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Chronic pain is one of the leading causes of disability worldwide. It can result in a

significant reduction in quality of life and has been associated with decreased

neurocognitive performance in attention, memory, and processing speed.

Spinal cord stimulation (SCS) is a surgical treatment option for drug-refractory

chronic pain. Although SCS can improve pain perception and related physical

well-being, the mechanisms by which SCS improves pain perception and

affects cognition remain largely unknown. Here, we review the cognitive

impairments and neuroanatomical changes that can arise from chronic pain

and how SCS treatment impacts these. This review identifies four key regions

that may modulate attention, executive and emotional functioning, and

memory with SCS: the amygdala, anterior cingulate cortex, thalamus, and

somatosensory cortex. These observations suggest a role for SCS to influence

and modulate the cognitive-emotional aspects of pain perception. Our review

provides new insights to identify potential cortical areas that can serve as

biomarkers or neuromodulation targets for SCS treatment. Recognizing the

changes in activity within these supraspinal regions during SCS treatment may

help individualize pain treatment and induce favorable cognitive shifts.
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Introduction

Chronic pain is one of the leading causes of disability worldwide (1, 2). Chronic pain

evolves from pain lasting longer than three months and can arise from inflammation,

neuropathy, or idiopathy (2). This long-term pain can result in a significant reduction

in quality of life and has been associated with decreased neurocognitive performance in

attention, memory, and executive functioning (3). Spinal cord stimulation (SCS) is a

surgical treatment option for drug-refractory chronic pain (4). Although SCS can

improve pain perception and related physical well-being, the impact of SCS on

cognition in patients with chronic pain is not fully understood. The purpose of this

review is to evaluate the impact of SCS treatment for chronic pain on the supraspinal

areas important for cognitive function. This review discusses the supraspinal changes
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and cognitive impairments that can arise from chronic pain, as well

as the changes associated with SCS treatment, in order to identify

overlapping biomarkers. We suggest that SCS-induced activity

changes within the amygdala, anterior cingulate cortex, thalamus,

and somatosensory cortex (5, 6) may modulate various cognitive

processes, including attention, executive and emotional

processing, and memory. This comprehensive review serves to

emphasize the neural intricacies of chronic pain, elucidate the

supraspinal effects of SCS, and further inform SCS parameters to

treat chronic pain while minimizing cognitive consequences.

Supraspinal structures processing pain

Acute pain originates from receptors in the skin or tissue that

transduce chemical, mechanical, and thermal pain into nociceptive

signals. These signals are relayed via peripheral primary afferent

nociceptors to the dorsal horn of the spinal cord. There, the

primary afferents synapse with secondary afferents that transmit

the signals to supraspinal cortical and subcortical regions (7).

Nociceptive information is also relayed to the brainstem,

midbrain, and medullary regions, which can modulate the

perception and sensation of noxious stimuli (7–10). Pain

perception results from the activation of an intricate network of

connections within the cortex involving sensory, emotional, and

cognitive processes (11); these pathways can be activated and

cause painful sensations even in the absence of nociceptive input

by direct stimulation (12).

Chronic pain alters both lateral and medial ascending

spinothalamic and descending pain pathways (13–15). The lateral

pathway processes the sensory aspects of pain and includes

projections from the spinal cord towards the ventral

posterolateral thalamus and subsequently to parietal and

sensorimotor cortex (13, 15). The medial pathway processes the

affective and motivational aspects of pain and involves spinal

projections to the midline and ventral posterolateral nuclei of the

thalamus and then connects to the dorsal anterior cingulate

cortex and insula. The descending pain inhibitory pathway

modulates pain perception by suppressing nociceptive input. Key

structures in this network include pregenual anterior cingulate

cortex, periaqueductal gray, and the ventromedial medulla (13, 15).

The main supraspinal regions involved in processing pain

include the primary and secondary somatosensory cortices,

primary and supplementary motor cortices, insular cortex,

prefrontal cortex, parietal cortex, anterior cingulate cortex,

thalamus, amygdala, hippocampus, and basal ganglia (12). The

thalamus and anterior cingulate cortex play a role in registering

stimuli as painful, while the somatosensory cortex distinguishes

non-painful stimuli (16). One study showed that the primary

somatosensory cortex and the insular cortex had increased

activity associated with the intensity of the painful stimulus (12).

These sensory cortical areas may additionally modulate context-

dependent pain processes and the overall perception of pain (12).

The motor and supplementary motor cortices are thought to

process the motivational or escape aspects of experiencing pain

(17), while the prefrontal cortex likely drives descending

modulation of pain (12, 18). The prefrontal cortex plays a

multifaceted role in pain processing through several of its

subregions, including the medial prefrontal cortex, dorsolateral

prefrontal cortex, orbitofrontal cortex, and ventrolateral

prefrontal cortex (19). The medial prefrontal cortex and

dorsolateral prefrontal cortex are involved in pain inhibition

(through connections with periaqueductal gray and

corticostriatial circuits), whereas orbitofrontal cortex and

ventrolateral prefrontal cortex are important for regulating

affective aspects of pain (19). Specifically, a low-frequency

enhancement of basal activity in the prefrontal cortex linearly

increases prefrontal outputs to inhibit pain, and a decrease in

basal firing leads to a reduction in pain-evoked responses (18).

This indicates a cortical gain control system where the prefrontal

cortex regulates pain processing through top-down feedback. The

brainstem, midbrain, and medullary areas also modulate

descending pain signals in the spinal circuitry through both

inhibition and excitation (12, 20, 21). The subcortical structures

of the basal ganglia could play a role in discriminating pain

intensity, coordinating motor responses, and influencing

motivational aspects of pain (12). While processing acute pain

involves a vast and intertwined circuitry, processing chronic pain

may require even higher complexity as plasticity induces both

connectivity and structural changes to the nociceptive network

over time.

Effects of chronic pain on supraspinal
structures and connectivity

Chronic pain may prompt the reorganization of supraspinal

activity, shifting the representation of pain gradually from

sensory structures to emotional and limbic regions. Long-term

potentiation, where the persistent activation of a neuronal

connection increases its synaptic strength, leads to a more

sensitive and efficacious response to stimuli (22). While there are

benefits to long-term potentiation, like encoding and

consolidating memories (22–24), neuronal sensitization within

nociceptive pathways can cause pain hypersensitivity (25).

Conversely, long-term depression, the persistent reduction of

synaptic strength, can inactivate memory (22) and reduce pain

sensitivity (26). These plastic changes may persist in a memory-

like fashion even after the original source of the pain is removed

or cured (27). Chronic pain may result due to persistence of this

synaptic strengthening in memory-like fashion. Phantom limb

sensations, for example, result from somatosensory inputs of pain

of a significant intensity and duration that can produce lasting

changes and sensitivities within the central nervous system (28).

Single-occurrence nociceptive signals mediated by the limbic

circuitry extinguish over time, but the progression from acute to

chronic pain instigates activity-induced plasticity within the

limbic-cortical circuitry (29, 30). Patients with chronic pain

exhibit decreased volume and biochemical plasticity of the

hippocampus (31, 32) and hyperactivity within the amygdala

(30). These pathways can shift the single-occurrence nociceptive

state to emotional learning by increasing activity in prefrontal
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cortical circuits (29, 33). Specifically, hyperactivity of the amygdala

during pain generates feedforward inhibition, thereby deactivating

the medial prefrontal cortex. This subsequently impairs top-down

cortical control mechanisms (30) and couples activity between

the thalamus and medial prefrontal cortex (16). A functional

magnetic resonance imaging (fMRI) study found decreased

resting state functional activity and synchrony between the

thalamus and primary somatosensory cortex in patients with

peripheral neuropathic pain when compared to healthy, age-

matched, and gender-matched controls (34). Furthermore, the

ventral posterior lateral nucleus of the thalamus had reduced

synchrony with sensorimotor, frontal, cingulate, and parietal

areas, while the medial dorsal thalamic nucleus exhibited reduced

synchrony with more sensory and emotional processing areas

(34). Together, these studies support the theory that chronic pain

alters limbic-cortical and thalamocortical connections, shifting

pain processing away from sensory structures.

Many electroencephalogram (EEG) studies have observed

slowing of the dominant alpha peak in pain patients with

fibromyalgia (35), chronic pancreatitis (36), neurogenic pain (37),

and capsaicin-heat pain (38), indicating that lower peak alpha

frequency may be a biomarker for pain. Additionally, compared

to healthy controls, patients with fibromyalgia showed increases

in theta, beta, and gamma power (35). Beta and gamma over-

activation was observed in the prefrontal cortex, orbitofrontal

cortex, insular cortex, primary motor cortex, and primary and

secondary somatosensory cortices, while increased theta was

mostly localized to the prefrontal cortex and orbitofrontal cortex

(35). Spectral power was also higher over the frequency range of

2–25 Hz in non-medicated patients with neurogenic pain

compared to healthy controls (37). A study in rats proposed that

chronic pain decreases spontaneous and pain-evoked basal firing

rates in the prefrontal cortex, and that low-frequency optogenetic

stimulation within the prefrontal cortex could provide the

cortical gain control necessary to effectively treat pain (18).

However, deep brain and motor cortex stimulation are not

currently approved for chronic pain in humans (39).

In addition to shifts in activity and functional connectivity,

there may also be larger-scale structural changes in the chronic

pain population. Patients with chronic migraine had significantly

reduced cortical thickness in the insular cortex, caudal middle

frontal gyrus, precentral cortex, and parietal cortex compared to

healthy controls (40). The number of days patients had a

migraine during the month preceding the MRI was negatively

correlated with the thickness of the right insular cortex (i.e., as

days of migraine increased, cortical thickness decreased) (40).

There is also a significant correlation between duration of

episodic migraine history in years and gray matter volume in the

right pars opercularis, right superior frontal gyrus, and left

insular cortex (41). Another study measured gray and white

matter changes in younger (29–49 years old) and older (51–60

years old) patients with fibromyalgia and compared them to age-

matched and medication-matched controls (42). Older patients

showed decreased gray matter and loss of white matter integrity,

but younger patients showed gray matter hypertrophy and

associated white matter changes. Gray matter decreases in older

patients compared to age-matched controls were located in the

anterior cingulate cortex, posterior cingulate cortex, prefrontal

cortical areas, and premotor cortex. Gray matter hypertrophy in

younger patients compared to age-matched controls was located

in the insular cortex, basal ganglia, and prefrontal cortex. In both

groups, anatomical changes were associated with the patient’s

sensitivity to pain—an increased experimental pain sensitivity in

older patients, and normal pain sensitivity in younger patients (42).

These studies support the idea that pain processing can alter

neuroanatomy and connectivity, and emphasize pain duration as a

key factor contributing to the structural plasticity of pain patients.

Although the anatomical changes seen in younger individuals with

fibromyalgia may seem adaptive, the increases in gray matter may

be caused by the over-engagement of pain modulatory networks

and potentially attenuate the perception of painful stimuli (42).

However, it is uncertain whether these anatomical changes are

associated with observed electrophysiological changes in patients

with chronic pain, including lower peak alpha frequency, increased

spectral power, increased theta, beta, and gamma power, and the

desynchrony of the thalamus and sensory cortical areas. Future

studies elucidating the relationship between these neuroanatomical

and functional changes could aid SCS settings and location

targeting for chronic pain treatment and help determine the

effects of SCS on other cognitive networks.

In sum:

• Chronic pain leads to changes in supraspinal neuroanatomy and

functional activity across the lateral and medial ascending

spinothalamic and descending pain pathways.

• Chronic pain alters limbic-cortical and thalamocortical

connectivity and anatomy, causing a shift in brain activity

from sensory regions to emotional and limbic structures.

