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Abstract  
Chronic neuropathic pain is a debilitating condition, difficult to treat, and associated with poor 

outcomes, including addiction and suicide. Neuromodulation of primary motor cortex and 

dorsolateral prefrontal cortex (dlPFC) alleviates neuropathic pain in some cases, though the 

mechanism remains unknown. Recent advances in functional MRI led to the identification of the 

Somato-Cognitive Action Network (SCAN) within the primary motor cortex, and Action Mode 

Network (AMN) represented in the dlPFC. Both networks are important for pain perception, 

suggesting the previously baffling analgesic effects of motor cortex stimulation were likely due to 

modulation of action-relevant pain signals in these newly recognized networks. Inter-individual 

differences in SCAN and AMN provide a plausible explanation for the varied effectiveness of 

current neuromodulation targeting methods for chronic pain. Our novel action feedback-loop 

pain-control model suggests that personalized, precision targeting of the AMN and SCAN will 

improve chronic pain management, paving the way for future neuromodulatory treatments. 
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Introduction  
Chronic pain, defined as pain persisting for more than three months, is one of the most common 

pervasive health issues, affecting approximately 20.4% (11-40%) of the US adult population1. It 

is one of the most debilitating health conditions in the world, significantly reducing quality of life 
2. Contrary to acute pain, which alerts the body to potential harm, chronic pain is better 

characterized as a maladaptive physiological condition with no apparent evolutionary benefit 2.  

 

Neuropathic pain is a consequence of damage or disease affecting the somatosensory nervous 

system 3. In clinical practice, neuropathic pain most commonly results from dysfunction in the 

peripheral nervous system, such as painful diabetic neuropathy and postherpetic neuralgia 4. 

Less commonly, neuropathic pain can also result from diseases affecting the central nervous 

system, known as central neuropathic pain4. Central pain syndromes can result from conditions 

such as amputation, stroke, multiple sclerosis, or spinal cord injury 5. Central pain syndromes 

are highly resistant to pharmacological treatments and often result in poor outcomes, typically 

requiring high doses of sedating medications and often lead to suicide 6. The dearth of effective 

treatments, along with the desperation of patients and families, has also led to overprescription 

of opioids, resulting in misuse and contributing to the current opioid epidemic in adults 1,7,8, and 

even children 8,9. Improving our mechanistic understanding and treatment of central neuropathic 

pain has enormous implications for expanding therapeutic options for chronic pain syndromes 

overall, including those that lead to Opioid Use Disorder (OUD). 

 

This overview examines non-pharmacological neuropathic pain management, focusing on 

neuromodulation. It highlights groundbreaking new research using precision functional brain 

mapping 10,11, which is providing a new perspective on how the cortex influences pain perception 

and control over the sensorimotor system (“action-control”). Synthesizing existing data with new 

insights, we propose an updated pain control model, in which the perception of pain serves as 

the most salient and urgent feedback signal for guiding action. This model suggests specific 

cortical nodes for imaging-guided, personalized, invasive, and non-invasive neuromodulation as 

a promising future direction for treating chronic neuropathic pain.  
 

Current approaches to chronic neuropathic pain management are often insufficient  
Nearly all chronic neuropathic pain patients go through traditional pharmacological treatment, 

including non-steroidal anti-inflammatories (NSAIDs), antidepressants (e.g., Tricyclic 

antidepressants (TCAs), Serotonin-Norepinephrine Reuptake Inhibitors (SNRIs)), and 
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anticonvulsants (e.g., gabapentin) 12. However, these medications are effective in less than 50% 

of patients and associated with adverse effects that can be deleterious to the patient’s quality of 

life 13. They carry well-known risks of gastrointestinal bleeding and cardiovascular events 

(NSAIDs), side effects like weight gain and cardiac complications (antidepressants), and 

dizziness or cognitive impairment (anticonvulsants). Using opioids to treat chronic pain carries 

the risks of opioid misuse (~25%) and addiction (10%) 7. Associated opioid overdose deaths 

total about ~85,000 per year in the US alone 14. About 23% of patients with persistent chronic 

pain will harbor suicidal ideation, and more than 15% will attempt suicide 15. As a result, the 

search for effective non-pharmacological chronic pain treatments, such as invasive and 

non-invasive neuromodulation, has become a top priority.  

