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Abstract

Neurotechnologies for treating pain rely on electrical stimulation of the cen-
tral or peripheral nervous system to disrupt or block pain signaling and have
been commercialized to treat a variety of pain conditions.While their adop-
tion is accelerating, neurotechnologies are still frequently viewed as a last
resort, after many other treatment options have been explored. We review
the pain conditions commonly treated with electrical stimulation, as well
as the specific neurotechnologies used for treating those conditions. We
identify barriers to adoption, including a limited understanding of mech-
anisms of action, inconsistent efficacy across patients, and challenges related
to selectivity of stimulation and off-target side effects. We describe de-
sign improvements that have recently been implemented, as well as some
cutting-edge technologies that may address the limitations of existing neu-
rotechnologies. Addressing these challenges will accelerate adoption and
change neurotechnologies from last-line to first-line treatments for people
living with chronic pain.
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1. INTRODUCTION

As early as 2,000 years ago, physicians recognized the power of electrical stimulation to relieve
pain. Scribonius Largus, physician to at least one Roman emperor, first documented the analgesic
effects of the torpedo fish, a ray with the ability to generate electrical discharges, for treating
headache and gout (1, 2). As is still often the case, Scribonius had little or no understanding of
the underlying mechanisms of pain relief, but the therapeutic effects of this electrical intervention
were clear.

Since the 1960s, the development of neurotechnologies to treat pain has rapidly accelerated,
from the first clinical implantation of spinal cord stimulators to today’s multibillion-dollar indus-
try that includes a wide portfolio of devices and neural targets (3). While there are still many
aspects of the effects of neurostimulation that we do not understand, our knowledge base and
available neuroscience techniques continue to grow, facilitating development of new therapies
and optimization of existing approaches.

In this review, we aim to describe the various electrical interventions that have been developed
to treat pain, as well as to explain what is currently understood about the mechanisms of these
interventions. Furthermore, we describe some of the exciting recent innovations to improve the
clinical efficacy of these technologies. First, we provide an overview of the main pain conditions
that have been targeted with neurostimulation. Next, we describe existing neurostimulation
technologies, their indications, and their limitations. Finally, we discuss some of the important
recent innovations to improve the efficacy, precision, and clinical adoption of neurostimulation
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technologies for pain. We intentionally omit an in-depth review of the neurobiology of pain, as
many comprehensive reviews of that topic exist (4–6).

1.1. Overview of Pain and Pathological Pain Conditions

The International Association for the Study of Pain (IASP) defines pain as “an unpleasant sensory
and emotional experience associated with, or resembling that associated with, actual or potential
damage” (7, p. 1976). This definition highlights several key aspects to consider when designing
neurotechnologies to treat pain.First, pain normally serves a critical evolutionary purpose by alert-
ing us to potential or actual tissue damage and facilitating a behavioral response. Under normal
circumstances, pain provides a corrective signal to avoid dangerous or damaging activities or en-
vironments. In cases where genetic mutations cause people to be insensate to pain, case studies
describe self-injurious and dangerous behaviors resulting in skin wounds, painless bone fractures,
and self-amputation of the tip of the tongue (8). A second important aspect of pain highlighted
in the IASP definition is that it can also resemble the experience of tissue damage. While normal
pain serves an important role, pain can also be pathological, serving no specific purpose in main-
taining health. Pathological pain is the primary target for neurotechnologies, although this is an
umbrella term encompassing many different types of pain. Nociceptive pain arises from actual or
threatened damage to nonneural tissue and is due to the activation of nociceptors; neuropathic
pain is caused by a lesion or disease of the somatosensory system; and nociplastic pain arises from
altered nociception despite no clear evidence of actual or threatened tissue damage. A third im-
portant aspect of pain is that it is both a sensory and an emotional experience. Chronic pain can
cause both anxiety and depression, and, in a vicious circle, depression and anxiety can exacerbate
the perception of pain (9). Furthermore, the experience of pain is subjective, and similar levels of
tissue damage or neuropathy will not produce the same experience of pain in two different peo-
ple.Treating the tissue damage associated with pain (e.g., via surgical intervention) may not always
produce pain relief, and because of the strong emotional component associated with pain, inter-
ventions such as psychotherapy may help break the cycle of chronic pain (10). Still, over the past
two decades, neuromodulatory approaches have gained traction, with clinical evidence supporting
their use for the treatment of a variety of pain conditions. Below, we briefly describe some of these
pain conditions (Figure 1), their clinical presentation, their incidence, and nonneuromodulatory
approaches to treat them.We also provide references to more comprehensive reviews of each pain
condition, where available.

1.2. Chronic Pain Conditions Targeted by Neurostimulation

As the clinical use of neuromodulation has accelerated, an expanding array of pain conditions have
been targeted with electrical stimulation. These conditions span the various types of pain (i.e., no-
ciceptive, neuropathic, and neuroplastic), and in total, they affect millions of people worldwide.
Below,we describe the primary pain conditions that have been targeted with neurostimulation, in-
cluding information about their prevalence, causes, and existing nonneurostimulation approaches
to their treatment.

1.2.1. Low back pain. Low back pain (LBP) encompasses multiple different clinical conditions
and presentations, including axial lumbosacral pain (i.e., pain experienced near or in the spine
at the low back), radicular pain (i.e., pain that radiates out into the extremities as a result of
impingement or irritation of the spinal nerves or dorsal root ganglia), and referred pain (i.e., pain
associated with the low back that spreads to other regions of the body along nondermatomal
patterns) (11). LBP is one of the most common reasons for doctor visits, and up to 65–80% of
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Pain conditions commonly treated with neurotechnologies. Electrical stimulation can be delivered at the
brain, spinal cord, or peripheral nerves, depending on the specific neurobiology of each pain condition.