Effects of chronic pain on cognition

Long-term chronic pain can cause neuroanatomical and

connectivity changes that may directly influence cognitive

processes, including attention, executive functioning, and

memory (6, 29, 33, 40–53). Chronic pain research has the

inherent limitation that patients may be on opioid medication or

other analgesics that could influence cognition (54–57). However,

other studies report that opioid medication ameliorates or has no

effect on cognitive performance when compared with

unmedicated patients (58–60). Analgesics are difficult to control

in chronic pain patients due to ethical reasons, making

medication and the addiction to medication potential

confounding factors in studies investigating the cognitive effects

of chronic pain.

Patients suffering from high-intensity chronic pain have

significant attentional deficits compared to healthy controls (61).

However, this may be severity-specific. Studies have shown

attention is only impaired in difficult tasks in patients with high

pain levels (62, 63) and that patients with low-intensity chronic

pain do not perform differently than controls on an executive

control task [adapted color-word Stroop task (63)]. One study

measured attention performance (Test of Everyday Attention)
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alongside pain severity and interference testing (Brief Pain

Inventory) in 354 pain patients (64). This study found that pain

interference scores were inversely associated with selective

attention, such that when pain interference was high, selective

attention was low. Pain severity was also associated with poorer

selective and sustained attention (64). Overlaps between the

attentional network and the pain network have been found, and

it has been theorized that the competition between pain and

normal functioning in these centers may result in decreased

attentional control and task performance (46). Specifically, the

insular and midcingulate cortex control bottom-up attention to

nociceptive signals, whereas prioritizing a goal or task is

supported by the prefrontal cortex (46). Distraction from pain by

a task that requires attentional resources, like the Stroop task,

decreased self-reported pain intensity and unpleasantness in

young and middle-aged adults (43, 52). Distraction from pain is

accompanied by a reduced activation within areas of the pain

network, including the insular cortex, thalamus, prefrontal cortex,

midcingulate cortex, and the cognitive division of the anterior

cingulate cortex (43, 52). However, the affective division of the

anterior cingulate cortex, as well as the orbitofrontal cortex,

showed increased activity (43). In contrast, when attention is

directed at a painful stimulus, the amygdala (30), prefrontal

cortical areas, and the thalamus are activated (65), inducing

plasticity between the limbic-cortical circuitry and within the

pain pathway (16). Together, these studies highlight the overlap

of pain and attentional networks and help elucidate the

attentional impairments associated with pain.

Executive functioning includes a number of higher-order

cognitive processes that control, organize, and direct actions,

emotional responses, and behaviors (66). One theory proposes

that more complex neurological processes required for executive

control tasks—such as working memory, planning, organization,

control of conflicting thoughts, goal-directed behavior, assessing

the consequences of actions, and emotional decision-making—are

more likely to be impaired by chronic pain than less complex

automatic processes like implicit memory (31, 67, 68).

Furthermore, the cognitive effects of chronic pain may depend

on pain intensity and type (31). A study compared emotional

decision-making under uncertainty (IOWA gambling task) of

patients with chronic back pain, chronic complex regional pain

syndrome, and healthy controls (69). Both chronic pain groups

had significantly poorer decision-making performance than

controls, indicating difficulty with decision-making under

uncertainty or learning from feedback. Moreover, only the pain

intensity of the chronic back pain group correlated with

decision-making performance (69). Interestingly, there is a

correlation between the thickness of the right insular cortex and

the severity of clinical pain (migraine) (40) that may influence

processes like attention (44). Additionally, executive function is

regulated by the anterior cingulate cortex (70) and may be

impacted by pain-induced changes in activity (42). Indeed,

decreased volume or altered activity in the anterior cingulate

cortex can reduce processing speed, alter cognitive executive

functioning, and lead to emotional impairments (6, 40, 41, 50).

Emotional processing may also be affected by the implication of

the amygdala in the pain network (6) and the hyperactivity of

the amygdala during pain (16, 30). The amygdala is important

for emotional processing and effectively avoiding harmful stimuli

(71, 72). However, persistently increased amygdala activity

during pain could lead to plasticity changes within the thalamus

and the medial prefrontal cortex (16). Overall, executive

functions such as emotional processing, processing speed, and

effective decision-making can potentially be altered in patients

with chronic pain due to the involvement of the insular cortex,

anterior cingulate cortex, and the amygdala in the pain pathway.

Patients with chronic pain often complain of difficulties with

memory and have reduced working memory, recognition

memory, and short-term recall (51, 73–76). However, literature

suggests implicit memory is less likely to be affected by chronic

pain (63). There are many mechanistic correlates relating chronic

pain and memory [for review see (33)]. As the pain system

demonstrates higher-order plasticity via both long-term

depression and long-term potentiation (26), the progression from

acute to chronic pain can instigate activity-induced plasticity

within the limbic-cortical circuitry (30). The limbic regions of

the amygdala and hippocampus are integral to learning and

memory functions (33, 45, 47–49, 53). Deficits in working

memory were associated with decreased dendritic complexity

within the hippocampus of mice with chronic pain (51). Patients

with chronic pain have decreased levels of brain-derived

neurotrophic factors (BDNF) in the hippocampus, indicating less

plasticity—a finding that is linked to depression-like symptoms

(77, 78). Chronic pain is often associated with comorbid affective

disorders, such as depression, anxiety, and sleep disorders, that

may impair the results of cognitive and functional testing (75).

Chronic pain patients, particularly those with comorbid anxiety

and depression, suffer significant decreases in working

memory, recall, and recognition memory (75). Specifically,

intercorrelations were found between memory and anxiety

(r = 0.53, P < 0.001) and memory and depression (r = 0.60,

P < 0.001) in 149 patients with benign chronic pain (75). This

relationship may be partially due to the overlapping roles of the

amygdala in pain processing, memory, and depression and anxiety

disorders. Therefore, when assessing the cognitive function of

patients with chronic pain, comorbidities must be considered as

they can exacerbate symptoms or lead to additional complications.

In sum:

• Chronic pain is associated with attention deficits, impaired

executive function, reduced working memory, and

recognition memory.

• This is likely due to altered activity in supraspinal regions across

the pain pathways that are also involved in these cognitive

functions, including the insula, cingulate cortex, prefrontal

cortex, amygdala, and hippocampus.

Effects of SCS on supraspinal
structures and connectivity

SCS is a minimally invasive treatment option for drug-

refractory chronic pain, with positive influences on pain
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perception and related physical well-being. The traditional

implantable SCS system includes the SCS leads, extension wires,

and an implantable pulse generator. The complications of

implanted SCS systems may include electrode migration (13%–

22%) (79), tolerance of SCS after one year (10%–29%) (79), and

infection (∼5%) (80). However, the effects of SCS on pain and

cognition may vary depending on the delivery method (i.e.,

paddle leads, percutaneous leads, or transcutaneous SCS),

stimulation settings (i.e., burst, tonic, high frequency, low

frequency), and location of stimulation on the spine. The

stimulation settings and location can further vary based on the

purpose of treatment [i.e., spinal cord injury (81), Parkinson’s

disease (82), gait/posture (83), chronic pain] and the condition of

the patient. Burst stimulation consists of closely packed high-

frequency pulses (five pulses at 500 Hz) followed by a quiescent

period (13, 84, 85). In contrast, tonic stimulation uses a

consistent stream of pulses at a lower frequency (30–70 Hz)

(13, 85). An additional consideration is that conventional tonic

stimulation (30–100 Hz) may cause paresthesia, while burst

stimulation, high-dose tonic stimulation (500 Hz), and high

frequency stimulation (10 kHz) are relatively paresthesia-free

(86). These paresthesia-free, burst SCS paradigms are suggested

to modulate the lateral, medial and descending pain pathways,

while conventional tonic stimulation primarily modulates the

lateral and descending pain pathways (86). The field has

identified specific differences in regional brain activation between

tonic and burst stimulation (13, 87). Additionally, studies have

shown that burst SCS, compared to tonic SCS, has a greater

clinical effectivity of pain reduction, and potentially aids the

emotional and cognitive aspects of pain (82, 88, 89). De Ridder

and Vanneste postulate that superior results from burst

stimulation may be due to the additional modulation exerted on

the medial pain pathway, the dorsal anterior cingulate cortex

projections to the insular cortex, providing direct modulation of

the spinothalamic pathways (13). Indeed, greater modulation of

metabolic activity in the dorsal anterior cingulate cortex and

posterior cingulate cortex was observed during burst SCS

compared to tonic SCS (90). Furthermore, these regional

metabolic rates correlated with PVAQ and VAS pain scales (90).

Vetkas and colleagues support the argument that SCS frequency

parameters differently influence brain activation by showing that

low-frequency SCS (40 Hz) increased blood oxygen level

dependent (BOLD) fMRI signals in the prefrontal cortex, while

high-frequency SCS (1,200 Hz) increased BOLD activity in the

somatosensory cortices, supplementary motor area, right insula,

right posterior cingulate cortex, and orbitofrontal cortex (91),

providing more extensive brain activation. EEG revealed an

overall greater power spectrum and increased flow of information

with high-dose SCS, with an increased frequency and pulse width

and reduced amplitude, compared to conventional SCS (92).

Overall, suprathreshold SCS, independent of frequency (4 Hz,

60 Hz, 500 Hz, 1 kHz), resulted in greater activity of frontal

brain regions compared to subthreshold SCS (93). Additionally,

evoked compound action potential (ECAP)-controlled closed-

loop SCS may provide greater and more clinically significant

pain relief compared to open-loop, fixed-output SCS systems

(94). Future studies are necessary to directly compare the pain

reduction and cognitive improvements between SCS settings and

across neurological conditions, especially since studies with

consistent medication protocols are limited due to ethical

considerations (Table 1). The optimal SCS settings remain largely

situationally dependent, and adjusting SCS parameters to

optimize pain management with minimal cognitive ramifications

is critical, as the broad effects of SCS on supraspinal structures

span key areas within both cognitive and pain networks.

Figure 1A shows the overlapping regions between pain networks

and SCS activation networks.

Current literature has identified SCS-dependent metabolic,

connectivity, and activity changes within nociceptive and

affective-cognitive networks. A clinical trial used positron

emission tomography (PET) scans to investigate SCS-induced

changes within 57 individuals with intractable lumbar

neuropathic pain (95). There were significant reductions in brain

metabolic activity (59.5% thalamus; 52% prefrontal cortex,

anterior cingulate cortex, and periaqueductal gray; 50% insular

cortex; and 49% secondary somatosensory cortex) after 40 Hz

and 4,000 Hz tonic SCS compared to baseline levels (95).

Another PET study found that SCS significantly reduced pain

and increased blood flow in the thalamus, anterior cingulate

cortex, and prefrontal cortical areas (96). While the reduction of

metabolic activity and increase in blood flow within the

thalamus, anterior cingulate cortex, and prefrontal cortices seem

contradictory, they can be explained by differences in stimulation

protocols, the involvement of these areas in multiple networks,

or differing activity across subregions. When SCS relieves pain,

pathways within the anterior cingulate cortex may be

simultaneously reduced and activated based on their specific

involvement in affective pain processing, the attentional

components associated with registering pain, or the emotional

aspects of pain (96, 97). For example, during distraction from

pain, the cognitive division of the anterior cingulate cortex

exhibits a reduction of activity (43, 52), but the affective division

of the anterior cingulate cortex shows increased activity (43).