Neurostimulation methods for the treatment of chronic pain have been developed for targets 

throughout the central nervous system, including spinal cord stimulation (SCS), subcortical deep 

brain stimulation (DBS), and cortical stimulation (CS). In SCS, electrodes are implanted 

epidurally to deliver modulatory pulses to the spinal cord with the aim of reducing pain signaling 

in the dorsal root ganglia or higher levels 16. SCS is FDA-approved to manage chronic 

intractable pain of the trunk and limbs, including failed back surgery syndrome (FBSS), complex 

regional pain syndrome (CRPS) types 1 and 2, refractory angina pectoris (RAP), painful diabetic 

neuropathy, and nonsurgical back pain17. However, even with careful selection of patients 

refractory to maximum medical therapy, a substantial percentage do not respond (25-50%) 18. 

SCS carries a complication rate of 30-40%, including hardware-related problems such as lead 

migration or failure, as well as surgical risks such as infection, surgical site pain, erosions, or 

even spinal cord injury 19. SCS remains ineffective for central pain syndromes, and its precise 

mechanisms remain elusive 18. 

 

Deep brain stimulation (DBS), successfully used to treat movement disorders such as 

Parkinson's disease and essential tremor, has also been explored as a potential pain treatment 

for over fifty years 20. DBS was once thought a promising method for neuropathic pain control, 

even achieving FDA approval for pain management in 1977, albeit temporarily 21. Pain DBS 

targets have spanned the thalamus (ventral posterolateral/ventral posteromedial (VPL/VPM) 

nuclei, the internal capsule (IC), and the centromedian-parafascicular complex (CM-Pf)), the 

periaqueductal/periventricular gray matter (PAG/PVG), the anterior cingulate cortex (ACC), and 

ventral striatum 22–24. DBS’s mechanism of action for neuropathic pain reduction is not fully 

understood. It has been hypothesized that stimulation of the thalamus’s CM-Pf may provide pain 

relief through its action on inhibitory downstream targets, like the periaqueductal gray (PAG) 23, 
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and indirectly the rostral ventromedial medulla (RVM) 25. These descending modulatory circuits 

are opioid-sensitive and have been known to promote the inhibition of nociceptive ascending 

pathways, which made them natural targets. 

 

Unfortunately, prospective DBS studies have yielded discouraging findings 24,26,27, and only 

limited relief, particularly for central pain 24,26. Nonetheless, DBS continues to be used off-label in 

the US and Europe for pain management in highly specialized centers 22,28. Commonly reported 

complications include intracranial hemorrhage (0.3 - 2%), seizures (<1%), stroke (<1%), and 

hardware-related complications (e.g., infection: 5 - 6.1%, erosions: 1.3%, lead migration: 5.1% 

of patients) 22,29. In light of these shortcomings, the ongoing quest for more effective pain 

treatments has shifted towards cortical neuromodulation. 

 

Cortex can powerfully modulate pain perception  
The cortex’s role in modulating pain has been recognized for over a century. The first indications 

of the cortex’s importance for pain control came from Nobel Prize-winning work by Sir Charles 

Sherrington, who originally coined the term nociception. By demonstrating an increase in 

nociceptive reflexes following spinal cord transection, Sherrington correctly postulated spinal 

cord transmission to be modulated via descending inhibition from the brain 30. This early 

discovery laid the groundwork for several impressive observations. In the 1940s, Beecher 

reported a remarkable attenuation of pain in soldiers returning from combat despite severe 

injuries, pointing towards emotional and cognitive influences on pain control 31. We now know 

that the cerebral cortex’s ability to modulate pain extends well beyond nociceptive reflexes and 

combat. Pain is attenuated in athletes who experience injury during competition 32, during 

focused attention to tasks 33, in distinct contexts related to expectations (e.g., placebo) 34, during 

specific mood states 35, and more.  