adults will experience LBP at some point, with approximately 10% of these cases developing into
persistent chronic pain. A variety of tissues and conditions can be associated with LBP, including
inflamed muscle, tendon, and fascia near the spine; spine arthritis; herniation of the intervertebral
discs; and spinal stenosis (i.e., narrowing of the spinal canal that causes impingement of the
spinal cord and nerves). Additionally, post laminectomy syndrome can occur in up to 10–40% of
people who undergo surgeries in which a portion of the bony lamina is removed from the dorsal
spine. First-line treatments for LBP typically include pharmaceuticals, such as nonsteroidal
anti-inflammatory drugs (NSAIDs), muscle relaxers, anticonvulsants (e.g., gabapentin), and
opioids (11). Physical therapy, psychological treatment, steroidal injections, nerve blocks, and
radioablative procedures are common (11). There are also various surgical interventions, such as
nerve decompression and spinal fusion (12, 13). While each of these approaches may be effective
for a subset of patients, chronic LBP remains a common and costly problem.
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1.2.2. Complex regional pain syndrome. Complex regional pain syndrome (CRPS) is an
often-severe inflammatory condition of the extremities that typically presents with hyperalge-
sia (i.e., an increased sensitivity to pain) and allodynia (i.e., pain from a stimulus that would not
normally be painful) (14). CRPS affects approximately 1.2% of people, and the condition is often
extremely disruptive to quality of life with poor treatment outcomes (14). The underlying causes
and mechanisms of CRPS are not fully understood, but the condition typically develops after
an injury to the extremities, such as a fracture or sprain, surgical intervention, or other clinical
conditions (e.g., carpal tunnel syndrome). There is typically an acute phase of the condition in
which redness, swelling, pain, and warmth develop in the affected limb. During the chronic phase
of CRPS, the limb becomes cold, hair growth slows, nails become brittle, and muscles atrophy.
There is evidence of a psychological association with the development of CRPS, and there may
also be a genetic predisposition.Multiple studies have suggested that women are more likely than
men to develop CRPS (15, 16). Treatment options for this condition are limited and typically
focus on alleviating symptoms with medications, such as anticonvulsants (e.g., gabapentin), anti-
inflammatory drugs (e.g., NSAIDs), and sympathetic nerve blocks (14). Physical, occupational,
and psychological therapies are also recommended to treat CRPS (14).

1.2.3. Chronic headache and craniofacial pain. Headache and craniofacial pain are conditions
that respectively affect up to 10% and 22% of adults in the USA (17). While these conditions
are not always linked, there is an elevated rate of headache in people with temporomandibular
joint disorders (TMD), and both conditions are associated with sensitization of the trigemi-
nal ganglion (18). Chronic headache includes multiple classifications, such as migraine, cluster
headache, occipital neuralgia, and hemicrania continua, and symptoms may also include nausea,
visual and auditory sensitivity, and cutaneous allodynia (19). Chronic craniofacial pain conditions
includeTMD, trigeminal neuralgia, and posttraumatic trigeminal neuropathy. In these conditions,
pain can be accompanied by numbness, burning, excessive tear formation, and eye redness (20).
Treatment approaches depend on the diagnosis but may include pharmaceuticals (e.g., NSAIDs,
migraine-specific agents such as triptans), lifestyle and dietary changes (e.g., exercise and hydra-
tion), injections (e.g., botulinum toxin), and psychotherapy (19). Despite these treatments, the
American Headache Society consensus statement on the treatment of migraines recommends es-
tablishing realistic expectations including modest goals, such as a “50% reduction in frequency of
days with headache” (19).

1.2.4. Phantom limb pain. Beyond the functional impairments that occur with limb amputa-
tion, one of the most debilitating aspects of limb loss is the development of phantom limb pain
(PLP).Of the nearly 200,000 people who undergo an amputation each year, up to 85%of themwill
develop PLP (21, 22). PLP is defined by painful sensations that appear to emanate from the miss-
ing limb and can be either sporadic or constant. People often describe PLP as stabbing, burning,
cramping, throbbing, or shooting pain. Pharmaceutical treatments for PLP are largely ineffec-
tive, and the only drug recommended in a recent consensus review was amitriptyline, a drug for
nerve pain (23). This study also recommended nonpharmacological treatments, such as cognitive
behavioral therapy and use of a functional prosthesis to reduce PLP. Surgical approaches, such as
ligation of the peripheral nerve in the residual limb and lesioning of the dorsal root entry zone,
where primary sensory neurons enter the spinal cord, have demonstrated efficacy in some cases
(24).

1.2.5. Poststroke pain. Stroke is one of the most common causes of disability, affecting
13.7 million people each year (25). Pain is a major and common complication of stroke. Up to
50% of stroke survivors experience pain, and people who develop new chronic pain after a stroke
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are more likely to experience cognitive decline, functional dependence, and depression (26, 27).
Pain conditions associated with stroke include both nociceptive and neuropathic conditions. The
hemiparesis that commonly results from stroke can cause weakening of themuscles of the shoulder
girdle as well as laxity and painful subluxation of the shoulder joint (28). Stroke also often causes
spasticity in the upper limb which is sometimes associated with pain. The origin of spasticity-
related pain is somewhat unclear, but it may be related to abnormal muscle loading, as well as
atrophy and fibrosis in the muscles. Central poststroke pain accounts for up to one-third of post-
stroke pain cases. It often presents as nearly constant burning, aching, freezing, or squeezing,
and typically includes allodynia and/or hyperalgesia (28). Central pain is frequently associated
with strokes that affect the thalamus and spinothalamic tracts, although people with cortical and
brainstem strokes can also develop central poststroke pain. Poststroke chronic headache is also
commonly reported, although the incidence and pathophysiology are less well understood than
for other poststroke pain conditions.

Treatment of poststroke pain depends on the specific type of pain (29). For people with
shoulder pain, devices to stabilize the joint (e.g., shoulder orthoses) can be effective. For spasticity-
related pain, treatments that address the spasticity (e.g., botulinum toxin injections), can help
reduce pain (29). For neuropathic pain conditions (e.g., central poststroke pain and headache),
treatments are similar to those for other neuropathic pain conditions, including prescription of
antidepressants, anticonvulsants, and psychotherapy (29).

1.2.6. Angina. Angina pectoris is chest pain that can occur unpredictably (known as unstable
angina) or be associated with exertion and relieved by rest (known as stable angina) (30). Un-
stable angina is an acute condition that is not typically a target for neuromodulation therapies.
Stable angina is a chronic and disruptive pain condition often associated with coronary artery
disease and insufficient oxygen supply to the heart. There are approximately 10 million cases of
stable angina in the USA, with more than 500,000 new cases annually (30). Treatment for angina
typically focuses on improving cardiac function via lifestyle changes (e.g., diet and exercise) and
pharmacologic therapies (e.g., antiplatelet agents, β-blockers, statins, and aspirin) (30). For severe
cases, surgical interventions (e.g., coronary revascularization) may be effective.

