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Supraspinal Mechanisms Underlying Ocular Pain
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Supraspinal mechanisms of pain are increasingly understood to underlie neuropathic ocular conditions previously thought to be exclusively peripheral in nature. Isolating individual causes of centralized chronic conditions and differentiating them is critical to understanding the mechanisms underlying neuropathic eye pain and ultimately its treatment. Though few functional imaging studies have focused on the eye as an end-organ for the transduction of noxious stimuli, the brain networks related to pain processing have been extensively studied with functional neuroimaging over the past 20 years. This article will review the supraspinal mechanisms that underlie pain as they relate to the eye.
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INTRODUCTION

Ophthalmology as a clinical field has a preoccupation with what can be seen, particularly for patients presenting with eye pain. The patient reports eye pain as a symptom, and the clinician collects the available data to reach a diagnosis. Data come in the form of patient reports, medical history, professional acumen, and clinical findings, such as those obtained with a slit lamp exam of the anterior and posterior segment or specialized equipment that provide intensely magnified views of ocular structures. Despite the ever-expanding options for precise clinical evaluation, pain is no guarantee of a physically observable sign of tissue damage. Pain is subjective by its very nature, and similar inputs can result in bewildering and wildly inconsistent pain responses. However, modern functional neuroimaging tools have allowed scientists to investigate this symptom in the context of the inner workings of the brain.

Pain serves as a crucial system to avoid bodily injury and damage. Pain accomplishes this function by creating strong, memorable disincentives for potentially damaging activity as well as protective reflexes and convalescence-promoting behaviors to prevent or limit damage. As defined by the International Association for the Study of Pain (IASP), it is “an unpleasant sensory and emotional experience associated with, or resembling that associated with, actual or potential tissue damage” (1). Pain is an attention-demanding, conscious state that takes precedence over other processes (2, 3). Ocular pain can be debilitating and serves to protect a critically important sensory apparatus.

Much as visual processing involves numerous brain regions, pain perception is generated by an amalgam of signals and modifications carried by a wide network of brain regions and pathways. These regions work in delicate balance with each other and are influenced by individual neurobiological variation, resulting in an inherently subjective experience (3). The transduction of noxious information travels along multiple pathways to the brain and is processed during its transmission from the periphery as well as at the highest cortical levels. The diverse inputs from the numerous supraspinal processing areas are eventually integrated. The result is the multidimensional perception of pain, with its intensity, unpleasantness, emotional connotation, and more.


Conceptualization of Pain

Pain has been categorized into three distinct, concurrent dimensions: affective-motivational, sensory-discriminative, and cognitive-evaluative (4). The sensory and discriminative dimensions are related to the location, characteristics, intensity, and timing of a stimulus that evokes pain. The affective and motivational aspects of pain are highly intertwined with emotion and constitute the unpleasant aspects of pain that give rise to behavioral responses. The cognitive and evaluative dimension is the means by which the brain is able to comprehend and contextualize the consequences of injury or pain, anticipate pain based on memory, and inhibit or facilitate painful sensation (5, 6). Multiple distinct brain regions and networks underlie these discrete aspects of pain and their flavoring of the pain experience (7–10).



Nociceptive vs. Neuropathic Pain

Nociception is the physiological encoding and detection of noxious stimuli by the central and peripheral nervous systems (11). Though they are often concurrent, nociception and pain can occur independently, and the terms are not directly interchangeable. Nociceptive transduction can take place during the sensation of itch, which itself is not painful; likewise, pain can exist untethered from peripheral noxious input, as with phantom limb pain (12).

Nociceptive pain “arises from actual or threatened damage to non-neural tissue and is due to the activation of nociceptors” (13), a detection and warning system for the presence of intense stimuli. The transfer of nociceptive signals through supraspinal centers to the cortex generates pain, that is, triggers avoidance reflexes, unpleasant sensations, and a negative emotional state. This multifaceted experience overrides most ongoing processes and diverts attention to the detection of, and withdrawal from, a noxious stimulus (2).