These regions are positioned within nociceptive and affective-

cognitive networks, supporting the notion that SCS impacts both

pain and cognitive processing. This theory is further corroborated

by EEG and PET showing the alleviation of neuropathic pain

coinciding with the normalization of metabolic activities within

supraspinal structures responsible for pain perception, emotional/

behavioral processing, and autonomic responses, including the

anterior cingulate cortex, thalamus, orbitofrontal cortex, and

primary somatosensory cortex (98). Comparing clinically optimal

SCS settings to the SCS-off state in patients with persistent spinal

pain syndrome or neuropathic pain revealed reduced BOLD fMRI

signals in the anterior cingulate cortex, left insula, left

supplementary motor area, and left sensory opercular cortex and

increased BOLD activity in the periaqueductal gray and rostral

brainstem (91). In contrast, findings in rats have highlighted

significant increases in BOLD fMRI signals in areas known for

processing the cognitive-emotional aspects (anterior cingulate

cortex, amygdala, and insular cortex), location, and intensity of

pain (primary somatosensory cortex and premotor cortex)
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TABLE 1 The effects of spinal cord stimulation on pain and supraspinal regions in medication-controlled studies.

Author
and year

Diagnosis SCS
location

SCS protocol Pain effects Supraspinal effects

Deogaonkar

et al. 2015

(100)

CRPS or neuropathic

leg pain

Top of lead

at T6–T9

Type not specified, duration >3

months

Halted 2 h before imaging

Average 45% reduction in pain,

with a range of 0%–75%

Inclusion criteria were >50% pain

reduction in >3 months with SCS

fMRI revealed decreased connectivity

between somatosensory and limbic/

emotional networks with SCS and pain relief

Increased integration of somatosensory

regions and the default mode network with

SCS and pain relief

Kishima et al.

2010 (96)

Chronic neuropathic

pain in lower limbs

Lumbar and

Thoracic

6–12 months SCS

SCS off for 12 h before study,

pre-SCS scans, 30 min habitual

bipolar stimulation, post-SCS

scans

VAS pain levels were significantly

reduced with an average decrease

from 76.1 ± 25.2 before SCS to

40.6 ± 4.5 after SCS

PET revealed activation in regions associated

with pain modulation and emotional

regulation, such as anterior cingulate cortex

and prefrontal regions, specifically the

dorsolateral prefrontal cortex

Moens et al.,

2012 (101)

FBSS T8–T11 SCS optimized to individual

60 Hz, 210–μs, 1.7–3.3 V

during imaging

During imaging mean pain

reduction ratio was 55.47%

fMRI revealed short-term inverse

correlations between pain relief and brain

activity changes in brainstem, rostral

anterior cingulate cortex, cerebellum, and

dorsolateral prefrontal cortex

Greater pain relief had more significant

deactivation in ipsilateral antero-medial part

of the thalamus

Pahapill et al.

2023 (122)

PSPS type 2 Not specified Nonparesthesia producing

waveforms ranging from 1

month to 2.4 years in duration

SCS off during imaging

Pain levels based on NRS with

stimulator off ranged from 3 to 7

rsfcMRI revealed striatum network (caudate

nucleus, putamen, globus pallidus) indexes

were significantly lower in patients with

persistent spinal pain syndrome type 2 with

SCS than in age-matched controls

No correlation between reported pain levels

and patient striatum network indexes, but

striatum network of patients with constant

neuropathic pain normalized and was

directly correlated with duration of pain

relief with SCS

Pahapill et al.

2024 (121)

PSPS type 2 with

constant neuropathic

vs. intermittent pain

Not specified Nonparesthesia producing

waveforms ranging from 6

month to 5 years in duration

No pain in controls, and ranging

from 5 to 6.7 on VAS for patients

with constant or intermittent pain

rsfcMRI revealed pain levels and emotional

functional connectivity (striatum network)

was positively correlated for intermittent

pain but negatively correlated for constant

pain

Poply et al.

2023 (95)

lumbar neuropathic

pain caused by FBSS

T8 and T9 Tonic

4 weeks 40 Hz

4 weeks 4,000 Hz or 10,000 Hz

in a randomized crossover

design

Significant improvement in NRS

(p = 0.001) at all frequencies

compared to baseline

PET revealed SCS reduced metabolic activity

by 50% or more in the thalamus, prefrontal

cortex, insula, anterior cingulate cortex, and

periaqueductal gray at 40 Hz and 4,000 Hz,

but not at 10,000 Hz

Stancák et al.

2008 (107)

FBSS T9–T11 3–4 days of SCS, SCS optimized

to individual ranging from 45

to 85 Hz

36 s of SCS alone, heat pain to

leg alone, or SCS + heat pain

VAS pain levels reported severe

pain at 8.5 ± 0.8 (mean ± SD)

before implantation and reduced

pain levels at 5.25 ± 0.8 five days

after implantation

fMRI revealed activation in primary

sensorimotor cortex, posterior insula, and

secondary somatosensory cortex during SCS

There was decreased activation in primary

motor cortices and primary somatosensory

cortex during SCS

Inferior temporal cortex and cerebellar

cortex had significantly greater activation

with combined SCS + heat pain compared to

separate SCS and heat pain

Vetkas et al.

2025 (91)

PSPS or neuropathic

pain

T8–T10 >1.5 years SCS, optimized per

patient ranging from 40 to

1,200 Hz

6 min scan with 30 s SCS on/off

cycles and 6 min off resting

state between scans including

40 Hz and 1,200 Hz

SCS conditions

Compared to preoperative values,

SCS reduced NRS scores by 3, PCS

by 10.5, and NPSI by 18.9

fMRI revealed optimal pain relief SCS was

associated with reduced BOLD signals in the

anterior cingulate cortex, midcingulate

cortex, insula, supplementary motor area,

sensorimotor operculum, parahippocampal

gyrus, cerebellum, and left thalamus

compared to SCS off

Optimal stimulation increased BOLD

activity in the periaqueductal gray and

rostral brainstem compared to SCS off

All studies included in Table 1 were extracted through a systematic PubMed search with the search criteria “spinal cord stimulation” AND “chronic pain” AND “brain” AND “imaging” or

found within references of relevant articles within this review and verified individually for inclusion by the study team. Studies were only included if medications were controlled or consistent

throughout the study period. For short-term studies lasting less than 24 h, consistent medication throughout the study was presumed if not explicitly stated. Studies with n < 5 were excluded.

BOLD, blood oxygenation level dependent; CRPS, complex regional pain syndrome; EEG, electroencephalogram; FBSS, failed back surgery syndrome; FGD-PET, fluorodeoxyglucose positron

emission tomography; fMRI, functional magnetic resonance imaging; NPSI, neuropahtic pain symptom inventory; NRS, numeric rating scale; PCS, pain catastrophizing scale; PET, positron

emission tomography; PSPS, persistent spinal pain syndrome; PVAQ, pain vigilance and awareness questionnaire; rsfcMRI, resting state functional connectivity magnetic resonance imaging;

SCS, spinal cord stimulation; T, thoracic; VAS, visual analogue scale.

Gartner et al. 10.3389/fpain.2025.1589723

Frontiers in Pain Research 06 frontiersin.org

https://doi.org/10.3389/fpain.2025.1589723
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


following burst or tonic SCS (99). These findings indicate the multi-

regional metabolic and structural effects of SCS in patients.

When comparing SCS on and off settings, a fMRI study found

differences in resting state brain connectivity in sensory-cortical

regions related to pain perception, including the insular cortex,

primary and secondary somatosensory cortices, medial prefrontal

cortex, and posterior cingulate cortex (100). Chronic pain may

shift the representation of pain from sensory structures to limbic

FIGURE 1

Supraspinal regions with overlap of pain, SCS-induced changes and cognitive effects. (A) Overlapping regions of pain networks and SCS activation

(blue) may affect (B) attention (orange), (C) executive and emotional functioning (green), and (D) memory (pink).
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(emotional) regions, but these results indicate that SCS can shift

limbic processing back toward sensory structures and higher-

order cognitive processing. Specifically, in chronic pain,

hyperactivity of the amygdala during pain generates feedforward

inhibition, decreasing activity within the medial prefrontal cortex

(30), coupling activity between the medial prefrontal cortex and

thalamus (16), and impairing top-down cortical control

mechanisms. In contrast, following SCS, there is a significant

decrease in connectivity between the somatosensory cortex and

limbic areas (e.g., amygdala), as well as increased connectivity

between the somatosensory cortex and the default mode network

(e.g., medial prefrontal cortex, posterior cingulate cortex) (100).

It is possible that the pain relief from SCS may reduce the

emotional processing associated with pain, allowing the

somatosensory areas to be more involved in the default

processing of pain. This connectivity shift following SCS may be

a mechanism that improves overall top-down cortical control

during pain processing. A few other key areas may serve as

potential biomarkers for pain relief from SCS. Following SCS,

there is deactivation of the bilateral medial thalamus and its

connections to the rostral and caudal cingulate cortex and insular

cortex (101). Ueno et al. found that differences in functional

connectivity between middle anterior cingulate cortex and

posterior cingulate cortex/precuenus could predict an individual’s

response to SCS (i.e., significant pain reduction or no significant

pain reduction) with accuracy better than chance (102). With

further investigation, this biomarker could potentially be used to

estimate SCS responsiveness before surgical implantation,

limiting unsuccessful surgeries. Importantly, it has been shown

that opioid treatment and anesthetic blocks relate to increased

activity in the anterior cingulate cortex (101, 103–106), so this

must be taken under consideration when analyzing the functional

connectivity of the anterior cingulate cortex. However, pain relief

has been significantly correlated with both short-term

deactivation in the anterior cingulate cortex and long-term

deactivation in the thalamus (101), so the deactivation of the

thalamus may be an additional biomarker for a patient’s

responsiveness to SCS treatment independent of medication

status. Pain relief from SCS has also been negatively correlated

with activity within the inferior olivary nucleus and the

cerebellum (101). Interestingly, when simultaneous heat pain and

SCS were applied to patients with neuropathic pain, there was

significantly greater activation in the temporal and cerebellar

cortices than when heat pain or SCS were applied separately

(107), emphasizing these areas as additional overlapping regions

within the pain and SCS networks.

The current EEG literature contrasts wave patterns observed in

chronic pain between resting state and after SCS. Patients with

chronic pain have lower alpha peak frequency than healthy

controls (35–38, 108); however, studies have shown an increase

in alpha peak frequency following SCS (86, 108). Patients with

fibromyalgia show increases in theta, beta, and gamma power

(35), but SCS decreases theta power (86, 108). Additionally, there

is increased alpha power following SCS (86, 108). Shifts in alpha

frequency have been shown to correlate with pain duration and

intensity (13, 36, 38, 98). Importantly, these amplitudes were

compared across healthy controls as well as patients with severe

neuropathic pain syndrome at baseline and three months after

implantation with SCS (98). The first marker of high-frequency

SCS-induced pain relief is proposed to be the positive correlation

between the alpha/theta peak power ratio in the frontal and

primary sensory cortices and the self-reported improvements of

pain (Oswestry Disability Index) (108). Interestingly, EEG

revealed increased activity in the alpha1 frequency band within

the dorsal anterior cingulate cortex with burst stimulation

compared to both tonic stimulation and baseline activity (13, 87).