2. EXISTING NEUROTECHNOLOGIES FOR PAIN

The pain conditions described above affect many parts of the body, each with its own unique neu-
robiology and neural anatomy. As such, existing neurotechnologies (Figure 2) rely on a variety of
approaches to deliver stimulation to multiple locations throughout the central and peripheral ner-
vous system. In this section,we describe these existing technologies, along with the pain conditions
they currently treat and some of the benefits and challenges of each approach.

2.1. Spinal Cord Stimulation

Spinal cord stimulation (SCS) is one of the most common forms of neurostimulation to treat
chronic pain. SCS is approved by the US Food and Drug Administration (FDA) with a primary
indication for neuropathic trunk and limb pain that is refractory to conventional medical man-
agement (e.g., failed back surgery syndrome, CRPS) (31, 32). SCS has also proven effective for
visceral pain (e.g., refractory angina, peripheral vascular disease) (33). It has been estimated that
as many as 50,000 systems are implanted annually, and demand continues to grow (34).

SCS typically involves a two-stage implantation procedure. The first stage is a short-duration
trial phase (e.g., 3–10 days) in which an array of electrodes is temporarily implanted at a few spinal
levels rostral to the spinal nerves that innervate the affected regions (e.g., lower thoracic spine
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Existing neurotechnologies for treating pain. These devices deliver electrical stimulation at multiple locations throughout the central
and peripheral nervous system and span the spectrum of invasiveness. To target the brain, technologies include deep brain stimulation,
motor cortex stimulation, transcranial magnetic stimulation, and transcranial direct current stimulation. Spinal cord and dorsal root
ganglion stimulation are commonly used to treat pain conditions in the limbs and trunk. Peripheral nerve stimulation can also be used
for limb pain, as well as for head and facial pain. Transcutaneous electrical nerve stimulation is used to target peripheral nerves via a
noninvasive approach with devices that are available over the counter. Motor cortex stimulation image used with permission from
Reference 152 (CC BY-NC 4.0).
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levels for lower-limb and/or back pain, cervical spine levels for upper-limb pain) and connected
to an external stimulator. This procedure can be performed on an outpatient basis, under either
local or general anesthesia, with cylindrical electrode arrays implanted through a needle. The goal
of this trial phase is to determine the likelihood that a patient will receive sufficient pain relief
from SCS. Several stimulation parameters (e.g., pulse amplitude, pulse frequency, pulse width)
can be adjusted during the trial phase to maximize pain relief. If the patient receives sufficient
pain relief (e.g., ≥50% reduction in pain intensity as measured on the visual analog scale), the
patient can proceed to the second phase, in which an array of electrodes is permanently implanted
and connected to an implantable pulse generator (IPG).

SCS can utilize either cylindrical electrodes that can be percutaneously implanted with a Tuohy
needle or paddle-style electrode arrays. The paddle electrode arrays require a laminotomy to
make space for insertion of the electrode array and therefore must be implanted by a surgeon,
while cylindrical leads are sometimes implanted by nonsurgeon physicians with expertise in pain
medicine (e.g., anesthesiologists, physiatrists). Paddle arrays have potential advantages over cylin-
drical leads, because they can be fixed to bone or connective tissue at the base of the lead body and
are less prone to migration than cylindrical leads. Paddle arrays are also insulated on the back side
and therefore provide more unidirectional stimulation toward the spinal cord, whereas cylindri-
cal leads have circumferential contacts that allow current to flow in all directions from the lead.
Paddle arrays also can have multiple columns of electrodes that provide additional flexibility to
increase stimulation selectivity.While these advantages have demonstrated increased success over
percutaneous electrodes, they come at the cost of increased invasiveness (35).

Conventional SCS utilizes tonic stimulation that generates perceptible paresthesias (e.g.,
electrical buzzing sensations), and parameters are selected to provide maximum overlap of the
stimulation-induced paresthesias with the patient’s pain areas (36). Empirical data suggest that suf-
ficient pain–paresthesia overlap increases the likelihood that a patient will experience pain relief.
The putative mechanism of this approach is feed-forward inhibition via the gate-control theory
of pain (37). While stimulation-induced paresthesias occur effectively instantaneously, it can take
minutes to several hours for stimulation-induced pain relief to occur. Therefore, the stimulation-
induced paresthesias are used as a surrogate signal to test a large number of stimulation parameters
within a typical clinical visit (38).

Although SCS has been widely available for the last several decades, and despite dramatic im-
provements in lead design and the capabilities of the IPGs, outcomes for SCS remain highly
variable and efficacy often declines over time (39, 40). In response to these limited outcomes,
several new forms of SCS have emerged over the last 5–10 years, such as kilohertz-frequency,
burst, and closed-loop SCS. There also continue to be several advances in lead design and IPG
capabilities (see Section 4, below).

2.2. Dorsal Root Ganglion Stimulation

Despite the overall success of SCS, the approach has faced challenges in targeting focal pain in
specific areas, such as the groin and knee, due to current shunting within the cerebrospinal fluid
(CSF), variations in stimulation intensity due to postural changes, and lead migration (41). Dorsal
root ganglion stimulation (DRGS) is an alternative to SCS that involves percutaneous implanta-
tion of a four-electrode cylindrical lead in the epidural space along the dorsal side of the dorsal
root ganglion (DRG) (42, 43). The DRG contains the cell bodies of sensory neurons and plays a
key role in the development and maintenance of chronic pain (44). A single DRG receives sen-
sory information from a discrete region of the body. Because the stimulating electrodes are placed
close to the DRG, DRGS was developed to provide more focal stimulation to dermatomes that
are difficult to target with SCS (42). Furthermore, because of the proximity of the electrodes to
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the target, clinical DRGS typically utilizes lower stimulation amplitudes (≤1 mA) than SCS. The
smaller epidural space in the neural foramen surrounding theDRGmay also improve lead stability
and reduce postural variation in stimulation intensity (42). A largemulticenter study demonstrated
superior success rates of DRGS relative to SCS (81% versus 56%) for treating chronic intractable
pain of the lower limbs in adults with CRPS (42). DRGS has also shown promise in treating other
pain etiologies that affect primarily the hands, feet, and groin, such as painful diabetic neuropathy,
PLP, and groin pain (45–47).