 

The discovery of motor cortex stimulation for treating neuropathic pain  
Over the past 30 years, motor cortex stimulation (MCS) has seen periods of enthusiasm due to 

its potent effect on central neuropathic pain 36. The interest in MCS followed the realization that 

stimulating the somatosensory cortex was, surprisingly, ineffective and even worsened pain in 

some instances 37. The basis for treating pain with MCS was laid in 1991 by Tsubokawa and 

team 38, searching for alternative treatment targets in the cortex. Working with cat models of 

central sensory deafferentation pain, they discovered that hyperactivity near the lesion in the 

thalamus, considered to reflect the degree of pain sensation, was reduced by MCS. They 
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theorized that the activation of inhibitory pathways through MCS could dampen the transmission 

of pain signals and reduce the perception of pain 37. Within the year, they successfully 

demonstrated satisfactory pain control for patients with neuropathic pain, including those with 

central post-stroke pain syndrome (CPSP) 37. However, the striking counter-intuitiveness of 

targeting primary motor, instead of somatosensory cortex for pain, a presumed sensory issue, 

fueled skepticism about MCS.  

 

Despite these concerns, several studies followed Tsubokawa et al.’s initial work. A systematic 

review of 14 studies comprising 210 heterogeneous patients showed good pain control, defined 

as >40-50% pain relief, in 45% of patients who were followed for at least a year 39. Nonetheless, 

such heterogeneity of outcomes has dampened momentum despite what many would see as a 

significant effect for a treatment-resistant population. 

 

Effectiveness of cortical neuromodulation for pain varies across patients 
The significant variability in outcomes has hampered progress in pain management via 

neuromodulation40. This variability is due, in part, to the complex individual-specific topography 

of the brain 41 and the inherent inter-individual variability in functional networks  - meaning that 

traditional “one target fits all” approaches for targeting likely stimulate different functional units 

across patients. As a result, the evidence supporting cortical stimulation in neuropathic pain has 

remained variable and inconclusive 42, necessitating a more personalized targeting approach. 

Such personalization has already improved outcomes from transcranial magnetic stimulation 

(TMS) for refractory depression 43. Chronic pain is positioned for a similar revolution in treatment 

approach and success.  

 

Precision Functional Mapping (PFM) of pain-related networks for personalized targeting  
A state-of-the-art neuroimaging technique known as precision functional mapping (PFM) with 

resting-state functional connectivity MRI (r-fMRI) offers innovative directions for personalizing 

chronic pain neuromodulation 10,11. PFM generates individualized functional brain maps to 

enhance the specificity and effectiveness of neuromodulation targeting and, ultimately, the 

therapeutic response. In contrast to more traditional fMRI methods, PFM eschews 

group-averaging data, because it blurs inter-individual differences important for precise 

targeting. Over the last few years, PFM has begun to unveil intricate, individual-specific 

connectomes that have implications for pain management 11,44. Individual-specific precision 

maps of two functional networks that link dlPFC with the motor cortex, the newly discovered 
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Somato-Cognitive Action Network 10,11 (SCAN; Figure 1A) and the Action-Mode Network 45 

(AMN; Figure 1B,D), empower personalized neuromodulation for chronic pain. 

  

The Action-Mode Network (AMN) modulates pain  
The AMN (previously referred to as the Cingulo-opercular network or CON 45) was originally 

described in a series of task and resting fMRI publications in the late 2000s 46,47. The AMN, 

encompassing a distributed set of regions that includes the dorsal anterior cingulate cortex 

(dACC), insula, premotor regions, and the dlPFC (Figure 1B,D), plays a central role in 

coordinating cognition and action 48,49. Details of its topography are variable across individuals 
10,11,44,50. The AMN is remarkable for its consistent responses to most task paradigms with 

varying sensory and motor outputs, and sensory-motor transformations 46,47,10,47. It has most 

commonly been thought of as a central contributor to higher order executive functions 46,47,10,47. 