Pain may persist over long periods of time and can serve a beneficial purpose by reporting the extent of injury and progression of tissue repair while promoting convalescent behavior (14). To facilitate this, after injury the central nervous system can establish long-lasting sensitivity to peripheral inputs, which may help to prevent further harm during recuperation (15, 16). These changes do not always resolve after injury and sometimes cannot be clearly linked to disease as the source. Pain recurring or persisting for longer than 3 months is defined as chronic and may be the consequence of underlying disease (chronic secondary pain) or exist without a clear cause or insult (chronic primary pain) (17, 18).

Neuropathic pain is “a result of a lesion or disease of the somatosensory nervous system” and may be peripheral or central in nature (13). As part of the repair process after peripheral nerve injury, both damaged and healthy primary nerve fibers (but not their peripheral receptors) may fire action potentials spontaneously; the resulting ectopic pain is a natural consequence of healing but is nevertheless considered peripheral neuropathic pain (16, 19). In the case of centralized neuropathic pain, the complex balance of supraspinal mechanisms underlying the CNS's signaling and modulatory capacity can become disrupted and manifest pain without significant peripheral instigation (14, 16).



Organizational Summary

The primary aim of this review will be to describe the functionality and role of brain structures related to pain processing in the context of human neuroimaging (20). We will first briefly summarize how the peripheral nervous system encodes and transmits ocular nociceptive signals to the central nervous system by major ascending pathways. We then will focus on neuroimaging of supraspinal structures related to pain. Finally, we will explore sensitization in these circuits and briefly discuss their manifestation at the network level.




SENSORY INNERVATION OF THE ANTERIOR SEGMENT

The eye contains a host of sensitive tissue, with the cornea being the most densely innervated in the body (21). Nociceptors within these areas are largely offshoots of the ophthalmic division of the trigeminal nerve, but other pathways and sensory modalities contribute to nociception and processing of the full spectrum of sensory inputs to the anterior segment and eye. These peripheral pathways have been more thoroughly described previously (22, 23). The healthy cornea is exclusively innervated by large-diameter, myelinated A-delta nerve fibers and small-diameter, unmyelinated C-fibers (22, 24). The three primary classes of corneal sensory afferents are polymodal nociceptors, mechanonociceptors, and cold thermoreceptors, each of which preferentially responds to various sensory stimuli. The polymodal C-fibers are the most abundant and can detect a wide range of stimuli, including mechanical, thermal, and chemical. Cold receptors respond to thermal changes and consist of either A-delta or C-fibers, while specific mechanoreceptors are exclusively A-delta fibers and activate upon mechanical stimulation alone. These same classes of peripheral sensory afferents have also been identified in the episclera, bulbar conjunctiva, iris, and ciliary body, while non-corneal ocular tissue, especially the eyelids, may have numerous additional types of low-threshold mechanoreceptors (21, 22, 24, 25). The trigeminal system is also responsible for the innervation of both meningeal and dural vessels, and information from peripheral receptors in these areas travels alongside other sensory information through trigeminal pathways (26, 27).

Several peripheral sensors in the anterior of the eye contain melanopsin, a photopigment that offers a light transduction mechanism that may lead to pain perception. With a peak wavelength sensitivity of 480 nm, melanopsin-based photoreception can occur in intrinsically photosensitive retinal ganglion cells (ipRGCs) and is increasingly implicated as a source for light-induced pain (28–32). These ipRGCs can generate their own signal independent of rod and cone involvement in response to light absorption yet can additionally receive or relay input from classical RGCs and support cells (33–36). In addition to ipRGCs, melanopsin has been found in a variety of other tissue in mammals and humans, including expression and prospective inherent photosensitivity in the cornea, iris, ciliary body projections, certain vasculature, and trigeminal neurons themselves (36–40). These peripheral melanopsin-containing populations can generate a light-response without traversing the optic nerve (26, 27, 40, 41).