There were differences in synchronized alpha1 frequency activity

in the left and right cingulate cortex, and synchronized alpha1,

beta2, and beta3 activity within the dorsolateral prefrontal cortex

between tonic and burst stimulation (13, 87). There was also a

decrease in gamma activity within the hippocampus after burst

stimulation (13). Note that increased gamma was seen in patients

with chronic pain (35). Both burst and tonic stimulation activate

the pregenual anterior cingulate cortex, inferior secondary

somatosensory cortex, posterior cingulate cortex, and the

parahippocampus (13). Additionally, burst stimulation may also

provide direct modulation of the spinothalamic pathways via the

medial pain pathway (dorsal anterior cingulate cortex projections

to the insular cortex) (13). In contrast to these EEG findings,

MEG studies showed no significant differences between spectral

features (i.e., alpha power ratio, and average power in theta,

alpha, beta, and low-gamma frequency bands) between SCS-

responsive and SCS-non-responsive individuals (109). However,

there were significant increases in MEG sensory signal power

below 3 Hz following burst stimulation when compared with

tonic and sham SCS. The inconsistencies in MEG and EEG

results may be due to inherent differences in the techniques

themselves, as MEG is limited to tangential source orientation

and EEG is not (110). Additionally, medication status may vary

across patients and studies. Nevertheless, these studies find SCS-

dependent changes spanning multiple spectral bands and key

areas within both cognitive and pain networks. It is also possible

that the activity changes resulting from SCS lead to large-scale

structural changes in the brain over time, including within the

precentral gyrus, precuneus, hippocampus, cerebellar posterior

lobe, inferior temporal gyrus, inferior frontal gyrus, and middle

frontal gyrus (111, 112). Specifically, SCS induced an increase in

gray matter volume and a decrease in white matter volume

within the premotor cortex/middle frontal gyrus volume, with

the white matter changes correlating to pain relief (112).

As patients with chronic migraine had significantly reduced

cortical thickness (i.e., gray matter volume) in the middle frontal

gyrus compared to healthy controls (40), SCS may be capable of

normalizing these volumetric changes over time.

In sum:

• SCS decreases aberrant pain-related connectivity between the

somatosensory cortex and limbic areas and increases

connectivity between the somatosensory cortex and the default

mode network (medial prefrontal cortex, cingulate cortex).

• The connectivity shift following SCS may reduce emotional

processing and improve top-down cortical control during pain.
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• SCS also reverses pain-related activity in cortical EEG (increase

in alpha frequency and decrease in theta and gamma activity),

especially in regions like the anterior cingulate cortex and

dorsolateral prefrontal cortex.

• More controlled studies are needed to compare SCS effects on

cognition across neurological conditions and to minimize

confounding factors like medication use.

Effects of SCS on cognition

Current research suggests SCS impacts language and speech

processing, comprehension, memory, emotional functioning,

conflict avoidance, and attention (82, 113–116). SCS has been

shown to significantly improve attention in patients with varying

neurological diseases (114). However, a patient’s attention to

their pain symptoms may influence the effectiveness of SCS

treatment. One study investigated the mechanisms of attention in

patients with chronic pain while they were receiving either burst,

tonic, or sham SCS for two weeks (116). Participants received

transcutaneous electrical pulses at the tibial nerve to induce

somatosensory evoked potentials both while attending and not

attending to the pulse. Importantly, medication dosages were

kept consistent across SCS conditions. EEG was used to

determine P300 amplitudes [event-related potential often used to

measure attention (117)] and brain activation. Following the two-

week stimulation period, there were reduced responses to the

somatosensory evoked potential. When patients were not

attending to the electrical pulse during tonic SCS, there was a

decreased P300 amplitude and reduced activity in the

somatosensory and motor cortices. Burst SCS, compared to sham

SCS, decreased activity in the midcingulate cortex, insular cortex,

supplementary motor area, and somatosensory cortices (116).

Reduced activity in the supplementary motor area and

somatosensory cortices suggests decreased activation of the dorsal

attentional network that aids selective attention and stimulus

responses. When an individual is not attending to a painful

stimulus, there is decreased activity within the somatosensory

cortices (116). SCS replicated this activity reduction (116). These

findings suggest that SCS may induce similar changes in the

somatosensory cortex as diverting a patient’s attention away from

pain. This is a potentially beneficial result of SCS, as attention to

pain increases the intensity of the pain (52). This decrease in

activity within the somatosensory cortex is in direct contrast with

the over-activation (beta and gamma) seen in patients with

chronic pain (35), identifying it as a potential neuromodulation

target for SCS treatment or neuronal biomarker for attention in

patients with chronic pain (Figure 1B).

Specific SCS parameters may also influence the executive and

motivational functions critical for impulse control and responses

to conflicting stimuli. In patients with Parkinson’s disease, high

cervical burst SCS was more effective than tonic stimulation at

reducing pain and improving action cancellation, as measured by

stop-signal reaction time (SSRT); however, these patients were

also treated by levodopa (82). Further improvements in the

cognitive-motivational aspects of pain were found with burst SCS

in 38 rats (115). Rats showed significantly lower conflict-

avoidance latencies compared to tonic SCS. These results suggest

SCS may ameliorate the increased impulsivity and emotional

decision-making seen in patients with chronic pain (31).

However, given the complexity of chronic pain networks, further

studies are needed to identify direct biomarkers of inhibited

impulsivity. The somatosensory cortex is critical for processing

painful stimuli (118) and distinguishing between painful and

non-painful stimuli (16). It also functions in the identification of

the emotional significance of a stimulus, generation of emotional

states, regulation of emotion (119), and empathy (120).

Structural and functional changes in the somatosensory cortex

have been associated with abnormal emotional regulation (5).

Given that SCS modulates connectivity between the

somatosensory cortex and the limbic system, SCS may modulate

emotional regulation through somatosensory cortical

connectivity. Additionally, the functional connectivity patterns of

the striatal network (caudate nucleus, putamen, and globus

pallidus), important in emotion and reward circuitry, are

significantly altered in patients with pain and SCS systems when

compared to healthy controls (121–123). Pahapill and colleagues

have further discovered that striatum network indexes of patients

with constant neuropathic pain were directly correlated with

their duration of pain relief with SCS therapy (122), suggesting

normalization of the striatal network over time. Interestingly,

pain levels and emotional functional connectivity were positively

correlated for intermittent pain but negatively correlated for

constant pain (121). Functional changes in pain and emotion

following short-term SCS have also been correlated to the middle

occipital gyrus, inferior parietal gyrus, middle temporal gyrus,

supramarginal gyrus, rolandic operculum, and precuneus (124).

Likely, emotional functioning is affected by multi-network

stimulation during SCS in addition to the emotional processing

involved with the relief of long-term pain. One study suggests

that SCS influences pain perception and the emotional aspects of

pain concurrently; specifically, SCS modulated neuronal activity

in regions associated with pain modulation and emotional

regulation, including the anterior cingulate cortex, thalamus, and

prefrontal cortex, and led to effective reduction of neuropathic

pain (96) (Figure 1C). A large multi-center study compared

cognitive performance in 269 patients at six and twelve months

following SCS implantation (113). Patients showed significant

improvements in mental and emotional functioning, specifically

for catastrophizing (PCS), and quality of life (EQ-5D) (113).

After a year of using SCS, over 80% of individuals were satisfied

with their therapy, 89.3% reduced their pain medication, and

19% ceased pain medication altogether (113). Interestingly, after

3 months of high-frequency SCS, there is a correlation between

the minimum clinically important difference value of the

Pittsburgh sleep quality index and the increased strength in

connectivity between dorsolateral prefrontal cortex and anterior

insular cortex (125). While it is possible that some of these

cognitive, emotional, and lifestyle improvements could be

attributed to decreased medication, the study showed that

clinically significant improvement on the PHQ-9 and STA scales

for depression and anxiety was directly associated with greater
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pain relief (113). Other studies suggest that opioid use in the

treatment of chronic pain is not significantly associated with

cognitive impairment (54, 55, 57). It is difficult to disentangle

whether the changes in cognition and emotional functioning in

patients with chronic pain are due to the decreased perception of

pain following SCS treatment or the stimulation itself. However,

system-wide improvements resulting fromSCS are clearly evidenced.

Although memory and working memory deficits are main

cognitive complaints of patients with chronic pain, there are very

few studies linking SCS treatment to memory improvements in

these patients. One study showed that SCS significantly improved

performance on the Wechsler Memory Scale of patients with

various neurological disorders (114). However, chronic pain was

not the main criterion for subject inclusion; instead, this study

group consisted of patients with cerebral palsy, dystonia,

muscular sclerosis, and torticollis. It is possible that memory may

be affected by the changing plasticity within limbic regions of the

amygdala and hippocampus that are integral to learning and

memory functions (33, 45, 47–49, 53) (Figure 1D). While the

progression from acute to chronic and persistent pain can

instigate activity-induced plasticity in the limbic-cortical circuitry

(30), following SCS there is a significant decrease in connectivity

between the somatosensory cortex and the limbic areas (e.g.,

amygdala), as well as increased connectivity between the

somatosensory cortex and the default mode network (e.g., medial

prefrontal cortex, posterior cingulate cortex) (100). SCS may

impact memory through changes in the limbic network,

specifically in amygdala connectivity. However, further studies

are needed to investigate how the supraspinal changes resulting

from SCS may directly affect memory in patients with chronic pain.

In sum:

• SCS influences cognitive functions, including attention,

language, memory, and emotional regulation.

• EEG studies show that SCS reduces activity in the

somatosensory cortex in patients with chronic pain, similar to

when attention is diverted from pain.

• Burst SCS improves executive control and emotional processing.

These effects are linked to changes in somatosensory-limbic

connectivity and the normalization of the striatal network.

• Few studies have directly linked SCS to memory improvement

in chronic pain. More targeted studies are needed to confirm

its effects on memory in chronic pain populations.

Discussion

SCS can improve pain perception and related physical well-

being, yet the mechanisms by which SCS affects cognition

remain largely unknown. This review compares the current

literature on the supraspinal changes involved with pain

processing and cognition in chronic pain patients to the

supraspinal and cognitive changes associated with SCS. There are

various regions where SCS may modulate both pain processing

and other cognitive processes, including attention, executive and

emotional functioning, and memory (Figure 1). Specifically, we

highlight the anterior cingulate cortex, amygdala, thalamus, and

somatosensory cortex as overlapping regions for pain processing,

cognition, and SCS treatment. Uncovering overlapping

biomarkers for pain and cognition could potentially aid in

individualizing SCS and further enhancing adaptive SCS systems.

Recently, fMRI-based biomarkers have been suggested for

optimization of pain treatment with SCS (91, 102), either by

using prognostic connectivity measurements between the anterior

cingulate cortex and precuneus to predict potential for pain relief

(102) or by using unique BOLD activation patterns associated

with optimal stimulation patterns (91). It is critical for future

research to investigate whether the reduction of pain following

SCS treatment correlates with cognitive effects in order to better

individualize pain treatment and induce favorable cognitive shifts.

Future studies are also needed to disentangle the cognitive

effects of SCS from the nuanced changes associated with

variations in stimulation settings, location, habituation, spread,

and medication dosage. While positive cognitive effects of SCS

have been seen within a cohort of individuals with varying

neurological disorders (114), SCS can have dissociable effects on

patients with spinal cord injury, gait or postural impairments, or

chronic pain. Further, a systematic review found inconclusive

results when they investigated cognition across transcutaneous

stimulation and various other spinal cord injury interventions

(126). One fundamental limitation of determining the cognitive

effects of SCS in pain research is that the supraspinal activation

and activity changes following SCS may stem partly from the

reduction of medications and their associated side effects (127,

128). However, other evidence found no significant link between

cognitive impairments and opioid use in chronic pain treatment,

implying the cognitive changes following SCS may be due to

decreased perceived pain rather than a reduction of medication

(54, 55, 57, 113). Overall, the current literature indicates that SCS

enhances cognitive, attentional, and emotional functioning along

with pain relief, though outcomes may vary by individual,

location, and medication status. Future studies may investigate

these variations for placebo effects (inclusion of sham

stimulation), correlation of reduced SCS therapy due to

adaptation or habituation, ineffective current spread due to lead

migration and scar formation, and thoracic/abdominal

paresthesia. Additionally, further studies are needed to parse how

successful and unsuccessful pain management with SCS can

influence quality of life, cognition, emotion, memory, and

attention in patients with chronic pain. Pain management and

cognitive effects following SCS may also vary based on

stimulation type and frequency. Some studies show that burst

SCS, compared to tonic SCS, yielded more significant

improvements in conflict-avoidance and the cognitive-

motivational aspects of pain (13, 82, 84, 85, 115). Additionally,

there are differences in synchronized alpha1 frequency activity in

the cingulate cortex, and synchronized alpha1, beta2, and beta3

activity within the dorsolateral prefrontal cortex between tonic

and burst stimulation (13, 87). However, how SCS settings affect

cognitive processes like attention, memory, and other areas of

executive and emotional functioning is understudied. Elucidating

the mechanisms behind these cognitive effects is a critical step to

optimizing SCS.
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SCS remains a valuable, minimally invasive treatment option for

drug-refractory chronic pain that can improve pain perception and

related physical well-being. Our comprehensive review highlights

the anterior cingulate cortex, amygdala, thalamus, and

somatosensory cortex as regions where SCS may modulate both

pain processing and various other cognitive processes, including

attention, executive and emotional functioning, and memory.