Importantly, the AMN has also been closely aligned with a host of autonomic functions, including 

heart rate and blood pressure regulation, respiration 51, gastrointestinal activity 52, and insulin 

modulation 53. The topography of the AMN defined with resting-state fMRI data, strongly 

overlaps with maps of task fMRI responses to painful stimuli with a spatial correlation of r = 0.73 

(Figure 1B) 54,55. Within the AMN, the dACC and posterior insula are known to be highly 

responsive to pain and are likely to be involved with cognitive activities (attention tasks, placebo, 

mood states, etc) related to pain modulation noted above 56. The dACC is involved in the 

emotional aspect of pain perception and has been implicated in the subjective experience of 

pain 57. DBS targeting the dACC has achieved some success in treating pain, and follows a long 

history of cingulotomy for pain 20. Likewise, the insula is associated with the integration of 

sensory, affective, and cognitive aspects of pain perception 58. Top-down modulatory control of 

AMN regions in the dlPFC also shapes individual-specific responses to pain (Figure 1D) 59. 

Despite such evidence, the AMN’s role in pain processing has been emphasized less than its 

role in executive function. A recent discovery by Gordon et al. 10 has recalibrated this focus.   

 

The Somato-Cognitive Action Network (SCAN) processes pain 
Leveraging PFM, Gordon et al. showed that a set of interconnected regions (i.e. 

Somato-Cognitive Action Network; SCAN) interrupts the somatotopic motor homunculus, 

overturning an organizational principle of the brain that had been taken as truth for over 90 

years 10 (Figure 1A). These findings were subsequently confirmed with sEEG depth electrodes 
60. The SCAN’s inter-effector regions have connectivity (Figure 1C), structure, and function 

clearly distinct from known effector-specific regions controlling the feet, hands, and mouth. 
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These inter-effectors lack movement specificity and are co-activated during action planning 

(coordination of hands and feet) and axial body movement (such as of the abdomen or 

eyebrows). The SCAN is also strongly connected to the action-mode network (AMN). The 

SCAN’s connectivity to the CM nucleus of the thalamus (Figure 1A) is also notable 10, as 

lesions to CM can result in CPSP 61, and DBS research has highlighted CM as a potential target 

for pain modulation 62. 

 

The realization that the primary motor cortex consists of alternating effector-specific motor 

regions and SCAN nodes, which process top-down and bottom-up action-relevant signals, 

including pain, suddenly made MCS – targeting motor cortex for a presumably sensory issue – 

seem less nonsensical. Many pain researchers, including those who had previously doubted 

MCS, immediately recognized that the SCAN discovery could explain why MCS was sometimes 

but not always effective. If MCS efficacy depended, in fact, on modulating SCAN rather than 

classical motor regions, then interventions lacking precise fMRI guidance could only succeed 

when the small, variable SCAN nodes were hit by pure chance. 

 

The combination of a whole-body action control system within the motor strip (SCAN), linked to 

thalamic pain nuclei (CM) and the action-mode network (AMN), points to an action loop model 

that explains many previously unexplained phenomena, including the effectiveness of MCS for 

pain control. New observations of successful pain attenuation when selectively stimulating the 

SCAN and AMN provide further evidence for their role in pain modulation (Figure 2). Two 

illustrative cases are reviewed below.  
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Figure 1: The Somato-Cognitive Action (SCAN) and Action-Mode (AMN) networks process pain signals. A) 
The Somatic-Cognitive Action Network (SCAN) has strong functional connectivity (FC) with regions in the dorsal 

Anterior Cingulate (dACC) and Supplementary Motor Area (SMA). Subcortically, connectivity extends to the posterior 

dorsal putamen and the centromedian (CM) thalamic nucleus 10. B) Overlay of task fMRI activations in response to 

painful stimuli 59, over the outlines of the AMN (purple) 63 and SCAN (burgundy) 10. The spatial correlation between 

the AMN and cortical pain maps is r = 0.73 (p < 0.001). C) Inter-individual variation in the SCAN, and D) AMN. 
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Stimulation of SCAN and AMN provides maximal pain relief  
The SCAN discovery 10, along with prior research on the AMN 45, might explain the outcome 

variability in MCS for neuropathic pain. Examination of extant data from two of our patients who 

underwent cortical stimulation for intractable chronic pain prior to the discovery of the SCAN 

highlights the path towards more effective neuromodulation. The first patient (P1) was a 