Nociceptive Pathways

Peripheral receptors in the anterior segment are conventionally the gateway for nociceptive transduction that leads to the experience of pain. The transfer of peripheral signals to the brain is facilitated by a number of pathways, including the trigeminothalamic pathway, the parabrachial nucleus pathway, and the melanopsin pathway.

In health, and in conjunction with their respective peripheral afferents, these pathways supply the brain with vital information regarding the health of the eye and serve as a broad and fine-tuned detection mechanism for the prevention of ocular damage. However, damage to this network can result in dysfunction of peripheral neurons, intermediaries between them and the brain, or cortical areas themselves—all resulting in pain (22). Likewise, maladaptive sensitization of these same critical nociceptive pathways can lead to unduly painful outcomes for patients. Even after direct insults to the peripheral fibers of these nerves are healed, pain can persist. Often this persistent pain involves a central component of the nociceptive pathway that can be difficult to detect, let alone resolve.


Trigeminothalamic Pathway

Ocular nociceptive and sensory information travel from peripheral sites through primary fibers of the ophthalmic trigeminal nerve to the ipsilateral trigeminal ganglion, where the neuronal bodies are somatotopically organized along with the other trigeminal branches. First-order neurons synapse to second-order neurons in the pons at the trigeminal brainstem nuclear complex (TBNC). The synapses of nociceptive and thermosensory neurons are located in the spinal trigeminal nucleus caudalis (spVc) transition zones. From the medullary dorsal horn, nociceptive information travels along groups of neurons to either the contralateral thalamus or the ipsilateral parabrachial nuclei (22).

The trigeminal connections to the thalamus are involved in the sensory-discriminative and affective-motivational components of pain (4). From the TBNC, second-order neurons destined for the thalamus leave the subnucleus caudalis, decussate, and subsequently enter the contralateral anterior trigeminothalamic tract (lemniscus). The neurons then ascend to synapse with tertiary neurons in the medial and somatosensory (lateral) thalamic nuclei (42). Nociceptive information from the thalamus is then relayed to higher brain regions where it is further processed, eventually resulting in pain perception (22, 43, 44) (Figure 1A).
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FIGURE 1. Nociceptive pathways. (A) The path of afferent signal transmission from the periphery to the cortex through major projections of the trigeminothalamic pathway. Reprinted/adapted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature Trigeminothalamic Tract Projections. In: Schmidt R., Willis W. (eds) Encyclopedia of Pain by Ke Ren, Copyright (2007). DOI: https://doi.org/10.1007/978-3-642-28753-4_4626. (B) Decreased brainstem fMRI activity, including PB, during endogenous analgesia. Red/yellow indicates regions where fMRI responses to noxious stimuli demonstrated a signal decrease following conditioned pain modulation. Decreased activation was noted in the SRD, SpVc, and the trigeminal nerve along with the PB. On the left, myelin-stained sections are displayed alongside corresponding MRI images of the brainstem. Reprinted from NeuroImage, Vol 124(Part A), AM Youssef, VG Macefield, LA Henderson, Pain inhibits pain; human brainstem mechanisms, p54–62, Copyright (2020), with permission from Elsevier. DOI: https://doi.org/10.1016/j.neuroimage.2015.08.060. PrV, principal sensory nucleus; SpV, spinal trigeminal nucleus; Vo, subnuclei oralis; Vi, subnucleus interpolaris; Vc, subnucleus caudalis; PB, parabrachial nucleus; SRD, subnucleus reticularis dorsalis; SpVc, spinal trigeminal nucleus caudalis; V, trigeminal nerve; Compas: S, superior; I, inferior; R, right; L, left.




Parabrachial Nucleus Pathway

The nociceptive inputs that pass through the parabrachial nuclei (PBN) are involved in the affective-motivational and autonomic components of pain. The parabrachial nuclei are a bilateral grouping of neurons located in the brainstem at the junction of the dorsolateral pons and midbrain, surrounding the superior cerebellar peduncle (45). The PBN receive afferent input from second-order trigeminal neurons in the spVc (46). The PBN pass the information to the central nucleus of the amygdala, the hypothalamus, periaqueductal gray and RVM, and onto parts of the spino-parabrachial pathway, which innervates the anterior cingulate (ACC) and insular (IC) cortices via the thalamus (47). These findings in non-human primates have been reproduced in humans, where noxious stimuli to the orofacial region produce increased BOLD fMRI signal intensity in the spV and subsequently several other supraspinal regions, including the PBN (48).