Recognizing activity changes within these key supraspinal regions

during SCS treatment may help identify biomarkers for pain

treatment, induce favorable cognitive shifts, and inform cortical

feedback regions for adaptive SCS systems. Further studies are

necessary to disentangle the supraspinal effects stemming from the

decreased perception of pain following SCS treatment, the

reduction of medication coinciding with the SCS management of

pain, and the stimulation itself.

Author contributions

KG: Conceptualization, Investigation, Validation, Writing –

original draft, Writing – review & editing. SR: Conceptualization,

Investigation, Validation, Writing – original draft. AV:

Conceptualization, Investigation, Validation, Writing – original

draft. MA: Investigation, Validation, Writing – original draft.

NH: Investigation, Validation, Writing – original draft. TS:

Conceptualization, Investigation, Validation, Writing – review &

editing. Nv: Conceptualization, Investigation, Validation,

Writing – review & editing, Supervision. AZ: Conceptualization,

Investigation, Validation, Writing – review & editing, Supervision.

Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. GBD 2015 Disease and Injury Incidence and Prevalence Collaborators. Global,
regional, and national incidence, prevalence, and years lived with disability for 310
diseases and injuries, 1990–2015: a systematic analysis for the global burden of
disease study 2015. Lancet. (2016) 388(10053):1545–602. doi: 10.1016/s0140-6736
(16)31678-6

2. Treede RD, Rief W, Barke A, Aziz Q, Bennett MI, Benoliel R, et al. Chronic pain
as a symptom or a disease: the IASP classification of chronic pain for the international
classification of diseases (ICD-11). Pain. (2019) 160(1):19–27. doi: 10.1097/j.pain.
0000000000001384

3. Higgins DM, Martin AM, Baker DG, Vasterling JJ, Risbrough V. The relationship
between chronic pain and neurocognitive function: a systematic review. Clin J Pain.
(2018) 34(3):262–75. doi: 10.1097/ajp.0000000000000536

4. Verrills P, Sinclair C, Barnard A. A review of spinal cord stimulation systems for
chronic pain. J Pain Res. (2016) 9:481–92. doi: 10.2147/jpr.S108884

5. Kropf E, Syan SK, Minuzzi L, Frey BN. From anatomy to function: the role of the
somatosensory cortex in emotional regulation. Braz J Psychiatry. (2019) 41(3):261–9.
doi: 10.1590/1516-4446-2018-0183

6. Neugebauer V, Li W, Bird GC, Han JS. The amygdala and persistent pain.
Neuroscientist. (2004) 10(3):221–34. doi: 10.1177/1073858403261077

7. Institute of Medicine (US) Committee on Pain, Disability, and Chronic Illness
Behavior; Osterweis M, Kleinman A, Mechanic D, editors. The Anatomy and Physiology
of Pain. Washington, DC: National Academies Press (1987).

8. Markenson JA. Mechanisms of chronic pain. Am J Med. (1996) 101(1a):6s–18.
doi: 10.1016/s0002-9343(96)00133-7

9. Mills EP, Keay KA, Henderson LA. Brainstem pain-modulation circuitry and its
plasticity in neuropathic pain: insights from human brain imaging investigations.
Front Pain Res (Lausanne). (2021) 2:705345. doi: 10.3389/fpain.2021.705345

10. Napadow V, Sclocco R, Henderson LA. Brainstem neuroimaging of nociception
and pain circuitries. Pain Rep. (2019) 4(4):e745. doi: 10.1097/pr9.0000000000000745

11. Luo J, Zhu HQ, Gou B, Wang XQ. Neuroimaging assessment of pain.
Neurotherapeutics. (2022) 19(5):1467–88. doi: 10.1007/s13311-022-01274-z

12. Martucci KT, Mackey SC. Neuroimaging of pain: human evidence and clinical
relevance of central nervous system processes and modulation. Anesthesiology.
(2018) 128(6):1241–54. doi: 10.1097/aln.0000000000002137

13. De Ridder D, Vanneste S. Burst and tonic spinal cord stimulation: different and
common brain mechanisms. Neuromodulation. (2016) 19(1):47–59. doi: 10.1111/ner.
12368

14. Goudman L, De Groote S, Linderoth B, De Smedt A, Eldabe S, Duarte RV, et al.
Exploration of the supraspinal hypotheses about spinal cord stimulation and dorsal
root ganglion stimulation: a systematic review. J Clin Med. (2021) 10(13):2766.
doi: 10.3390/jcm10132766

15. Squire L, Berg D, Bloom FE, Du Lac S, Ghosh A, Spitzer NC. Fundamental
Neuroscience: Fourth Edition. Waltham, MA: Elsevier Inc. (2012).

16. Tseng MT, Kong Y, Eippert F, Tracey I. Determining the neural substrate for
encoding a memory of human pain and the influence of anxiety. J Neurosci. (2017)
37(49):11806–17. doi: 10.1523/jneurosci.0750-17.2017

17. Salomons TV, Moayedi M, Weissman-Fogel I, Goldberg MB, Freeman BV,
Tenenbaum HC, et al. Perceived helplessness is associated with individual
differences in the central motor output system. Eur J Neurosci. (2012) 35(9):1481–7.
doi: 10.1111/j.1460-9568.2012.08048.x

18. Dale J, Zhou H, Zhang Q, Martinez E, Hu S, Liu K, et al. Scaling up cortical
control inhibits pain. Cell Rep. (2018) 23(5):1301–13. doi: 10.1016/j.celrep.2018.03.
139

19. Ong WY, Stohler CS, Herr DR. Role of the prefrontal cortex in pain processing.
Mol Neurobiol. (2019) 56(2):1137–66. doi: 10.1007/s12035-018-1130-9

20. Basbaum AI, Fields HL. Endogenous pain control systems: brainstem spinal
pathways and endorphin circuitry. Annu Rev Neurosci. (1984) 7:309–38. doi: 10.
1146/annurev.ne.07.030184.001521

Gartner et al. 10.3389/fpain.2025.1589723

Frontiers in Pain Research 11 frontiersin.org

https://doi.org/10.1016/s0140-6736(16)31678-6
https://doi.org/10.1016/s0140-6736(16)31678-6
https://doi.org/10.1097/j.pain.0000000000001384
https://doi.org/10.1097/j.pain.0000000000001384
https://doi.org/10.1097/ajp.0000000000000536
https://doi.org/10.2147/jpr.S108884
https://doi.org/10.1590/1516-4446-2018-0183
https://doi.org/10.1177/1073858403261077
https://doi.org/10.1016/s0002-9343(96)00133-7
https://doi.org/10.3389/fpain.2021.705345
https://doi.org/10.1097/pr9.0000000000000745
https://doi.org/10.1007/s13311-022-01274-z
https://doi.org/10.1097/aln.0000000000002137
https://doi.org/10.1111/ner.12368
https://doi.org/10.1111/ner.12368
https://doi.org/10.3390/jcm10132766
https://doi.org/10.1523/jneurosci.0750-17.2017
https://doi.org/10.1111/j.1460-9568.2012.08048.x
https://doi.org/10.1016/j.celrep.2018.03.139
https://doi.org/10.1016/j.celrep.2018.03.139
https://doi.org/10.1007/s12035-018-1130-9
https://doi.org/10.1146/annurev.ne.07.030184.001521
https://doi.org/10.1146/annurev.ne.07.030184.001521
https://doi.org/10.3389/fpain.2025.1589723
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


21. Le Bars D. The whole body receptive field of dorsal horn multireceptive
neurones. Brain Res Brain Res Rev. (2002) 40(1-3):29–44. doi: 10.1016/s0165-0173
(02)00186-8

22. Nabavi S, Fox R, Proulx CD, Lin JY, Tsien RY, Malinow R. Engineering a
memory with LTD and LTP. Nature. (2014) 511(7509):348–52. doi: 10.1038/
nature13294

23. Bauer EP, Schafe GE, LeDoux JE. NMDA receptors and L-type voltage-gated
calcium channels contribute to long-term potentiation and different components of
fear memory formation in the lateral amygdala. J Neurosci. (2002) 22(12):5239–49.
doi: 10.1523/jneurosci.22-12-05239.2002

24. Lamprecht R, LeDoux J. Structural plasticity and memory. Nat Rev Neurosci.
(2004) 5(1):45–54. doi: 10.1038/nrn1301

25. Latremoliere A, Woolf CJ. Central sensitization: a generator of pain
hypersensitivity by central neural plasticity. J Pain. (2009) 10(9):895–926. doi: 10.
1016/j.jpain.2009.06.012

26. Magerl W, Hansen N, Treede RD, Klein T. The human pain system exhibits
higher-order plasticity (metaplasticity). Neurobiol Learn Mem. (2018) 154:112–20.
doi: 10.1016/j.nlm.2018.04.003

27. Kumazawa T. Primitivism and plasticity of pain–implication of polymodal
receptors. Neurosci Res. (1998) 32(1):9–31. doi: 10.1016/s0168-0102(98)00060-1

28. Katz J, Melzack R. Pain ‘memories’ in phantom limbs: review and clinical
observations. Pain. (1990) 43(3):319–36. doi: 10.1016/0304-3959(90)90029-d

29. Mansour AR, Farmer MA, Baliki MN, Apkarian AV. Chronic pain: the role of
learning and brain plasticity. Restor Neurol Neurosci. (2014) 32(1):129–39. doi: 10.
3233/rnn-139003

30. Thompson JM, Neugebauer V. Amygdala plasticity and pain. Pain Res Manag.
(2017) 2017:8296501. doi: 10.1155/2017/8296501

31. Khera T, Rangasamy V. Cognition and pain: a review. Front Psychol. (2021)
12:673962. doi: 10.3389/fpsyg.2021.673962

32. Mutso AA, Radzicki D, Baliki MN, Huang L, Banisadr G, Centeno MV, et al.
Abnormalities in hippocampal functioning with persistent pain. J Neurosci. (2012)
32(17):5747–56. doi: 10.1523/jneurosci.0587-12.2012

33. McCarberg B, Peppin J. Pain pathways and nervous system plasticity: learning
and memory in pain. Pain Med. (2019) 20(12):2421–37. doi: 10.1093/pm/pnz017

34. Cauda F, Sacco K, D’Agata F, Duca S, Cocito D, Geminiani G, et al. Low-
frequency BOLD fluctuations demonstrate altered thalamocortical connectivity in
diabetic neuropathic pain. BMC Neurosci. (2009) 10:138. doi: 10.1186/1471-2202-
10-138