2.3. Peripheral Nerve Stimulation

Peripheral nerve stimulation (PNS) to treat pain has developed alongside SCS, with the first stud-
ies reporting pain relief in 1967 (48) and the first implanted devices in 1976 (49). Because of the
challenges associated with SCS for pain in the hands and feet, PNS is an attractive alternative for
some pain conditions. Additionally, for pain conditions affecting the head and face, SCS is not a
viable option because the nerves innervating these regions exit the central nervous system at or
near the top of the spinal cord. PNS is believed to engage the same gating mechanisms as SCS and
DRGS by activating Aβ tactile afferents to gate C-fiber transmission of pain signals (50). Modern
PNS electrodes are typically cylindrical with one or more circumferential contacts. The devices
are inserted through a needle under ultrasound guidance, and the procedures are often performed
in an outpatient setting, although some devices are also placed via an open surgical approach or
may be used temporarily for postoperative pain. Because peripheral nerves stretch andmove as the
limbs change position, the most common complication of PNS is lead migration (50, 51). To avoid
spanning joints and reduce the likelihood of migration, PNS systems typically include a small IPG
that can be placed near the electrode. The particular nerve target varies according to the location
of pain, but PNS is most commonly used for shoulder, knee, back, pelvic, and facial pain.Multiple
systematic reviews have found evidence for the efficacy of PNS for treating refractory neuropathic
pain, pelvic pain, and headaches (52–54).

2.4. Transcutaneous Electrical Nerve Stimulation

Transcutaneous electrical nerve stimulation (TENS) is one of the most widely used electrical
stimulation techniques for treating pain. TENS is believed to act through the same mechanisms
as PNS, although it relies on patch electrodes adhered to the skin surface and does not require
any device implantation. The primary advantages of this approach are its low risk and low cost.
TENS devices can be purchased over the counter and typically cost less than US$100. For some
users, TENS provides a great deal of pain relief, although systematic reviews have questioned the
evidence for efficacy and suggest that bias and the placebo effect may play a major role in TENS
adoption (55). The efficacy of TENS is likely limited by several factors. First, because stimulation
is delivered transcutaneously, it is possible to target only relatively superficial nerves without rely-
ing on high stimulation amplitudes that could also cause pain. Second, efficacy is highly dependent
on placement of the electrodes over the appropriate region of the body.Nonexpert users may find
it challenging to consistently place electrodes in the same location from day to day. Still, TENS
remains an attractive option for patients who may not be interested in or eligible for the more
invasive surgical procedures involved in other neuromodulatory interventions.

2.5. Deep Brain Stimulation

Although deep brain stimulation (DBS) is a popular therapy to treat movement disorders (56),
it was originally developed to treat chronic pain (57). DBS involves the implantation of one
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or more annular electrode arrays to target deep structures within the brain (57–59). Major
complications are uncommon but include hemorrhage (1–2%), seizures, and infection (3–5%).
Hardware-related complications, such as lead fracture, lead malfunction, and lead migration, are
more common (60, 61).

DBS has been utilized to treat many refractory pain conditions, such as poststroke pain, periph-
eral neuropathy,PLP, failed back surgery syndrome, and headache (58, 62).The number of patients
treated withDBS has progressively declined as a result of improvements in other treatmentmodal-
ities, poor results of multicenter clinical trials, and the lack of approval to treat chronic pain in
many countries (62–64).However, in the USA, FDA approval of DBS for essential tremor in 1997
and Parkinson’s disease in 2002madeDBS devices available for off-label use to treat pain (57).The
most common anatomical targets of DBS are the periaqueductal gray (PAG) and periventricular
gray (PVG) regions to treat nociceptive pain and the ventroposterolateral/ventroposteromedial
(VPL/VPM) thalamus to treat neuropathic pain (59). The exact mechanisms of DBS-induced
analgesia are unknown, but analgesia from PAG/PVG DBS is believed to be mediated partly by
the release of endogenous opioids (65, 66), while analgesia from VPL/VPM DBS may be related
to the antidromic activation of primary afferents leading to regulation of activity in the dorsal horn
of the spinal cord, consistent with the gate-control theory of pain (67–70). Because pain is mul-
tidimensional and includes sensory, cognitive, and affective domains (71), some DBS trials have
targeted the neural circuitry related to the affective component of pain, which reflects the anxiety,
depression, and fear associated with chronic pain (72, 73).

2.6. Motor Cortex Stimulation

Motor cortex stimulation (MCS) is another intracranial technique to treat chronic pain (57, 63).
Although the analgesic mechanisms of MCS are not well understood, the rationale behind its de-
velopment was an experimentally observed decrease in deafferentation-related hyperactivity in the
thalamus during MCS (74). Over the past few decades, several reports have described the use of
MCS to treat a variety of pain disorders; most of these studies focused on treating poststroke and
trigeminal neuropathic pain. Systematic reviews have demonstrated substantial variability in the
efficacy of MCS (75, 76). Furthermore, because MCS does not produce paresthesias, it is possible
to investigate the efficacy of MCS with controlled studies. Recent multicenter randomized con-
trolled trials have shown mixed results and limited efficacy during the blinded phase (63, 77, 78).

During the implantation procedure for MCS,magnetic resonance imaging (MRI) and electro-
physiological recordings are used to determine the location of the motor cortex (57). Next, the
dura is exposed and electrode arrays are implanted epidurally.Motor threshold testing is often per-
formed to evoke motor responses (i.e., muscle twitches or electromyogram activity) in the painful
regions (79). Paddle leads, developed for SCS, are typically used off-label for MCS. After implan-
tation, a trial period of ∼5–10 days can be conducted via externalized extensions (80). MCS does
not induce paresthesias, and it may take time for patients to appreciate the analgesic effect of each
new stimulation setting. If the patient receives sufficient pain relief during the trial period, the sys-
tem can be internalized as in other staged neurostimulation procedures. Complications of MCS
include hardware-related problems, infection (which may require revision or removal of part or
the entire system), and hemorrhage. Seizures have also been reported during MCS programming
and during active stimulation (59, 81, 82).