In addition to acting as a conduit for peripheral nociceptive information, the PBN have a wide array of functions, such as autonomic modulation (49), and are involved in pain processing, mostly as a key supraspinal region for encoding the affective component of pain (50). The PBN also play a role in pain modulation, as the region is implicated in some forms of endogenous analgesia (48), and low-frequency deep brain stimulation of the PBN provides meaningful pain relief, although these findings are intertwined with stimulation of other, more canonical analgesia-associated brain regions in certain cases (51) (Figure 1B).



Melanopsin Pathway

Light information from ipRGCs is largely transmitted through the optic nerve until reaching target destinations in the brain. The three primary tracts that project to the brain are the retino-thalamo-cortical pathway, the retino-midbrain pathway, and the retino-hypothalamic tract. The retino-thalamo-cortical pathway is a direct connection between ipRGC populations and the pulvinar nuclei within the posterior thalamus (26, 52, 53). The retino-midbrain-parasympathetic (or retinomesencephelatic) pathway brings photic signals from the retina directly to the olivary pretectal nucleus in the midbrain (54). The retinohypothalamic tract extends through the optic nerve before synapsing to several areas, with the major target being the suprachiasmatic nucleus (36). This tract can be subdivided into three broad types of innervation: afferents leading to hypothalamic neurons directly, referred to simply as the retinohypothalamic tract; the retino-hypothalamo-parasympathetic tract, which innervates the superior salivatory nucleus in the brainstem; and the retino-hypothalamo-sympathetic tract, which connects to the intermediolateral nucleus in the spine (54).

The melanopsin involvement in light detection in ipRGCs, anterior segment structures, and nociceptive neurons has led to the exploration of pain enhancement by light along these and the trigeminal nociceptive pathways (26, 27, 40, 55–58).





CENTRAL REPRESENTATION OF PAIN

Pain is a complex and multifaceted experience and, as such, a large number of cortical and subcortical supraspinal areas are involved in the interpretation of noxious stimuli and the resultant sensation of pain. The supraspinal areas most likely to be activated in response to a wide variety of noxious stimuli are the thalamus, secondary somatosensory cortex, anterior/mid-cingulate cortex, and the insula (7, 8, 10). In addition to these areas, studies with differing parameters and means of noxious stimulation have found additional brain regions that are involved in pain under certain conditions, including the primary somatosensory cortex, amygdala, lateral prefrontal cortex, primary and supplementary motor areas, pre-supplementary motor area, basal ganglia, cerebellum, and brainstem (10) (Figures 2A,B).
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FIGURE 2. Pain-related areas in the brain and brainstem. (A) A meta-analysis of pain neuroimaging studies defines a set of brain regions consistently active across 222 experiments from 200 reports, including bilateral activity in the secondary somatosensory cortex, insular cortex, midcingulate cortex, and thalamus. Voxel values increase from 1 to 15 with increasing convergence across 15 total main effects meta-analyses that each reflect pain-related activation. Reprinted from Neuroscience & Biobehavioral Reviews, Vol 112, A Xu, B Larsen, EB Baller, JC Scott, V Sharma, A Adebimpe, AI Basbaum, RH Dworkin, RR Edwards, CJ Woolf, SB Eickhoff, CR Eickhoff, TD Satterthwaite, Convergent neural representations of experimentally-induced acute pain in healthy volunteers: A large-scale fMRI meta-analysis, p300–23, Copyright (2020), with permission from Elsevier. https://doi.org/10.1016/j.neubiorev.2020.01.004. (B) Schematic of brain areas related to the processing of the multidimensional experience of pain. Each region is color coded to correspond to its hypothesized dimension of pain, while hatch-marks indicate processing associated with pain-related movement. Thick black borders indicate regions located more lateral to the midline. Relative size of each region is roughly proportional for structures larger than SII. (C) Attention to different features of a painful stimulus can shift activation patterns. Focusing on the unpleasantness of pain vs its location results in different patterns of brain activation when examined by PET, providing evidence that the unique dimensions of pain may be processed in separate brain areas. Reprinted from the European Journal of Neuroscience, Vol 21(11), B Kulkarni, DE Bentley, R Elliott, P Youell, A Watson, SW Derbyshire, RS Frackowiak, KJ Friston, AK Jones, Attention to pain localization and unpleasantness discriminates the functions of the medial and lateral pain systems, p3133-42, Copyright (2005), with permission from John Wiley and Sons. DOI: https://doi.org/10.1111/j.1460-9568.2005.04098.x. SI, primary somatosensory cortex; SII, secondary somatosensory cortex; MCC, midcingulate cortex; ACC, anterior cingulate cortex; Ins, Insular Cortex; Amyg, amygdala; PFC, prefrontal cortex; M1, primary motor cortex; SMA, supplementary motor area; pSMA, pre-supplementary motor area; BG, basal ganglia; Cereb, cerebellum; PAG, periaqueductal gray; PB, parabrachial nuclei; RVM, rostral ventromedial medulla; spV, spinal trigeminal nucleus; Thal, thalamus; OFC, orbitofrontal cortex; pACC, perigenual cingulate corex; IPC, inferior parietal cortex.