35. Lim M, Kim JS, Kim DJ, Chung CK. Increased low- and high-frequency
oscillatory activity in the prefrontal cortex of fibromyalgia patients. Front Hum
Neurosci. (2016) 10:111. doi: 10.3389/fnhum.2016.00111

36. de Vries M, Wilder-Smith OH, Jongsma ML, van den Broeke EN, Arns M, van
Goor H, et al. Altered resting state EEG in chronic pancreatitis patients: toward a
marker for chronic pain. J Pain Res. (2013) 6:815–24. doi: 10.2147/jpr.S50919

37. Sarnthein J, Stern J, Aufenberg C, Rousson V, Jeanmonod D. Increased EEG
power and slowed dominant frequency in patients with neurogenic pain. Brain.
(2006) 129(Pt 1):55–64. doi: 10.1093/brain/awh631

38. Furman AJ, Meeker TJ, Rietschel JC, Yoo S, Muthulingam J, Prokhorenko M,
et al. Cerebral peak alpha frequency predicts individual differences in pain
sensitivity. Neuroimage. (2018) 167:203–10. doi: 10.1016/j.neuroimage.2017.11.042

39. Knotkova H, Hamani C, Sivanesan E, Le Beuffe MFE, Moon JY, Cohen SP, et al.
Neuromodulation for chronic pain. Lancet. (2021) 397(10289):2111–24. doi: 10.1016/
s0140-6736(21)00794-7

40. Lai KL, Niddam DM, Fuh JL, ChenWT,Wu JC, Wang SJ. Cortical morphological
changes in chronic migraine in a Taiwanese cohort: surface- and voxel-based analyses.
Cephalalgia. (2020) 40(6):575–85. doi: 10.1177/0333102420920005

41. Planchuelo-Gómez Á, García-Azorín D, Guerrero Á L, Rodríguez M, Aja-
Fernández S, de Luis-García R. Gray matter structural alterations in chronic and
episodic migraine: a morphometric magnetic resonance imaging study. Pain Med.
(2020) 21(11):2997–3011. doi: 10.1093/pm/pnaa271

42. Ceko M, Bushnell MC, Fitzcharles MA, Schweinhardt P. Fibromyalgia interacts
with age to change the brain. Neuroimage Clin. (2013) 3:249–60. doi: 10.1016/j.nicl.
2013.08.015

43. Bantick SJ, Wise RG, Ploghaus A, Clare S, Smith SM, Tracey I. Imaging how
attention modulates pain in humans using functional MRI. Brain. (2002) 125(Pt
2):310–9. doi: 10.1093/brain/awf022

44. Borsook D, Veggeberg R, Erpelding N, Borra R, Linnman C, Burstein R, et al.
The Insula: a “hub of activity” in migraine. Neuroscientist. (2016) 22(6):632–52.
doi: 10.1177/1073858415601369

45. Ergorul C, Eichenbaum H. The hippocampus and memory for “what,” “where,”
and “when”. Learn Mem. (2004) 11(4):397–405. doi: 10.1101/lm.73304

46. Legrain V, Damme SV, Eccleston C, Davis KD, Seminowicz DA, Crombez G. A
neurocognitive model of attention to pain: behavioral and neuroimaging evidence.
Pain. (2009) 144(3):230–2. doi: 10.1016/j.pain.2009.03.020

47. Ono T, Nishijo H, Uwano T. Amygdala role in conditioned associative learning.
Prog Neurobiol. (1995) 46(4):401–22. doi: 10.1016/0301-0082(95)00008-j

48. Perumal MB, Sah P. Inhibitory circuits in the basolateral amygdala in aversive
learning and memory. Front Neural Circuits. (2021) 15:633235. doi: 10.3389/fncir.
2021.633235

49. Sawangjit A, Oyanedel CN, Niethard N, Salazar C, Born J, Inostroza M. The
hippocampus is crucial for forming non-hippocampal long-term memory during
sleep. Nature. (2018) 564(7734):109–13. doi: 10.1038/s41586-018-0716-8

50. Shinoura N, Yamada R, Tabei Y, Shiode T, Itoi C, Saito S, et al. The right dorsal
anterior cingulate cortex may play a role in anxiety disorder and visual function.
Neurol Res. (2013) 35(1):65–70. doi: 10.1179/1743132812y.0000000101

51. Tajerian M, Hung V, Nguyen H, Lee G, Joubert LM, Malkovskiy AV, et al. The
hippocampal extracellular matrix regulates pain and memory after injury. Mol
Psychiatry. (2018) 23(12):2302–13. doi: 10.1038/s41380-018-0209-z

52. Valet M, Sprenger T, Boecker H, Willoch F, Rummeny E, Conrad B, et al.
Distraction modulates connectivity of the cingulo-frontal cortex and the midbrain
during pain–an fMRI analysis. Pain. (2004) 109(3):399–408. doi: 10.1016/j.pain.
2004.02.033

53. Zaletel I, Filipović D, Puškaš N. Hippocampal BDNF in physiological conditions
and social isolation. Rev Neurosci. (2017) 28(6):675–92. doi: 10.1515/revneuro-2016-0072

54. Ersek M, Cherrier MM, Overman SS, Irving GA. The cognitive effects of opioids.
Pain Manag Nurs. (2004) 5(2):75–93. doi: 10.1016/j.pmn.2003.11.002

55. Simopoulos T, Sharma S, Wootton RJ, Orhurhu V, Aner M, Gill JS.
Discontinuation of chronic opiate therapy after successful spinal cord stimulation is
highly dependent upon the daily opioid dose. Pain Pract. (2019) 19(8):794–9.
doi: 10.1111/papr.12807

56. Sjøgren P, Christrup LL, Petersen MA, Højsted J. Neuropsychological
assessment of chronic non-malignant pain patients treated in a multidisciplinary
pain centre. Eur J Pain. (2005) 9(4):453–62. doi: 10.1016/j.ejpain.2004.10.005

57. Strassels SA. Cognitive effects of opioids. Curr Pain Headache Rep. (2008)
12(1):32–6. doi: 10.1007/s11916-008-0007-4

58. Jamison RN, Schein JR, Vallow S, Ascher S, Vorsanger GJ, Katz NP.
Neuropsychological effects of long-term opioid use in chronic pain patients. J Pain
Symptom Manage. (2003) 26(4):913–21. doi: 10.1016/s0885-3924(03)00310-5

59. Landrø NI, Fors EA, Våpenstad LL, Holthe Ø, Stiles TC, Borchgrevink PC. The
extent of neurocognitive dysfunction in a multidisciplinary pain centre population. Is
there a relation between reported and tested neuropsychological functioning? Pain.
(2013) 154(7):972–7. doi: 10.1016/j.pain.2013.01.013

60. Tassain V, Attal N, Fletcher D, Brasseur L, Dégieux P, Chauvin M, et al. Long
term effects of oral sustained release morphine on neuropsychological performance in
patients with chronic non-cancer pain. Pain. (2003) 104(1-2):389–400. doi: 10.1016/
s0304-3959(03)00047-2

61. McCracken LM, Iverson GL. Predicting complaints of impaired cognitive
functioning in patients with chronic pain. J Pain Symptom Manage. (2001)
21(5):392–6. doi: 10.1016/s0885-3924(01)00267-6

62. Eccleston C. Chronic pain and attention: a cognitive approach. Br J Clin Psychol.
(1994) 33(4):535–47. doi: 10.1111/j.2044-8260.1994.tb01150.x

63. Grisart JM, Van der Linden M. Conscious and automatic uses of memory in
chronic pain patients. Pain. (2001) 94(3):305–13. doi: 10.1016/s0304-3959(01)00366-9

64. van der Leeuw G, Leveille SG, Dong Z, Shi L, Habtemariam D, Milberg W, et al.
Chronic pain and attention in older community-dwelling adults. J Am Geriatr Soc.
(2018) 66(7):1318–24. doi: 10.1111/jgs.15413

65. Peyron R, García-Larrea L, Grégoire MC, Costes N, Convers P, Lavenne F, et al.
Haemodynamic brain responses to acute pain in humans: sensory and attentional
networks. Brain. (1999) 122(Pt 9):1765–80. doi: 10.1093/brain/122.9.1765

66. Cristofori I, Cohen-Zimerman S, Grafman J. Executive functions. Handb Clin
Neurol. (2019) 163:197–219. doi: 10.1016/b978-0-12-804281-6.00011-2

67. Moriarty O, McGuire BE, Finn DP. The effect of pain on cognitive function: a
review of clinical and preclinical research. Prog Neurobiol. (2011) 93(3):385–404.
doi: 10.1016/j.pneurobio.2011.01.002

68. Tyng CM, Amin HU, Saad MNM, Malik AS. The influences of emotion on
learning and memory. Front Psychol. (2017) 8:1454. doi: 10.3389/fpsyg.2017.01454

69. Apkarian AV, Sosa Y, Krauss BR, Thomas PS, Fredrickson BE, Levy RE, et al.
Chronic pain patients are impaired on an emotional decision-making task. Pain.
(2004) 108(1-2):129–36. doi: 10.1016/j.pain.2003.12.015

70. Verdejo-García A, Bechara A, Recknor EC, Pérez-García M. Executive
dysfunction in substance dependent individuals during drug use and abstinence: an
examination of the behavioral, cognitive and emotional correlates of addiction. J Int
Neuropsychol Soc. (2006) 12(3):405–15. doi: 10.1017/s1355617706060486

71. Goddard GV. Functions of the amygdala. Psychol Bull. (1964) 62:89–109. doi: 10.
1037/h0044853

72. Maren S. Long-term potentiation in the amygdala: a mechanism for emotional
learning and memory. Trends Neurosci. (1999) 22(12):561–7. doi: 10.1016/s0166-2236
(99)01465-4

Gartner et al. 10.3389/fpain.2025.1589723

Frontiers in Pain Research 12 frontiersin.org

https://doi.org/10.1016/s0165-0173(02)00186-8
https://doi.org/10.1016/s0165-0173(02)00186-8
https://doi.org/10.1038/nature13294
https://doi.org/10.1038/nature13294
https://doi.org/10.1523/jneurosci.22-12-05239.2002
https://doi.org/10.1038/nrn1301
https://doi.org/10.1016/j.jpain.2009.06.012
https://doi.org/10.1016/j.jpain.2009.06.012
https://doi.org/10.1016/j.nlm.2018.04.003
https://doi.org/10.1016/s0168-0102(98)00060-1
https://doi.org/10.1016/0304-3959(90)90029-d
https://doi.org/10.3233/rnn-139003
https://doi.org/10.3233/rnn-139003
https://doi.org/10.1155/2017/8296501
https://doi.org/10.3389/fpsyg.2021.673962
https://doi.org/10.1523/jneurosci.0587-12.2012
https://doi.org/10.1093/pm/pnz017
https://doi.org/10.1186/1471-2202-10-138
https://doi.org/10.1186/1471-2202-10-138
https://doi.org/10.3389/fnhum.2016.00111
https://doi.org/10.2147/jpr.S50919
https://doi.org/10.1093/brain/awh631
https://doi.org/10.1016/j.neuroimage.2017.11.042
https://doi.org/10.1016/s0140-6736(21)00794-7
https://doi.org/10.1016/s0140-6736(21)00794-7
https://doi.org/10.1177/0333102420920005
https://doi.org/10.1093/pm/pnaa271
https://doi.org/10.1016/j.nicl.2013.08.015
https://doi.org/10.1016/j.nicl.2013.08.015
https://doi.org/10.1093/brain/awf022
https://doi.org/10.1177/1073858415601369
https://doi.org/10.1101/lm.73304
https://doi.org/10.1016/j.pain.2009.03.020
https://doi.org/10.1016/0301-0082(95)00008-j
https://doi.org/10.3389/fncir.2021.633235
https://doi.org/10.3389/fncir.2021.633235
https://doi.org/10.1038/s41586-018-0716-8
https://doi.org/10.1179/1743132812y.0000000101
https://doi.org/10.1038/s41380-018-0209-z
https://doi.org/10.1016/j.pain.2004.02.033
https://doi.org/10.1016/j.pain.2004.02.033
https://doi.org/10.1515/revneuro-2016-0072
https://doi.org/10.1016/j.pmn.2003.11.002
https://doi.org/10.1111/papr.12807
https://doi.org/10.1016/j.ejpain.2004.10.005
https://doi.org/10.1007/s11916-008-0007-4
https://doi.org/10.1016/s0885-3924(03)00310-5
https://doi.org/10.1016/j.pain.2013.01.013
https://doi.org/10.1016/s0304-3959(03)00047-2
https://doi.org/10.1016/s0304-3959(03)00047-2
https://doi.org/10.1016/s0885-3924(01)00267-6
https://doi.org/10.1111/j.2044-8260.1994.tb01150.x
https://doi.org/10.1016/s0304-3959(01)00366-9
https://doi.org/10.1111/jgs.15413
https://doi.org/10.1093/brain/122.9.1765
https://doi.org/10.1016/b978-0-12-804281-6.00011-2
https://doi.org/10.1016/j.pneurobio.2011.01.002
https://doi.org/10.3389/fpsyg.2017.01454
https://doi.org/10.1016/j.pain.2003.12.015
https://doi.org/10.1017/s1355617706060486
https://doi.org/10.1037/h0044853
https://doi.org/10.1037/h0044853
https://doi.org/10.1016/s0166-2236(99)01465-4
https://doi.org/10.1016/s0166-2236(99)01465-4
https://doi.org/10.3389/fpain.2025.1589723
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