45-year-old woman who developed unbearable left-sided facial pain after multiple thalamic 

strokes due to paradoxical emboli. P1’s pain began as a cold sensation that progressed from 

her jaw up to her forehead. All previous pharmacologic and interventional treatments failed to 

mitigate the pain, leaving her incapacitated from pain and medication side effects. The second 

patient (P2) was a 53-year-old woman with recalcitrant trigeminal neuralgia who suffered from 

iatrogenic anesthesia dolorosa stemming from rhizotomies. Both patients (P1,2) had surface 

electrodes (8 contacts each) placed over the motor cortex and dlPFC through a single burr hole 

(Figure 2A). Stimulation parameters were selected using automated Bayesian optimization 64 to 

achieve maximal pain relief. 
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Figure 2: Cortical surface neuromodulation for central neuropathic pain. A) In P1 electrodes were placed 

(without individual-specific precision targeting) over the AMN in dlPFC and over the SCAN in the precentral gyrus. In 

P2 the dlPFC electrodes missed the AMN, but the precentral electrodes were likely placed over the inferior SCAN 

node. P1 had much greater pain relief than P2. B) P1 central thalamus lesion, secondary to stroke, causing 

intractable facial neuropathic pain. Centromedian (CM; gray), lateral posterior (LP; blue) and ventral posterolateral 

(VPL; green) nuclei of the thalamus are based on the THOMAS atlas 65. The functional connectivity for P1’s stroke 

lesion seed (yellow; MNI coordinates: 14,-21,1) is shown in panel C. C) Functional connectivity map (group-averaged 

Human Connectome Project data; n = 897) seeded from the location of P1’s central thalamic stroke (shown in yellow 

in panel B). Group connectivity of the lesion seed shows overlap with the SCAN, highlighting its role in pain 

modulation. Abbreviations: TN: trigeminal neuralgia, SCAN: somato-cognitive action network, AMN: action-mode 

network, LP: lateral posterior (Pulvinar) nucleus, VPL: ventral posterolateral nucleus, CM: centromedian nucleus, FC: 

functional connectivity.  

For P1, both motor cortex and dlPFC stimulation resulted in pain relief. Combining motor cortex 

and dlPFC stimulation provided the greatest pain reduction. However, in P2, pain relief was only 

achieved with stimulation over presumed motor cortex, while dlPFC stimulation did not affect her 

pain. Scrutiny of the electrode placement in relation to previously published probabilistic 
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functional network maps 66 (Figure 2A) revealed that pain relief scaled with modulating both 

AMN and SCAN nodes in P1. Stimulating either SCAN or AMN provided only partial pain relief. 

The finding that simultaneous stimulation of the AMN (dlPFC) and SCAN (motor cortex) led to 

superior pain relief suggests a synergistic interaction between these networks in managing 

neuropathic pain 64. As with P1, in P2 by chance one electrode was placed over the most 

inferior SCAN node and successfully alleviated pain. However, stimulating the dlPFC electrode  

in P2, which missed the AMN, failed to reduce pain (Figure 2A) – highlighting the AMN’s 

importance in pain reduction, but also suggesting that while both networks can optimally reduce 

pain perception, one network may be sufficient 

The functional connectivity of the thalamic lesion site that caused P1’s chronic pain provided 

additional insights into the SCAN’s role in pain regulation (Figure 2B). P1’s central post-stroke 

pain (CPSP; or Dejerine-Roussy) syndrome seems to have been caused by a lesion affecting 

the intersection of the CM-pf, VPL, and Pulvinar nuclei, consistent with prior studies 61,67. As 

discussed above, the CM-pf and VPL have been previously suggested as DBS targets in 

chronic central pain 21,23,68, and lesions in this particular part of the thalamus have historically led 

to post-stroke neuropathic pain 61,67. One theory is that the CM-Pf complex 23,25 and VPL 25 serve 

as ‘gatekeepers’, allowing pain signals through to the cortex only under certain conditions. We 

observed that this thalamic lesion location, likely corresponding to the intersection of the CM-pf 

and VPL, is selectively functionally connected to the SCAN (Figure 2C), suggesting that P1’s 