2.7. Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) utilizes the principle of electromagnetic induction
to noninvasively modulate activity in the brain. A single TMS pulse involves a short-lasting
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current applied through a coil that generates a time-varying electromagnetic field perpendicular
to the transducing coil, which is placed tangentially to the head (83). The magnetic field is
not attenuated by the tissues surrounding the brain, and it induces a phasic electric field in
the target tissue. These electric field effects can either generate action potentials in the target
neurons or produce subthreshold polarization that can affect ongoing endogenous activity. The
neuromodulatory effects of TMS depend on several variables, such as the orientation of the coil,
anatomy of the target, stimulation frequency, and number of sessions. Computational modeling
research suggests that the primary target of TMS is axonal terminals in the cortical gyri (84).
The clinical efficacy of TMS relies on applying repetitive pulses to a specific brain region. In
Europe, TMS is approved for depression, schizophrenia, and chronic pain (63). In the USA, TMS
is approved for treating depression, migraines to abort aura, and obsessive–compulsive disorder,
while its use for pain is considered investigational. While there is conflicting evidence regarding
its efficacy, TMS targeting the primary motor cortex or the dorsolateral prefrontal cortex has
been recommended for treating various pain conditions (85–87).

2.8. Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS) is another technique to noninvasively modulate
brain activity. tDCS delivers low-intensity current to the cortex through two or more electrodes
placed on the scalp (88). Due to attenuation of the applied current, the primary mechanism of
tDCS is assumed to be subthreshold modulation that may involve long-term potentiation and/or
depression at the synaptic level. The direct neuromodulatory effects of tDCS are polarity depen-
dent, with enhanced excitatory effects near the anode and enhanced inhibitory effects near the
cathode. In Europe, tDCS is approved for treatment of pain and depression (63). In the USA,
it is used off-label for treating pain and other indications, such as depression and fatigue. For
chronic pain, there is low-quality evidence, based on multiple randomized trials, that tDCS is
more effective than sham or no treatment (86).

3. CHALLENGES WITH EXISTING NEUROMODULATORY
THERAPIES

While existing neuromodulatory treatments provide pain relief for many people who have re-
sponded poorly to traditional interventions, these techniques have several unaddressed limitations.
Currently, neuromodulation remains a last-line treatment after patients have already undergone
multiple failed rounds of pharmaceuticals, surgery, and other procedures. Additionally, the com-
plexity and high cost of neuromodulation therapies have led to major disparities in access to
these technologies, with racial and socioeconomic factors highly associated with their usage (89,
90). If neuromodulation is to be adopted as a first-line replacement for existing therapies, these
limitations should be addressed.

3.1. Limited Understanding of Mechanisms of Action

Since the initial description of the gate-control theory of pain by Melzack & Wall (91) in 1965,
this theory has guided much of our understanding of the mechanisms of action of neuromod-
ulation in treating pain. The primary mechanistic hypothesis driving the original development
of SCS in the late 1960s was that activation of Aβ-fibers causes inhibition of C-fibers that carry
information about pain to the brain (3). This hypothesis has further supported the development
of other neurostimulation strategies and neural targets, including TENS, PNS, and DRGS.
While there is strong evidence in support of the gate-control theory, this model of pain is limited
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and ignores other important pathways by which neuromodulatory technologies can reduce pain.
In fact, Melzack (92) later suggested an expansion of the gate-control theory model, known
as the neuromatrix, which aims to explain the multifaceted nature of pain and how pain can
arise without any obvious damage to the body. Indeed, multiple studies have demonstrated that,
beyond activation of Aβ afferents, SCS has broad effects on the autonomic nervous system that
can alter blood flow and heart rate (93, 94) and may also alter neuronal gene expression and the
behavior of nonneuronal cells such as microglia (95, 96).

Often, with neuromodulatory therapies, mechanistic understanding lags behind development
of the treatment. Still, the clinical benefit of many of these devices is undeniable, so there is strong
justification for continued development and deployment before we have a complete understanding
of the mechanisms of action. However, a problem arises if we continue that development without
eventually also building a strong mechanistic understanding. A deep understanding of the mech-
anisms of action can lead to optimization of the therapy, making it both more effective and more
consistent across patients.

3.2. Limited or Inconsistent Efficacy

Formany randomized controlled trials that measure the efficacy of neuromodulatory therapies for
treating pain, the primary gauge of success is a ≥50% reduction in pain relief in ≥50% of patients
(34, 97). To be sure, for many patients with chronic pain, a 50% reduction can be life-altering.
However, it is important to note that for a neuromodulatory therapy that was deemed successful,
it is possible that no subject received complete pain relief and that almost half of the enrolled
subjects may have had little to no pain relief. Furthermore, multiple longitudinal studies have
shown that efficacy decreases over time (39, 40). It is likely that our lack of understanding of the
mechanisms of action is a primary reason for this decline in efficacy. If we can better understand
the disease states that result in chronic pain, as well as the ways in which electrical stimulation
produces analgesia, we may be able to design more effective and more consistent therapies.

3.3. Limited Selectivity and Off-Target Effects

As with many medical interventions, off-target side effects can limit the efficacy of neuromod-
ulation therapies for pain. For many neuromodulation techniques, electrical stimulation evokes
a buzzing sensation, called paresthesia (98, 99). While some people find these paresthesias to be
pleasant, many report them as noxious or disruptive, and they are frequently a limiting factor in
adoption of neuromodulation. Other common side effects include uncomfortable recruitment of
muscles (e.g., activation of paraspinal muscles with thoracic SCS) and motor and cognitive effects
(e.g., with DBS) (100). Neuromodulatory electrical stimulation often involves milliamp currents
driven through electrodes with relatively large surface areas. For example, SCS typically involves
stimulation currents in the range of 1–10 mA via electrodes with a surface area of 6–12 mm2 (101,
102).With TENS, stimulation currents and electrode surface areas can be more than an order of
magnitude higher (103, 104). As a result, stimulation often activates large populations of neurons,
with selectivity governed primarily by proximity of the neurons to the stimulating electrode, and
large myelinated neurons (e.g., Aα- and Aβ-fibers) responding at lower amplitudes than small and
unmyelinated neurons (e.g., Aδ- and C-fibers). Stimulation systems have undergone incremental
improvements over time, primarily by increasing the number and density of electrode contacts,
by using stimulators that are current- rather than voltage-controlled, and by including multiple
current sources so that multipolar combinations of cathodes and anodes can be used to more
precisely direct the flow of current (105, 106). Still, the process of tuning stimulation is usually
manual and time intensive, with the health care provider slowly adjusting stimulation parameters
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and waiting to observe efficacy and side effects (107). For some neuromodulation techniques, the
onset of both efficacy and side effects can take hours to days (102, 108, 109), making the process
even more challenging. These challenges limit the adoption of neuromodulatory techniques for
pain.