Distinct aspects of pain are transmitted through separate nuclei in the thalamus to higher brain structures and have been grouped into a classification scheme of medial and lateral pain systems based on the organization of innervation to and from the nuclear groupings (42). The lateral pain system is associated with the sensory-discriminative components of pain, and routes information from somatotopically arranged lateral thalamic nuclei (ventral posterior and posterior, including VPM) to the somatosensory cortices and posterior insula (42, 59–61). The medial pain system, underlying the affective-motivational pain dimension, processes and transfers pain information from non-somatotopically-organized medial dorsal, midline, and intralaminar thalamic nuclei to the cingulate cortex, prefrontal cortex, amygdala, and hypothalamus, and their subsequent projections to descending modulatory areas (42, 60, 62). As pain is an incredibly salient experience, many of these brain regions are involved not just in nociception, but also in attention and motor-response networks (9, 63) (Figure 2C).


Primary Somatosensory Cortex

The primary somatosensory cortex (SI, Figure 3) receives input from multiple thalamic nuclei, including lateral thalamic regions associated with processing sensory-discriminative aspects of noxious stimulation. SI is involved in multiple aspects of sensory encoding and integration, from non-noxious heat, proprioception, pressure, type and quality of touch to painful nociception (64–67). Beyond the thalamic connections, SI has dense cortico-cortical connections to multiple other areas, especially the secondary somatosensory cortex and insula, as well as other sensory regions, such as the visual cortex (68–70). The varied and often direct interconnections between these regions and SI are thought to support the role of SI in multisensory integration and actions (69–71). SI is divided into four subregions—Brodmann Areas 3a, 3b, 1, and 2—each suspected of containing a separate mirrored somatotopic map (72, 73). Areas 3a and 3b form one functional parcellation of SI, while areas 1 and 2 form the other; differences in connectivity to thalamic nuclei, other SI subregions, and multiple cortical areas, including motor and frontal cortex, suggest further divisions of function that remain to be explored (74).
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FIGURE 3. Primary somatosensory cortex. (A) Brain areas active during pain: primary somatosensory cortex (SI) highlighted. (B) Functional imaging during exposure to bright light while in a photophobic state results in significant activation along the rostral face portion of the SI somatotopic map, contralateral to the site of corneal abrasion. SI activity is no longer present after symptoms resolve, while bilateral M1 and some bilateral SMA activation, associated with blinking, is seen in both conditions. Reprinted from PLOS ONE, Vol 7(9), EA Moulton, L Becerra, P Rosenthal, D Borsook, An approach to localizing corneal pain representation in human primary somatosensory cortex, e4463, Copyright (2012) Moulton et al., under the Creative Commons Attribution License (CC-BY). DOI: https://doi.org/10.1371/journal.pone.0044643SI, primary somatosensory cortex; M1, primary motor cortex; A, anterior; L, left; P, posterior; R, right.