CPSP was likely caused by disruption of her SCAN circuitry. 

 

P1 and P2 did not have any adverse events, but in general cortical neuromodulation with 

implanted electrodes carries similar risks as as DBS: intracranial hemorrhage, CSF leak, 

seizures, stroke, and hardware-related complications (e.g., infection, erosions, lead migration) 
22,29. Cortical stimulation specifically involves drilling into the skull and placing an electrode 

epidurally or subdurally, which takes about 1-2 hours when a target has been predefined. Most 

of the surgical time is spent routing wires under the skin to an implanted subcutaneous battery 

similar to DBS or SCS. Based on the limited existing data, these risks are weighed against an 

efficacy rate of approximately 50%, without precision targeting, in a treatment-resistant 

population.​

 

Non-invasive cortical stimulation techniques, such as repetitive Transcranial Magnetic 

Stimulation (rTMS) do not carry the surgical risks of implanting electrodes 69. Seizures are the 
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most serious rTMS side effect (<1%) 70 and it can occur even in patients without  a history of 

epilepsy, which is a relative contraindication 70. The FDA has approved TMS for several 

indications (depression, OCD, migraine) but currently considers rTMS investigational for pain, 

despite its approval in the EU for neuropathic pain 71. In 2020, a panel of European experts 

found level A evidence (definite benefit) for high-frequency rTMS over the motor cortex in 

neuropathic pain 72. A 2021 rTMS trial without precision targeting, compared M1, dlPFC and 

sham stimulation (total n = 149) in the treatment of neuropathic pain 69. This trial found M1, but 

not dlPFC stimulation to be significantly better than sham rTMS. The most common side effect 

in the study was headache (34.7%; vs 27.1% in sham) 69. The main distinction along the 

spectrum of cortical stimulation invasiveness (i.e., rTMS to implanted electrodes) are logistical 

considerations about facilitating treatments session (e.g.: every weekday for 6 weeks for TMS in 

depression) and it is unknown how often rTMS will need to be dosed for a persistent and robust 

effect in treating pain.  

 

The past outcome variability of non-invasive and invasive MCS and dlPFC stimulation for 

chronic pain can be explained by failing to deliberately target SCAN and AMN nodes. Prior MCS 

and dlPFC stimulation seem to have succeeded only when unwittingly finding SCAN and/or 

AMN regions by chance. Task fMRI (Figure 1B), direct electrocortical stimulation (Figure 2A) 

and lesion data (Figure 2B) all show that the SCAN/AMN action circuitry is critically important 

for pain processing. The efficacy of dlPFC and precentral gyrus stimulation for pain relief 

appears to be dependent on modulation of the AMN and SCAN, which are also strongly 

functionally connected to each other 10. These novel insights forced us to update our model of 

central pain processing and our clinical approach to treating patients with intractable central 

neuropathic pain.  
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The action feedback model of pain control 

Figure 3: Pain processing pathways. The ascending pathway is shown in green, while the descending pathway is 

shown in red. Direct communications between the two are shown in yellow. Abbreviations: ALP: Anterolateral 

pathway, RVM: Rostral ventral medulla, ML: medial lemniscus, PAG: periaqueductal gray matter, pF: parafascicular 

nucleus, CM: central medial nucleus, VPL = ventroposterolateral nucleus, AMN: action-mode network, SCAN: 

somato-cognitive action network, S1: primary somatosensory cortex. 