4. EMERGING TECHNOLOGICAL INNOVATIONS

Several important recent technological advances are helping to improve the efficacy of neuromod-
ulatory therapies for pain. These advances (Figure 3) include new waveform paradigms, electrode
designs, improved stimulator capabilities, and closed-loop stimulation.Due to thewidespread clin-
ical use of SCS, many of these innovations were first performed with these devices, although the
improvements are often applicable to other approaches as well.

4.1. Waveforms

Traditional neurostimulation for pain therapies, such as SCS and PNS, have utilized moderate
frequencies (e.g., 20–60 Hz) with the goal of targeting large-diameter cutaneous (i.e., nonnoci-
ceptive) afferents to produce paresthetic coverage of the painful regions of the body. However,
over the last several years, paresthesia-free SCS paradigms have gained popularity because of
two potential advantages over paresthesia-based approaches. First, clinical data suggest that
these paresthesia-free paradigms may provide improved pain relief over paresthesia-based ap-
proaches. Second, stimulation-induced paresthesias can disturb sleep, be experienced as excessive
or uncomfortable, and vary with body position, so paresthesia-free approaches may have fewer
side effects (110). It can be challenging, however, to explore the stimulation parameter space
with these paresthesia-free approaches because stimulation-induced pain relief may take several
hours. Therefore, to more efficiently explore the stimulation parameter space, several forms of
paresthesia-free SCS utilize paresthesia mapping like conventional SCS. Below, we describe the
various novel waveforms that have recently been implemented to improve the efficacy of pain
relief with neuromodulation technologies.

4.1.1. Burst SCS. Burst SCS is a paresthesia-free paradigm that delivers intermittent bursts
of electrical pulses (e.g., five pulses at 500 Hz, delivered 40 times per second) to mimic burst-
ing within the thalamus. Burst SCS was approved by the FDA in 2016 following a clinical trial
demonstrating superior efficacy relative to conventional SCS (i.e., 60% versus 51% success rate)
(111). Preliminary evidence suggests that burst SCS may be able to engage both the lateral and
medial pain pathways in the spinal cord, in contrast to conventional SCS, which may engage only
the lateral pain pathway (112, 113).

4.1.2. High-frequency stimulation. Kilohertz-frequency SCS is another paresthesia-free
paradigm that delivers stimulus pulses at a frequency of 1 kHz or higher (114). In 2015, the FDA
approved a form of SCS that applies stimulation at a pulse frequency of 10 kHz that provided
dramatic pain relief (∼80%) without generating paresthesias (114). This research was motivated
partly by prior studies demonstrating the ability of 10-kHz stimuli to block action potential
conduction in the peripheral nervous system (115). Therefore, it may be possible to block the
conduction of pain signals to the brain using these frequencies in SCS. However, according to
computational modeling, preclinical, and clinical studies, clinical implementation of 10-kHz SCS
utilizes stimulation amplitudes that are likely below the amplitudes necessary to generate conduc-
tion block (116–118). Although the mechanisms of kilohertz frequency SCS are still unknown,
research has demonstrated its potential ability to selectively increase activity in inhibitory in-
terneurons in the dorsal horn, decrease output from lamina I nociceptive-specific neurons, and
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Figure 3

Emerging technological innovations for treatment of pain. (a) Multiple novel stimulation waveforms have been developed to improve
the efficacy of stimulation, including high-frequency (e.g., 10 kHz), burst, and temporal interference. (b) Modern spinal cord
stimulation (SCS) devices include a higher density and number of electrodes, enabling improved stimulation selectivity. (c) Recording
the responses evoked by stimulation allows for closed-loop control to modulate stimulation parameters in response to changes in the
position of the spinal cord, as can occur during postural shifts (e.g., from sitting to standing), respiration, coughing, and so forth.
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produce excitability changes from tissue heating due to the increased power deposited during
stimulation at these high frequencies (112, 119). In addition to SCS, another commercial system
is being explored that utilizes 5–10-kHz stimulation applied via a cuff electrode in the peripheral
nervous system to treat postamputation pain (120), though this system may leverage the block-
ing effects of kilohertz-frequency stimulation. Similar approaches are also under development for
other indications such as osteoarthritis (121).

4.1.3. Direct current or low-frequency stimulation. Conventional forms of neurostimula-
tion rely on short-duration electrical pulses that directly or indirectly activate inhibitory cells in
the central nervous system to decrease pain. Except for high-frequency PNS, none of these con-
ventional forms of stimulation can mimic the effects of local anesthetics in directly blocking the
propagation of pain-related signals from the periphery to the central nervous system. For decades,
direct current (DC) has been employed to inhibit the propagation of action potentials along axons
(122), but because long-term DC causes tissue damage and electrode degradation, this approach
has not been pursued for clinical applications (123). However, recent technological developments
have demonstrated the possibility of using DC for chronic pain management. Investigators have
explored the use of high-capacitance electrode materials (e.g., activated carbon or platinum black)
to provide charge-balanced DC block along with cycling between multiple high-capacitance elec-
trodes placed longitudinally along a nerve (124). A second approach uses a separate nerve interface
electrode in which the electrode is physically separated from the surrounding biological tissue
(e.g., using a column of electrolyte) to keep any toxic electrochemical products (e.g., concentrated
hydroxide ions, reactive oxygen species) from reaching the nerve or other biological tissue (123).
A third approach applies alternating current through an isolated fluid network and rectifies the
resulting ionic current through a series of valve actuations (125). A fourth technology utilizes slow
ascending and descending current ramps connected by two plateau phases with a period of ∼12 s
that is viewed by the target neurons as DC (126).

4.1.4. Interferential stimulation. With all neurostimulation approaches, it is important to se-
lectively stimulate target neurons while avoiding off-target activation effects that could produce
side effects and decrease efficacy. Unfortunately, the physical laws governing the penetration of
electromagnetic radiation within biological tissues preclude the ability to manipulate activity in
deep neural structures without performing invasive surgical procedures. One approach, termed
interferential or temporal interference stimulation, uses two (or more) electrode pairs to non-
invasively stimulate deep neural structures by applying high-frequency (>1-kHz) currents with a
small-frequency offset (127, 128). In theory, superposition of these high-frequency fields would re-
sult in a low-frequency amplitude modulation to activate neurons within a certain region of space.
Although this approach has been around since the 1950s, it has recently gained renewed interest.
However, prior research has demonstrated limited clinical success using interferential stimulation
for treating pain and other clinical applications. Furthermore, recent studies have demonstrated
that interferential stimulation may affect off-target structures, and it may be infeasible to achieve
the desired field strengths to elicit activation in deep neural structures (127, 129, 130).