Like the TBNC, the face representations in SI are somatotopically organized in an “onion-skin or dermatomal” model, wherein rostral areas are represented inferior and lateral to caudal areas (44, 68, 75). Although the representation of the eye has not been extensively mapped, an fMRI case study localized corneal pain within the rostral-most representation of the face (76).

SI nociceptive responses have been related to the sensory-discriminative aspect of pain, specifically the quality, location, and intensity of stimulus contralateral to the side in which cortical activation is observed, as described by many neuroimaging and lesion studies (64, 66, 77–79). These findings are consistent with direct electrophysiological recordings in primates (65, 67, 80–82).

Research into SI in multiple forms of pain, hyperalgesia, and allodynia describe not only functional changes but related structural changes, including somatotopic reorganization and altered gray matter (75, 83–89). These altered patterns of gray matter density and BOLD signal in the somatosensory cortex are often found during investigations of trigeminal neuropathy and chronic pain (90–93). The changes in neuron excitability, inhibition, or synaptic transmission in the primary somatosensory cortex can affect the perception of pain by its influences on other connected cortical and limbic areas as well as subsequent altered interpretation of peripheral input (16, 94–97).

Recent investigations into the expression of pain on the face have found another relationship between SI and pain (98). The facial expression of pain can be measured for clinical and research purposes, and one method of quantification is through the Facial Action Coding System (FACS) in which non-verbal pain communications are described in Action Units (AUs). AUs are a small set of facial movements shown to consistently occur during pain that can include opening of the mouth and constriction of the muscles around the eyes, among others (99, 100). While AUs are highly variable between individuals in pain, the contraction of the orbicularis oculi muscle surrounding the eyes, a specific AU, is found consistently across subjects and in both acute and chronic pain (99). The sensory-discriminative component of pain is closely associated with orbicularis oculi contraction AU (101), while other AUs are linked to the affective component. The orbicularis oculi AU is mirrored by SI activations that correspond somatotopically to the site of painful stimulus and may serve a protective role by narrowing the eye aperture to shield the eye while preserving vision in dangerous and painful conditions (98). Pain affect-associated AUs are largely thought to be involved in communicating pain to others. Coordinated muscle contractions correspond to SI activity, and contribute toward SI responses observed with ocular pain (98).

Despite many investigations, the role of SI in pain is not fully understood, as activation is not consistently seen across many neuroimaging meta-analyses (7, 8, 10). Focal SI lesions in patients transiently decrease pain sensitivity (102, 103), and direct electrode stimulation of SI does not elicit pain (104). Increasingly, SI is viewed as an area for signal integration from multiple afferent sources, with the diverse classes of fiber inputs combining their transmissions and modifying them intracortically. The resulting signal may be greater or less than expected due to anatomical variability between subjects, non-noxious peripheral inputs, cognitive and attentional factors, and mixed excitatory and inhibitory processes (7, 10, 67, 105).