73. Jamison RN, Sbrocco T, Parris WC. The influence of problems with
concentration and memory on emotional distress and daily activities in chronic
pain patients. Int J Psychiatry Med. (1988) 18(2):183–91. doi: 10.2190/ftr1-f9vx-
cb8t-wpmc

74. Mazza S, Frot M, Rey AE. A comprehensive literature review of chronic pain and
memory. Prog Neuropsychopharmacol Biol Psychiatry. (2018) 87(Pt B):183–92. doi: 10.
1016/j.pnpbp.2017.08.006

75. Muñoz M, Esteve R. Reports of memory functioning by patients with chronic
pain. Clin J Pain. (2005) 21(4):287–91. doi: 10.1097/01.ajp.0000173993.53733.2e

76. Park DC, Glass JM, Minear M, Crofford LJ. Cognitive function in fibromyalgia
patients. Arthritis Rheum. (2001) 44(9):2125–33. doi: 10.1002/1529-0131(200109)
44:9<2125::Aid-art365>3.0.Co;2-1

77. Doan L, Manders T, Wang J. Neuroplasticity underlying the comorbidity of pain
and depression. Neural Plast. (2015) 2015:504691. doi: 10.1155/2015/504691

78. Duric V, McCarson KE. Persistent pain produces stress-like alterations in
hippocampal neurogenesis and gene expression. J Pain. (2006) 7(8):544–55. doi: 10.
1016/j.jpain.2006.01.458

79. Taccola G, Barber S, Horner PJ, Bazo HAC, Sayenko D. Complications of
epidural spinal stimulation: lessons from the past and alternatives for the future.
Spinal Cord. (2020) 58(10):1049–59. doi: 10.1038/s41393-020-0505-8

80. Bendersky D, Yampolsky C. Is spinal cord stimulation safe? A review of its
complications. World Neurosurg. (2014) 82(6):1359–68. doi: 10.1016/j.wneu.2013.06.
012

81. Huang Q, Duan W, Sivanesan E, Liu S, Yang F, Chen Z, et al. Spinal cord
stimulation for pain treatment after spinal cord injury. Neurosci Bull. (2019)
35(3):527–39. doi: 10.1007/s12264-018-0320-9

82. Mazzone P, Viselli F, Ferraina S, Giamundo M, Marano M, Paoloni M, et al.
High cervical spinal cord stimulation: a one year follow-up study on motor and
non-motor functions in Parkinson’s disease. Brain Sci. (2019) 9:4. doi: 10.3390/
brainsci9040078

83. Vanegas-Arroyave N, Jankovic J. Spinal cord stimulation for gait disturbances in
parkinson’s disease. Expert Rev Neurother. (2023) 23(7):651–9. doi: 10.1080/14737175.
2023.2228492

84. Chakravarthy K, Kent AR, Raza A, Xing F, Kinfe TM. Burst spinal cord
stimulation: review of preclinical studies and comments on clinical outcomes.
Neuromodulation. (2018) 21(5):431–9. doi: 10.1111/ner.12756

85. Kirketeig T, Schultheis C, Zuidema X, Hunter CW, Deer T. Burst spinal cord
stimulation: a clinical review. Pain Med. (2019) 20(Suppl 1):S31–s40. doi: 10.1093/
pm/pnz003

86. Witjes B, Ottenheym LA, Huygen F, de Vos CC. A review of effects of spinal
cord stimulation on spectral features in resting-state electroencephalography.
Neuromodulation. (2023) 26(1):35–42. doi: 10.1016/j.neurom.2022.04.036

87. De Ridder D, Plazier M, Kamerling N, Menovsky T, Vanneste S. Burst spinal
cord stimulation for limb and back pain. World Neurosurg. (2013)
80(5):642–649.e1. doi: 10.1016/j.wneu.2013.01.040

88. Chakravarthy K, Malayil R, Kirketeig T, Deer T. Burst spinal cord stimulation: a
systematic review and pooled analysis of real-world evidence and outcomes data. Pain
Med. (2019) 20(Suppl 1):S47–s57. doi: 10.1093/pm/pnz046

89. Deer T, Slavin KV, Amirdelfan K, North RB, Burton AW, Yearwood TL, et al.
Success using neuromodulation with BURST (SUNBURST) study: results from a
prospective, randomized controlled trial using a novel burst waveform.
Neuromodulation. (2018) 21(1):56–66. doi: 10.1111/ner.12698

90. Yearwood T, De Ridder D, Yoo HB, Falowski S, Venkatesan L, Ting To W, et al.
Comparison of neural activity in chronic pain patients during tonic and burst spinal
cord stimulation using fluorodeoxyglucose positron emission tomography.
Neuromodulation. (2020) 23(1):56–63. doi: 10.1111/ner.12960

91. Vetkas A, Cheyuo C, Zemmar A, Santyr B, Chow CT, Kashyap S, et al.
Functional MRI reveals brain activation patterns associated with optimization of
spinal cord stimulation parameters in treating chronic pain. Brain Stimul. (2025)
18(1):173–5. doi: 10.1016/j.brs.2025.01.009

92. Goudman L, Linderoth B, Nagels G, Huysmans E, Moens M. Cortical mapping
in conventional and high dose spinal cord stimulation: an exploratory power spectrum
and functional connectivity analysis with electroencephalography. Neuromodulation.
(2020) 23(1):74–81. doi: 10.1111/ner.12969

93. De Groote S, De Jaeger M, Van Schuerbeek P, Sunaert S, Peeters R, Loeckx D,
et al. Functional magnetic resonance imaging: cerebral function alterations in
subthreshold and suprathreshold spinal cord stimulation. J Pain Res. (2018)
11:2517–26. doi: 10.2147/jpr.S160890

94. Mekhail N, Levy RM, Deer TR, Kapural L, Li S, Amirdelfan K, et al. Long-term
safety and efficacy of closed-loop spinal cord stimulation to treat chronic back and leg
pain (evoke): a double-blind, randomised, controlled trial. Lancet Neurol. (2020)
19(2):123–34. doi: 10.1016/s1474-4422(19)30414-4

95. Poply K, Haroon A, Ganeshan B, Nikolic S, Sharma S, Ahmad A, et al. Dynamic
brain imaging response to spinal cord stimulation differential frequencies DiFY SCS-
PET clinical trial. Neuromodulation. (2023) 26(5):988–98. doi: 10.1016/j.neurom.2022.
07.012

96. Kishima H, Saitoh Y, Oshino S, Hosomi K, Ali M, Maruo T, et al. Modulation
of neuronal activity after spinal cord stimulation for neuropathic pain; H(2)15O
PET study. Neuroimage. (2010) 49(3):2564–9. doi: 10.1016/j.neuroimage.2009.10.
054

97. Peyron R, Laurent B, García-Larrea L. Functional imaging of brain responses to
pain. A review and meta-analysis (2000). Neurophysiol Clin. (2000) 30(5):263–88.
doi: 10.1016/s0987-7053(00)00227-6

98. Sufianov AA, Shapkin AG, Sufianova GZ, Elishev VG, Barashin DA,
Berdichevskii VB, et al. Functional and metabolic changes in the brain in
neuropathic pain syndrome against the background of chronic epidural
electrostimulation of the spinal cord. Bull Exp Biol Med. (2014) 157(4):462–5.
doi: 10.1007/s10517-014-2591-0

99. Meuwissen KPV, van der Toorn A, Gu JW, Zhang TC, Dijkhuizen RM, Joosten
EAJ. Active recharge burst and tonic spinal cord stimulation engage different
supraspinal mechanisms: a functional magnetic resonance imaging study in
peripherally injured chronic neuropathic rats. Pain Pract. (2020) 20(5):510–21.
doi: 10.1111/papr.12879

100. Deogaonkar M, Sharma M, Oluigbo C, Nielson DM, Yang X, Vera-
Portocarrero L, et al. Spinal cord stimulation (SCS) and functional magnetic
resonance imaging (fMRI): modulation of cortical connectivity with therapeutic
SCS. Neuromodulation. (2016) 19(2):142–53. doi: 10.1111/ner.12346

101. Moens M, Sunaert S, Mariën P, Brouns R, De Smedt A, Droogmans S, et al.
Spinal cord stimulation modulates cerebral function: an fMRI study.
Neuroradiology. (2012) 54(12):1399–407. doi: 10.1007/s00234-012-1087-8

102. Ueno K, Oshiro Y, Kan S, Nomura Y, Satou H, Obata N, et al. Resting-state
brain functional connectivity in patients with chronic intractable pain who respond
to spinal cord stimulation therapy. Br J Anaesth. (2025) 134(2):492–500. doi: 10.
1016/j.bja.2024.10.011

103. Duncan GH, Kupers RC, Marchand S, Villemure JG, Gybels JM, Bushnell MC.
Stimulation of human thalamus for pain relief: possible modulatory circuits revealed
by positron emission tomography. J Neurophysiol. (1998) 80(6):3326–30. doi: 10.1152/
jn.1998.80.6.3326

104. Firestone LL, Gyulai F, Mintun M, Adler LJ, Urso K, Winter PM. Human brain
activity response to fentanyl imaged by positron emission tomography. Anesth Analg.
(1996) 82(6):1247–51. doi: 10.1097/00000539-199606000-00025

105. García-Larrea L, Peyron R, Mertens P, Gregoire MC, Lavenne F, Le Bars D,
et al. Electrical stimulation of motor cortex for pain control: a combined PET-scan
and electrophysiological study. Pain. (1999) 83(2):259–73. doi: 10.1016/s0304-3959
(99)00114-1

106. Hsieh JC, Belfrage M, Stone-Elander S, Hansson P, Ingvar M. Central
representation of chronic ongoing neuropathic pain studied by positron emission
tomography. Pain. (1995) 63(2):225–36. doi: 10.1016/0304-3959(95)00048-w