4.1.5. Glial cell modulation. Historically, the nonneuronal effects of neurostimulation have
largely been ignored, except in the context of the foreign-body response to implanted electrodes.
SCS is commonly applied at lower thoracic spine levels, where it has been estimated that there
are more than 10 times as many glial cells as neurons (131). This high density of glial cells near
the putative neural targets of SCS means that the applied potential fields could modulate the ac-
tivity of the surrounding glial cells. Differential target multiplexed (DTM) SCS was developed to
concurrently drive both neuronal and glial mechanisms of pain relief by concurrently delivering
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a low-frequency (∼50-Hz) waveform and a high-frequency (∼300–1,200-Hz) waveform (132). In
a prospective randomized controlled trial, DTM SCS demonstrated superior response rates rela-
tive to traditional SCS (80% versus 51%) in patients with chronic LBP and leg pain at 12-month
follow-up (132).A preclinical study also demonstrated that astrocytesmay be an important compo-
nent of pain gating in the spinal cord (133). These results suggest that simultaneously modulating
the neuronal and glial components of pain may lead to greater pain relief than modulating the
neural component alone.

4.2. Electrode Designs

Electrode design has been another major area of development for neuromodulation therapies. By
increasing the number of electrode contacts andminimizing the invasiveness of their implantation,
multiple efforts have aimed to improve the outcomes of neuromodulation therapies for pain.

4.2.1. High-density electrode arrays. The success of neurostimulation therapies for chronic
pain management relies on the ability to selectively stimulate target neural structures. Therefore,
several technological advances have focused on increasing the number and density of contacts on
electrode arrays.Theoretically, a higher electrode count allows the user to have better control over
the shape of the applied potential fields to achieve better stimulation selectivity by strategic selec-
tion of the cathodes and anodes used to apply the stimulation. For several years, clinical SCS and
DBS systems consisted of four electrodes (36). However, clinical electrode arrays now have 8–32
electrodes, including paddle arrays with up to five columns of electrodes (33, 38). Investigational
SCS devices with 60 electrodes are also being developed (134). To achieve an even higher degree
of selectivity in PNS, studies have utilized high-contact cuff electrodes or penetrating electrode
arrays that are surgically inserted into the epineurium or through fascicles (135). However, there
are likely to be diminishing returns as contacts become smaller and more densely packed. Not
only does a higher electrode count dramatically increase the complexity of stimulator program-
ming, but also stimulation is filtered by the surrounding biological tissue (e.g., CSF), which may
limit selectivity. Additionally, as electrodes get smaller, for a given set of stimulus parameters, the
impedance and charge density increase, leading to a need for stimulators with higher compliance
voltage and increasing the likelihood of electrode and tissue damage.

4.2.2. Segmented lead designs. Like SCS, conventional DBS systems included only four
annular electrodes. However, current DBS systems include arrays with 4–16 electrodes (106).
Furthermore, some of these systems include segmented or directional electrodes in which the
individual contacts span only a portion (e.g., 120°) of the lead circumference. These segmented
electrodes may improve the ability to focus stimulation toward the brain area believed to be
responsible for therapeutic benefit and avoid brain areas associated with unwanted side effects
(136).

4.2.3. Injectable electrodes. Due to the limitations of noninvasive stimulation strategies, im-
plantable neural stimulation electrodes are commonly used to provide more selective activation
of neural targets. Approaches that reduce the degree of invasiveness associated with implantable
electrodes are being developed. In one of these approaches, a needle-delivered electrode is injected
near neural structures under image guidance, and power is then delivered to the device transcu-
taneously (137). Another approach uses fluidic channels embedded in a flexible paddle that can
be rolled up to fit through a needle and expanded after implantation to achieve coverage similar
to that of existing devices that require open surgery for insertion (138). This type of approach
could be less invasive, more robust, and more cost effective and may help increase the adoption of
neuromodulation therapies.
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4.2.4. Absorbable local cooling. The controlled application of electrical, pharmacological, op-
tical, mechanical, or thermal stimuli can produce local and reversible blocking of neural signals.
Because ion channel kinetics are sensitive to temperature, cooling provides a method to achieve
rapid and reversible nerve block. One approach to leverage this blocking action has been the de-
velopment of a combined evaporative microfluidic cooling and temperature sensing system that
enables the delivery of focused, minimally invasive cooling with real-time temperature feedback
control (139). This device is constructed with water-soluble, biocompatible materials that lead to
dissolution of the cooling system after the healing process is completed, obviating the need for
extraction surgery.

4.3. Implantable Pulse Generators

IPGs have been dramatically improved over the last several years. The technologies associated
with neurostimulation therapies like SCS and DBS are expensive and involve invasive procedures.
Therefore, significant research has focused on improving the efficacy and lifetime of IPGs to help
reduce the costs and risks associated with these therapies.

4.3.1. Voltage versus current regulation. Most early clinical neurostimulation systems used
voltage-controlled stimulation, in which the system regulates the voltage of the stimulus pulse and
the corresponding electrode current is dependent on the electrode impedance (38, 106). In clinical
applications, large impedance variations can affect the extracellular potentials generated within the
target neural tissue and may require adjusting the stimulation parameters to improve pain relief.
Instead, most modern clinical neurostimulation systems utilize current-controlled stimulation, in
which the device controls the output current throughout the duration of the stimulus pulse and
adjusts the output voltage to maintain a controlled current (33, 106). Therefore, the amplitude of
the injected current is independent of electrode impedance. Thus, current-controlled stimulation
may produce more stable extracellular potentials and may maintain a more constant physiologic
response during treatment.

4.3.2. Multiple-source systems. Most neurostimulation systems use a single current source
to drive stimulation. In these systems, individual electrodes can be assigned only as a cathode,
an anode, or inactive. While the user can select complex stimulation configurations, if multiple
cathodic or anodic electrodes are grouped together, the division of current between them will
be dependent on their relative impedances in a way that is difficult to predict or control.To achieve
stimulation via multiple independent electrodes, stimulation trains must be scheduled with the
output of the single current source switched to different electrodes at different times. However,
some newer stimulators have multiple independent current sources, giving them the ability to
precisely partition the applied current across the desired active electrodes with increased flexibility
in shaping the applied potential fields (38). This flexibility is believed to improve the ability to
target the desired areas within the nervous system.