 

Combining new findings with existing knowledge allowed us to outline a model of pain as the 

most important feedback about our actions. This framework paves the way for improving the 

efficacy of non-invasive (e.g., rTMS, focused ultrasound) and invasive neuromodulation (Direct 

Cortical Stimulation; DCS) for pain control. At the heart of this model are the SCAN and AMN, 

primary targets for neuromodulation (Figure 3). 

 
The ascending spinothalamic tract (STT) transmits nociceptive information and has both direct 

and indirect connectivity with several structures in the midbrain and thalamus as it ascends 

(Figure 3). These structures include aforementioned pain modulation centers, such as the RVM 



 

 
 
 

and the PAG 73. The STT also provides input to the VPL nucleus of the thalamus, which relays 

somatosensory information to cortex (S1) 73. Other STT projections are CM-pf, which sends 

projections to the caudate and putamen, both of which are critical structures in pain processing 
25. The midbrain and thalamus are critical relay and integration centers for nociceptive 

information (Figure 3).  

 

These pain modulatory centers all have direct and indirect connectivity with both AMN (dACC, 

insula, premotor, dlPFC) and SCAN (i.e., M1) regions. Pain modulation can then occur via 

descending modulatory inputs coming from the AMN and SCAN cortical endpoints. For 

example, regions of the AMN (dACC, insula, premotor 74) feed into the PAG, with outputs to the 

RVM that modulate pain 75. These same AMN regions also project to the thalamus including the 

CM-pf 25, further highlighting their modulatory potential in pain perception. The fact that the 

SCAN (and M1 generally) also includes functional connectivity 10 and direct monosynaptic 

anatomical connections 25 to the CM highlights the proposed synergies between the SCAN and 

AMN in pain control. Both SCAN and AMN have direct connectivity to striatal regions (e.g., 

posterior dorsal putamen) 10 that, in turn, also have heavy direct and indirect projections into 

CM-pf 25, completing an additional modulatory loop for pain. While this brief overview cannot 

cover the full intricacy of pain circuits, such as the amygdala’s role in the emotional dimension of 

pain 25,76, it highlights the pivotal role of the AMN and SCAN action networks. While this model 

does not rule out other cortical and subcortical systems involved with pain, the AMN and SCAN 

contain several readily identifiable and accessible cortical targets for pain neuromodulation. 

 

Precision neuromodulation targeting for personalized pain treatment  
There are several important considerations for future invasive (e.g., DBS, DCS) and 

non-invasive (e.g., rTMS and focused ultrasound (FUS)) neuromodulation trials and treatments 

targeting the AMN and SCAN in chronic pain. Both the AMN and SCAN vary from 

person-to-person in the exact location of specific nodes (Figure 1C & 1D). Since functional 

network topography is individual-specific, success rates will be greatest with fMRI-based 

patient-specific PFM for the most precise neuromodulation targeting. Personalized precision 

targeting, which combines principled neuroanatomical priors with cutting-edge functional brain 

mapping techniques, can improve the safety and greatly improve the efficacy of 

neuromodulation for chronic pain. 

 

https://paperpile.com/c/DecLHa/kYpfL
https://paperpile.com/c/DecLHa/kYpfL
https://paperpile.com/c/DecLHa/JN2tf
https://paperpile.com/c/DecLHa/tmPDQ
https://paperpile.com/c/DecLHa/mtggc
https://paperpile.com/c/DecLHa/JN2tf
https://paperpile.com/c/DecLHa/JJdR
https://paperpile.com/c/DecLHa/JN2tf
https://paperpile.com/c/DecLHa/JJdR
https://paperpile.com/c/DecLHa/JN2tf
https://paperpile.com/c/DecLHa/6o8uH+JN2tf


 

 
 
 

Patient-specific PFM currently still requires high-quality functional MRI data and advanced 

image-processing know-how, currently only available at a subset of top-tier medical institutions. 