107. Stancák A, Kozák J, Vrba I, Tintera J, Vrána J, Polácek H, et al. Functional
magnetic resonance imaging of cerebral activation during spinal cord stimulation in
failed back surgery syndrome patients. Eur J Pain. (2008) 12(2):137–48. doi: 10.
1016/j.ejpain.2007.03.003

108. Telkes L, Hancu M, Paniccioli S, Grey R, Briotte M, McCarthy K, et al.
Differences in EEG patterns between tonic and high frequency spinal cord
stimulation in chronic pain patients. Clin Neurophysiol. (2020) 131(8):1731–40.
doi: 10.1016/j.clinph.2020.03.040

109. Witjes B, Baillet S, Roy M, Oostenveld R, Huygen F, de Vos CC. Heterogeneous
cortical effects of spinal cord stimulation. Neuromodulation. (2023) 26(5):950–60.
doi: 10.1016/j.neurom.2022.12.005

110. Ahlfors SP, Han J, Belliveau JW, Hämäläinen MS. Sensitivity of MEG and
EEG to source orientation. Brain Topogr. (2010) 23(3):227–32. doi: 10.1007/
s10548-010-0154-x

111. De Groote S, Goudman L, Linderoth B, Buyck F, Rigoard P, De Jaeger M, et al.
A regions of interest voxel-based morphometry study of the human brain during high-
frequency spinal cord stimulation in patients with failed back surgery syndrome. Pain
Pract. (2020) 20(8):878–88. doi: 10.1111/papr.12922

112. De Groote S, Goudman L, Van Schuerbeek P, Peeters R, Sunaert S, Linderoth B,
et al. Effects of spinal cord stimulation on voxel-based brain morphometry in patients
with failed back surgery syndrome. Clin Neurophysiol. (2020) 131(11):2578–87.
doi: 10.1016/j.clinph.2020.07.024

113. Falowski SM, Moore GA, Cornidez EG, Hutcheson JK, Candido K, Peña I, et al.
Improved psychosocial and functional outcomes and reduced opioid usage following
burst spinal cord stimulation. Neuromodulation. (2021) 24(3):581–90. doi: 10.1111/
ner.13226

114. Levita E, Sorkin BA, Waltz JM. Spinal cord stimulation revisited: psychological
effects. Appl Neurophysiol. (1986) 49(1-2):69–75. doi: 10.1159/000100131

115. Meuwissen KPV, van Beek M, Joosten EAJ. Burst and tonic spinal cord
stimulation in the mechanical conflict-avoidance system: cognitive-motivational
aspects. Neuromodulation. (2020) 23(5):605–12. doi: 10.1111/ner.12955

116. Niso G, Tjepkema-Cloostermans MC, Lenders M, de Vos CC. Modulation of
the somatosensory evoked potential by attention and spinal cord stimulation. Front
Neurol. (2021) 12:694310. doi: 10.3389/fneur.2021.694310

Gartner et al. 10.3389/fpain.2025.1589723

Frontiers in Pain Research 13 frontiersin.org

https://doi.org/10.2190/ftr1-f9vx-cb8t-wpmc
https://doi.org/10.2190/ftr1-f9vx-cb8t-wpmc
https://doi.org/10.1016/j.pnpbp.2017.08.006
https://doi.org/10.1016/j.pnpbp.2017.08.006
https://doi.org/10.1097/01.ajp.0000173993.53733.2e
https://doi.org/10.1002/1529-0131(200109)44:9%3C2125::Aid-art365%3E3.0.Co;2-1
https://doi.org/10.1002/1529-0131(200109)44:9%3C2125::Aid-art365%3E3.0.Co;2-1
https://doi.org/10.1155/2015/504691
https://doi.org/10.1016/j.jpain.2006.01.458
https://doi.org/10.1016/j.jpain.2006.01.458
https://doi.org/10.1038/s41393-020-0505-8
https://doi.org/10.1016/j.wneu.2013.06.012
https://doi.org/10.1016/j.wneu.2013.06.012
https://doi.org/10.1007/s12264-018-0320-9
https://doi.org/10.3390/brainsci9040078
https://doi.org/10.3390/brainsci9040078
https://doi.org/10.1080/14737175.2023.2228492
https://doi.org/10.1080/14737175.2023.2228492
https://doi.org/10.1111/ner.12756
https://doi.org/10.1093/pm/pnz003
https://doi.org/10.1093/pm/pnz003
https://doi.org/10.1016/j.neurom.2022.04.036
https://doi.org/10.1016/j.wneu.2013.01.040
https://doi.org/10.1093/pm/pnz046
https://doi.org/10.1111/ner.12698
https://doi.org/10.1111/ner.12960
https://doi.org/10.1016/j.brs.2025.01.009
https://doi.org/10.1111/ner.12969
https://doi.org/10.2147/jpr.S160890
https://doi.org/10.1016/s1474-4422(19)30414-4
https://doi.org/10.1016/j.neurom.2022.07.012
https://doi.org/10.1016/j.neurom.2022.07.012
https://doi.org/10.1016/j.neuroimage.2009.10.054
https://doi.org/10.1016/j.neuroimage.2009.10.054
https://doi.org/10.1016/s0987-7053(00)00227-6
https://doi.org/10.1007/s10517-014-2591-0
https://doi.org/10.1111/papr.12879
https://doi.org/10.1111/ner.12346
https://doi.org/10.1007/s00234-012-1087-8
https://doi.org/10.1016/j.bja.2024.10.011
https://doi.org/10.1016/j.bja.2024.10.011
https://doi.org/10.1152/jn.1998.80.6.3326
https://doi.org/10.1152/jn.1998.80.6.3326
https://doi.org/10.1097/00000539-199606000-00025
https://doi.org/10.1016/s0304-3959(99)00114-1
https://doi.org/10.1016/s0304-3959(99)00114-1
https://doi.org/10.1016/0304-3959(95)00048-w
https://doi.org/10.1016/j.ejpain.2007.03.003
https://doi.org/10.1016/j.ejpain.2007.03.003
https://doi.org/10.1016/j.clinph.2020.03.040
https://doi.org/10.1016/j.neurom.2022.12.005
https://doi.org/10.1007/s10548-010-0154-x
https://doi.org/10.1007/s10548-010-0154-x
https://doi.org/10.1111/papr.12922
https://doi.org/10.1016/j.clinph.2020.07.024
https://doi.org/10.1111/ner.13226
https://doi.org/10.1111/ner.13226
https://doi.org/10.1159/000100131
https://doi.org/10.1111/ner.12955
https://doi.org/10.3389/fneur.2021.694310
https://doi.org/10.3389/fpain.2025.1589723
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


117. Sutton S, Braren M, Zubin J, John ER. Evoked-potential correlates of stimulus
uncertainty. Science. (1965) 150(3700):1187–8. doi: 10.1126/science.150.3700.1187

118. Timmermann L, Ploner M, Haucke K, Schmitz F, Baltissen R, Schnitzler A.
Differential coding of pain intensity in the human primary and secondary somatosensory
cortex. J Neurophysiol. (2001) 86(3):1499–503. doi: 10.1152/jn.2001.86.3.1499

119. Adolphs R, Damasio H, Tranel D, Cooper G, Damasio AR. A role for
somatosensory cortices in the visual recognition of emotion as revealed by three-
dimensional lesion mapping. J Neurosci. (2000) 20(7):2683–90. doi: 10.1523/
jneurosci.20-07-02683.2000

120. Bufalari I, Aprile T, Avenanti A, Di Russo F, Aglioti SM. Empathy for pain and
touch in the human somatosensory cortex. Cereb Cortex. (2007) 17(11):2553–61.
doi: 10.1093/cercor/bhl161

121. Pahapill PA, Arocho-Quinones EV, Chen G, Swearingen B, Tomas CW, Koch
KM, et al. Distinct functional connectivity patterns for intermittent vs constant
neuropathic pain phenotypes in persistent spinal pain syndrome type 2 patients.
J Pain Res. (2024) 17:1453–60. doi: 10.2147/jpr.S426640

122. Pahapill PA, Chen G, Arocho-Quinones EV, Nencka AS. Functional
connectivity magnetic resonance imaging sequences in patients with postsurgical
persistent spinal pain syndrome type 2 with implanted spinal cord stimulation
systems: a safety, feasibility, and validity study. Neuromodulation. (2023)
26(5):1009–14. doi: 10.1016/j.neurom.2023.04.465

123. Pahapill PA, Chen G, Arocho-Quinones EV, Nencka AS, Li SJ. Functional
connectivity and structural analysis of trial spinal cord stimulation responders in

failed back surgery syndrome. PLoS One. (2020) 15(2):e0228306. doi: 10.1371/
journal.pone.0228306

124. Fan X, Ren H, Bu C, Lu Z, Wei Y, Xu F, et al. Alterations in local activity and
functional connectivity in patients with postherpetic neuralgia after short-term spinal
cord stimulation. Front Mol Neurosci. (2022) 15:938280. doi: 10.3389/fnmol.2022.
938280

125. De Groote S, Goudman L, Peeters R, Linderoth B, Vanschuerbeek P, Sunaert S,
et al. Magnetic resonance imaging exploration of the human brain during 10 kHz
spinal cord stimulation for failed back surgery syndrome: a resting state functional
magnetic resonance imaging study. Neuromodulation. (2020) 23(1):46–55. doi: 10.
1111/ner.12954

126. Pacheco N, Mollayeva S, Jacob B, Colantonio A, Mollayeva T. Interventions and
cognitive functioning in adults with traumatic spinal cord injuries: a systematic review
and meta-analysis. Disabil Rehabil. (2021) 43(7):903–19. doi: 10.1080/09638288.2019.
1644380

127. Moens M, Crunelle CL, Putman K, Wuyts E, Bultinck F, Van Puyenbroeck
H, et al. Pain medication tapering for patients with persistent spinal pain syndrome
type II, treated with spinal cord stimulation: a RCT-study protocol of the
PIANISSIMO study. PLoS One. (2024) 19(8):e0302842. doi: 10.1371/journal.pone.
0302842

128. Salinsky MC, Oken BS, Storzbach D, Dodrill CB. Assessment of CNS effects of
antiepileptic drugs by using quantitative EEG measures. Epilepsia. (2003)
44(8):1042–50. doi: 10.1046/j.1528-1157.2003.60602.x

Gartner et al. 10.3389/fpain.2025.1589723

Frontiers in Pain Research 14 frontiersin.org

https://doi.org/10.1126/science.150.3700.1187
https://doi.org/10.1152/jn.2001.86.3.1499
https://doi.org/10.1523/jneurosci.20-07-02683.2000
https://doi.org/10.1523/jneurosci.20-07-02683.2000
https://doi.org/10.1093/cercor/bhl161
https://doi.org/10.2147/jpr.S426640
https://doi.org/10.1016/j.neurom.2023.04.465
https://doi.org/10.1371/journal.pone.0228306
https://doi.org/10.1371/journal.pone.0228306
https://doi.org/10.3389/fnmol.2022.938280
https://doi.org/10.3389/fnmol.2022.938280
https://doi.org/10.1111/ner.12954
https://doi.org/10.1111/ner.12954
https://doi.org/10.1080/09638288.2019.1644380
https://doi.org/10.1080/09638288.2019.1644380
https://doi.org/10.1371/journal.pone.0302842
https://doi.org/10.1371/journal.pone.0302842
https://doi.org/10.1046/j.1528-1157.2003.60602.x
https://doi.org/10.3389/fpain.2025.1589723
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

	A comprehensive review of the supraspinal mechanisms of spinal cord stimulation on chronic pain and cognition
	Introduction
	Supraspinal structures processing pain
	Effects of chronic pain on supraspinal structures and connectivity
	Effects of chronic pain on cognition
	Effects of SCS on supraspinal structures and connectivity
	Effects of SCS on cognition
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


