS, Deer T, et al; Implantable Drug Delivery
Systems Study Group. Randomized clinical trial of an implantable drug delivery system compared with comprehensive medical management for refractory cancer pain: impact on pain,
drug-related toxicity, and survival. J Clin Oncol. 2002;20(19):
4040-4049.
Smith HS, Deer TR, Staats PS, Singh V, Sehgal N, Cordner H.
Intrathecal drug delivery. Pain Physician. 2008;11(2, suppl):
S89-S104.
Hayek SM, Deer TR, Pope JE, Panchal SJ, Patel VB. Intrathecal
therapy for cancer and non-cancer pain. Pain Physician. 2011;
14(3):219-248.
Deer TR, Smith HS, Cousins M, et al. Consensus guidelines for
the selection and implantation of patients with noncancer pain
for intrathecal drug delivery. Pain Physician. 2010;13(3):
E175-E213.
Deer TR, Levy R, Prager J, et al. Polyanalgesic Consensus
Conferenced2012: recommendations to reduce morbidity
and mortality in intrathecal drug delivery in the treatment of
chronic pain. Neuromodulation. 2012;15(5):467-482.
Deer TR, Prager J, Levy R, et al. Polyanalgesic Consensus
Conferenced2012: consensus on diagnosis, detection, and
treatment of catheter-tip granulomas (inﬂammatory masses).
Neuromodulation. 2012;15(5):483-495.
Sparkes E, Raphael JH, Duarte RV, LeMarchand K, Jackson C,
Ashford RL. A systematic literature review of psychological
characteristics as determinants of outcome for spinal cord stimulation therapy. Pain. 2010;150(2):284-289.
Magis D, Bruno MA, Fumal A, et al. Central modulation in cluster headache patients treated with occipital nerve stimulation:
an FDG-PET study. BMC Neurol. 2011;11:25.
Mueller OM, Gaul C, Katsarava Z, Diener HC, Sure U,
Gasser T. Occipital nerve stimulation for the treatment of
chronic cluster headachedlessons learned from 18 months
experience. Cent Eur Neurosurg. 2011;72:84-89.
Weiner RL. Subcutaneous occipital region stimulation for
intractable headache syndromes. Prog Neurol Surg. 2011;24:
77-85.
Brewer AC, Trentman TL, Ivancic MG, et al. Long-term
outcome in occipital nerve stimulation patients with medically
intractable primary headache disorders. Neuromodulation.
2013;16(6):557-562.
Rasskazoff SY, Slavin KV. Neuromodulation for cephalgias. Surg
Neurol Int. 2013;4(suppl 3):S136-S150.
Schwedt TJ, Vargas B. Neurostimulation for treatment of
migraine and cluster headache. Pain Med. 2015;16(9):
1827-1834.
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(4):344-358.
Jürgens TP, May A. Role of sphenopalatine ganglion stimulation in cluster headache. Curr Pain Headache Rep. 2014;
18(7):433.
Stadler JA III, Ellens DJ, Rosenow JM. Deep brain stimulation
and motor cortical stimulation for neuropathic pain. Curr Pain
Headache Rep. 2011;15(1):8-13.
Boccard SG, Pereira EA, Moir L, Aziz TZ, Green AL. Long-term
outcomes of deep brain stimulation for neuropathic pain.
Neurosurgery. 2013;72(2):221-230.
Keifer OP Jr, Riley JP, Boulis NM. Deep brain stimulation for chronic
pain: intracranial targets, clinical outcomes, and trial design considerations. Neurosurg Clin N Am. 2014;25(4):671-692.
Ostergard T, Munyon C, Miller JP. Motor cortex stimulation for chronic pain. Neurosurg Clin N Am. 2014;25(4):
693-698.

http://dx.doi.org/10.1016/j.mayocp.2015.12.001

257

MAYO CLINIC PROCEEDINGS

84. Parmar VK, Gee L, Smith H, Pilitsis JG. Supraspinal stimulation
for treatment of refractory pain. Clin Neurol Neurosurg. 2014;
123:155-163.
85. Sukul VV, Slavin KV. Deep brain and motor cortex stimulation.
Curr Pain Headache Rep. 2014;18(7):427.
86. Boccard SG, Pereira EA, Aziz TZ. Deep brain stimulation for
chronic pain. J Clin Neurosci. 2015;22(10):1537-1543.
87. Leung A, Donohue M, Xu R, et al. rTMS for suppressing
neuropathic pain: a meta-analysis. J Pain. 2009;10(12):
1205-1216.

258

Mayo Clin Proc.

n

88. Soler MD, Kumru H, Pelayo R, et al. Effectiveness of transcranial
direct current stimulation and visual illusion on neuropathic
pain in spinal cord injury. Brain. 2010;133(9):2565-2577.
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