4.3.3. Reduced invasiveness. Several technological advances have helped reduce the invasive-
ness of neurostimulation technologies by reducing the footprint of the IPG and the number of
implanted components. Rechargeable systems have improved battery longevity (9–25 years) in
comparison to nonrechargeable stimulators and allow for a significant reduction in the size of
the IPG and decreases in the cost and potential risk of discomfort and infection at the implant
site (41). Furthermore, these rechargeable systems have enabled stimulation approaches with
higher-energy demands (e.g., kilohertz-frequency and closed-loop SCS) that would dramatically
decrease the lifetime of a nonrechargeable system. However, it is also important to recognize that
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some patients may prefer nonrechargeable systems due to the additional burden associated with
frequent charging of rechargeable systems.

Researchers have developed wireless SCS and PNS systems that include a passive electrode
array containing a microprocessor receiver and an antenna. The electrode array and receiving an-
tenna are implanted near the target tissue. The patient wears an external transmitting antenna and
pulse generator that transcutaneously transmit stimulation parameters and power to the implanted
electrode array (140).

4.3.4. Magnetic resonance imaging compatibility. Patients with chronic pain frequently have
comorbidities that require diagnostic imaging. MRI is considered the gold standard for clinical
evaluation and diagnosis of many disease states, including chronic pain. It has been estimated
that >80% of SCS patients will need at least one MRI within a year after implantation of their
SCS system (141). However, due to potential interaction between the MRI and the implanted
neurostimulation system, patients have historically been excluded fromMRI or the device must be
explanted so the patient can undergo imaging. In the last several years there have been significant
improvements inMRI compatibility, and several clinical systems areMRI conditionally safe (142).
These developments have played amajor role in increasing access to implantable neuromodulation
systems.

4.3.5. Multiwave platforms. Neurostimulation systems are more robust than ever before, and
the newest implantable stimulators can apply a wide range of pulse amplitudes, pulse widths, pulse
frequencies, pulse patterns, and stimulation configurations. As discussed above, several different
waveform paradigms (e.g., burst, kilohertz-frequency SCS) are now used in the clinic and demon-
strate superior efficacy to conventional SCS.New stimulators can implement one or more of these
paradigms and can also vary the duty cycle of stimulation, with the device either turned on con-
tinuously or cycled on and off for brief periods of time (e.g., 30 s on followed by 90 s off ) (143).
Duty cycling can provide significant pain relief while increasing battery life and/or decreasing
the need to recharge the system. These systems can also be programmed with several stimulation
programs (∼4–16 programs at a time) that the patient can select (144).Multiple paradigms can be
interleaved and/or applied simultaneously to target different types of pain and/or painful areas.

4.4. Closed-Loop Stimulation

Neuromodulatory stimulation systems are typically operated in an open-loop manner. Patients
can provide critical feedback with regard to stimulation-induced paresthesias, pain relief, and dis-
comfort to help select efficacious stimulation parameters. However, once the optimal stimulation
parameters are determined, they are largely left unchanged.

With regard to SCS, stimulation efficacy can vary due to movement of the spinal cord that
occurs with changes in body position, respiration, coughing, and heartbeat. Studies suggest that,
with changes in body position, the thoracic spinal cord can move ∼2–3 mm in the anterior–
posterior direction within the thecal sac (145). This movement causes a substantial change in the
distance between the stimulating electrodes and the neural target and can lead to either under-
or overstimulation. Therefore, a given set of stimulation parameters can be efficacious in one
body position but lead to discomfort or poor pain relief in another position. This movement can
also prevent patients from participating in activities of daily living, such as driving. To reduce
the potential deleterious effects of movement of the spinal cord, one commercial system utilizes
a three-axis accelerometer inside the IPG to estimate the body position of the patient. Effective
and comfortable stimulation parameters can be determined for multiple body positions (e.g.,
sitting, standing, supine) and stored within the IPG. Then, when the patient assumes a given
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body position, the system automatically switches to the appropriate predetermined program (110,
146). Another clinical system uses electrodes on the implanted SCS electrode array to record
evoked compound action potentials (ECAPs) generated in the spinal cord during SCS (147).
ECAPs provide a quantitative measure of neural recruitment during SCS, and their amplitude is
used as a control signal to continuously adjust stimulation parameters in real time. To implement
this closed-loop approach, the user defines a reference ECAP amplitude range evoked during
comfortable and effective stimulation parameters. The IPG then utilizes a feedback controller
to continuously adjust stimulation amplitude so that the recorded ECAP amplitude stays within
a therapeutic window. The therapeutic efficacy of this approach was demonstrated in a large,
pivotal multicenter trial that helped lead to FDA approval of the device in 2022 (147).

Closed-loop approaches for DBS and other neuromodulatory devices are also under active de-
velopment.Closed-loop responsive brain stimulation has been utilized in the treatment of epilepsy
with a device that includes a cranially implanted neurostimulator connected to depth and/or sub-
dural cortical strip electrodes placed at the seizure focus and applies stimulation when abnormal
activity is detected in the electrocorticogram (148). Other DBS systems that can provide both
stimulation and sensing are being explored for a variety of neurological disorders, such as move-
ment disorders and chronic pain (149). These systems can sense local field potentials and perform
spectral analysis of the signals to provide real-time adjustment of the applied stimulation. Other
closed-loop DBS approaches utilized control signals based on neurochemical sensing and signals
from wearable sensors (150, 151).

5. CONCLUSIONS

Neurotechnologies provide important opportunities to treat a variety of intractable pain condi-
tions. Despite their widespread and accelerating adoption for the treatment of pain, these devices
often remain last-line approaches, after patients have undergone multiple other treatments and
have experienced years of debilitating pain. Our limited understanding of the mechanisms of
action of electrical stimulation impedes our ability to optimize existing therapies and slows the
development of new approaches. Importantly, though, multiple new technologies are in develop-
ment or have recently been translated that aim to improve the efficacy and reduce the invasiveness
of neurotechnologies for pain. While a deeper understanding of their underlying mechanisms
must be a focus of scientific research, these improvements are likely to increase adoption of these
promising technologies for the treatment of pain.
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