However, most centers now have use of an MRI machine and can acquire the necessary raw 

data. The increased frequency 77 and  advances in MRI access have the potential to put 

precision-targeted neuromodulation within reach of most pain clinicians and patients (for some 

details see 78). In addition, based on large research brain MRI data sets, population statistics 

and probabilistic atlases of the intended targets have also been developed 63. Targeting invasive 

or non-invasive technologies via a population-based atlas of the SCAN and AMN target nodes 

when advanced functional MRI cannot be obtained is still more precise than current, ad-hoc 

stimulation standards, which are devoid of any imaging guidance 63. With the ability to upload 

individualized functional network maps and probabilistic atlases into neuronavigation software, 

implementing personalized precision neuromodulation is no longer science fiction but 

imminently achievable. New research priorities and trials leveraging precision neuromodulation 

in clinical workflows will speed up the exploration, verification and adoption of new targets, thus 

maximizing the reach and impact of the proposed action loop model of pain treatment. Along 

with direct cortical stimulation for treating intractable neuropathic pain,numerous 

neuromodulation technologies are poised to play a role in the future of noninvasive treatments 

and trials such as TMS, focused ultrasound (FUS) 79, transcranial alternating current stimulation 

(TACS) 80, and even temporally interfering electric fields 81.  

 

The future of pain treatments  
Deciphering the complexities of neuropathic pain has enormous implications for our society. By 

increasing the effectiveness of pain treatments and reducing the variability in patient responses 

through the adoption of a comprehensive patient-centered pain management framework, we 

can significantly improve patient outcomes and quality of life. Our new understanding of the 

person-specific cortical functional centers involved in pain modulation, namely the SCAN 10 and 

AMN, is paving the way for the next generation of neuromodulation treatments and clinical trials, 

which is the next stage in advancing such therapies for chronic neuropathic pain. The potential 

of these innovative, non-pharmacological approaches to pain management—achievable through 

both invasive and non-invasive cortical neuromodulation—is vast and sets the stage for rapid 

progress in the years to come.  

Search strategy and selection criteria 
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In this review, we searched PubMed, Embase, and Cochrane Library for articles published in 

English from January 1, 2014, to May 31, 2024, using the following keywords: "chronic pain," 

"neuropathic pain," "neuroimaging," "functional MRI," "neuromodulation," “precision functional 

mapping” and "transcranial magnetic stimulation." We included randomized controlled trials, 

cohort studies, systematic reviews, and meta-analyses that investigated the application of 

neuroimaging and neuromodulation techniques in the assessment and treatment of chronic and 

neuropathic pain. Studies were excluded if they focused solely on animal models, if they lacked 

primary clinical data, or if they were published before 2014. Additional articles were identified 

through manual searches of the reference lists of the selected studies and relevant review 

articles. No restrictions were applied regarding the age, gender, or underlying conditions of the 

study populations. 

 

Glossary of Terms: 
●​ Neuromodulation: A therapeutic approach that uses electrical or magnetic stimulation 

to alter nervous system activity. 

●​ Spinal Cord Stimulation (SCS): An invasive method of neuromodulation where 

electrodes are placed in the epidural space behind the spinal cord to modulate pain 

signals 

●​ Deep Brain Stimulation (DBS):  An invasive neuromodulation technique that uses 

electrodes implanted within the brain parenchyma to deliver electrical stimulation to 

specific areas. 

●​ Direct Cortical Stimulation (DCS):  An invasive neuromodulation technique that uses 

electrodes to deliver electrical stimulation to the surface of specific areas in the brain. 
●​ Motor Cortex Stimulation (MCS): DCS targeting the primary motor cortex. 

●​ Transcranial Magnetic Stimulation (TMS): A non-invasive neuromodulation technique 

that uses external magnetic fields to stimulate specific areas in the brain. 

●​ Resting-State Functional MRI (r-fMRI): A type of MRI that measures brain activity by 

detecting changes associated with blood flow, often used to map brain networks at rest 

(e.g., while watching a movie or while looking at a crosshair). 

●​ Precision Functional Mapping (PFM): A personalized brain-mapping technique using 

30-40 minutes of high-quality resting-state functional MRI to identify individual-specific 

variations in brain networks. 
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