Secondary Somatosensory Cortex

The secondary somatosensory cortex (SII, Figure 4) receives nociceptive and innocuous somatosensory information from the thalamus simultaneously by separate but parallel neuronal connections to the pathway leading from thalamus to the SI (106–108). The region also has significant connectivity with the inferior parietal cortex and SI as well as other connections with the intraparietal sulcus, Broca's region, primary motor cortex, and pre-motor cortex (109). SII is more frequently activated than SI in response to noxious stimuli and is one of the most consistently activated brain regions to painful stimuli, along with the thalamus, medial cingulate cortex (MCC), and insula (7, 8, 110). Like SI, SII is involved in the processing of nociceptive afferent input in humans, and likewise has a role in the sensory-descriptive aspect of pain in the lateral pain system (7, 8, 104, 111–113). SII has reduced spatial resolution and receptive field size when compared with SI; unlike SI it has a role in processing other, “high-order” aspects of stimulus including attention, learning, memory, and rare or novel stimuli (113–115). SII is further activated when observing others in physical pain, and even in social-rejection related distress (116, 117). While SI activity is closely associated with the intensity of pain, SII activity is minimal for low-intensity thermal stimuli and increases quickly after exposure to high-intensity stimuli (118). However, note that both SI and SII also respond to pleasant brushing (119) and innocuous heat (105), indicating that activity in these regions is not specific to pain.
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FIGURE 4. Secondary somatosensory cortex. (A) Brain areas active during pain: secondary somatosensory cortex (SII) highlighted. (B) fMRI recordings during nociceptive and non-nociceptive stimulation in SI, SII, and Thalamus. The consistent time courses across all three regions suggest parallel information processing in the primary and secondary somatosensory cortices, along with associated activations in the thalamus. Reprinted from The Journal of Neuroscience, Vol 31(24), M Liang, A Mouraux, GD Iannetti, Parallel processing of nociceptive and non-nociceptive somatosensory information in the human primary and secondary somatosensory cortices: evidence from dynamic causal modeling of functional magnetic resonance imaging data, p8976–85, Copyright (2011) Liang et al., under the Attribution-Non Commercial-Share Alike 3.0 Unported License (CC BY-NC-SA). DOI: https://doi.org/10.1523/JNEUROSCI.6207-10.2011white dots, activation maxima for each subject within a given region; red dots, activation maxima across the group within a given region.


SII is frequently divided into four subregions that are loosely homologous to primate areas, termed OP1 (S2); OP2 (parietoinsular vestibular cortex); OP3 (ventral somatosensory area); and OP4 (parietal ventral area) (OP = operculum parietale) (109, 120, 121). Nomenclature of these areas can lack consistency and clarity; notably OP1 is often termed “S2” or “area SII,” leading to some confusion in the literature between the subregion and the overall SII (109). Of these regions, OP1 and OP4 are the most widely studied and are considered somatosensory areas; both subregions contain a complete somatotopic map mirrored along the anatomical border separating them (122). OP1 is considered an integrative area that may facilitate higher-order complex somatosensory processing, while OP4 has greater associations with action control and sensory-motor integration (109).

Activation in SII is bilateral, and this activity increases as the stimulus intensity becomes more painful, which may include engagement of additional SII subregions (113, 118, 123–125). The bilateral activation of SII is non-symmetrical and shows greater activation contralaterally, compared to ipsilaterally (124, 126). This difference reflects the non-equal inputs to the ipsilateral and contralateral SII—contralateral SII is innervated by thalamic nuclei and SI, while ipsilateral SII receives input from contralateral SII and ipsilateral thalamic nuclei (124, 126–128). SII is implicated in identifying, discriminating between, and directing attention to stimuli, cognitively recognizing the painful nature of nociceptive activation, and integrating it with higher-level processes such as learning and memory (61, 109, 115, 118). Some evidence in experiments involving painful stimuli further suggest SII plays a role in processing pain-related emotion that may also include the detection and storage of emotion-laden information regarding potentially damaging stimuli (61). Abnormal pain processing as well as functional and anatomical changes are found in SII in a variety of painful conditions, and SII may be a target for future interventions (129–133).



Cingulate Cortex

The modern view of the cingulate cortex is a four-region model composed of the Anterior-, Mid-, and Posterior Cingulate Cortex (ACC, MCC, PCC) and the Retrosplenial Cortex (RSC), based on synaptic and functional differences in both primates and humans (134–136). Functional imaging studies in pain have helped affirm the existence of the MCC as a separate functional region rather than a transition area or subsection of the ACC or PCC. Taken together the cingulum as a whole participates in a broad array of somatosensory, emotional, and motor processes, however, fMRI recordings of painful stimuli find consistent activations in the MCC more so than other areas of the cingulum (7, 10, 136–138) (Figure 5).


[image: Figure 5]
FIGURE 5. Cingulate cortex. (A) Brain areas active during pain: midcingulate cortex (MCC) and anterior cingulate cortex (ACC) highlighted. (B) High frequency electrode stimulation across 1789 cingulate sites can elicit varying subjective and behavioral responses segregated into functional fields organized rostrocaudally along the cingulum. F Caruana, M Gerbella, P Avanzini, F Gozzo, V Pelliccia, R Mai, RO Abdollahi, F Cardinale, I Sartori, GL Russo, G Rizzolatti, Motor and emotional behaviours elicited by electrical stimulation of the human cingulate cortex, Brain, Copyright (2018), Vol 141(10), p3035–3051, by permission of Oxford University Press. DOI: https://doi.org/10.1093/brain/awy219. (C) Conjunction (top panel) and contrast (bottom panels) analyses of brain regions activated during chronic neuropathic and experimental pain reveal different patterns of activation, implicating several regions as potential actors in chronic pain- including the ACC. Conjunction analysis of both conditions showed activations in the ACC, MCC, SII, insula, thalamus, and supplementary motor area. Experimental - chronic neuropathic pain analysis (red box) resulted in activations in the MCC, anterior and posterior insula, and SMA. Chronic neuropathic - experimental pain (green box) revealed significant ACC, SII, and mid insular activations. Reprinted from NeuroImage, Vol 58(4), U Friebel, SB Eickhoff, M Lotze, Coordinate-based meta-analysis of experimentally induced and chronic persistent neuropathic pain, p1070–80, Copyright (2011), with permission from Elsevier. DOI: https://doi.org/10.1016/j.neuroimage.2011.07.022.



Mid-cingulate Cortex

MCC receives projections from medial and intralaminar thalamic nuclei, including it in the medial pain system, but is also connected to other cingulate regions as well as the insula, amygdala, parietal cortex, striatum, spinal cord, motor, and pre-motor cortices, and many of these pathways are reciprocal (135, 139, 140). The MCC is further divided into anterior (aMCC) and posterior (pMCC) regions (136, 141) and partly contains two of the three cingulate motor zones (or premotor areas) (142). The anterior rostral cingulate zone (RCZa) and the posterior rostral cingulate zone (RCZp) are both somatotopically organized, containing face- and eye-related fields as well as limb motor representations (142). These premotor areas are heavily connected to other brain motor centers, are involved in coordinated emotionally charged or context-dependent movements, such as rubbing or wincing, and are active in a variety of reward and innocuous nociceptive stimuli responses in addition to painful ones (66, 136, 139, 143, 144).

The RCZa is likely within the aMCC and displays strong functional connectivity with the prefrontal cortex, implicating the involvement of cognitive processes (145, 146). The aMCC receives relatively more medial thalamic nuclei innervation than the pMCC as well as a direct input from the amygdala and is active during fear (135, 139). Further functional and anatomical connections arise from the primary motor cortex and insula, and primate studies reveal other connections to the periaqueductal gray and spinothalamic system (145, 147). The same sites in the aMCC are activated by pain and itch and are also involved in dopaminergic reward systems (136, 139, 148). Further, activation is found in the aMCC in the expectation of pain and itch relief as well as pain empathy (136). Functional activity during pain, cognitive control, negative affect, and motor control all overlap in the aMCC, implicating it as being involved in sensorimotor integration that subsequently guides behavior (145, 147). In the context of pain, the aMCC can cognitively assess, experience, and anticipate pain and integrate negative affect into its output (136, 139, 147). The sensorimotor integration allows for a premotor signal that alters behavior and motor response selection based on context provided by numerous systems, with pain resulting in enhancement of specific avoidance and nocifensive motor actions (136, 139). The aMCC is also involved in monitoring the resulting action triggered by its pre-motor signal, sustaining it, and the reward coding of the selected behavior, participating in feedback-mediated decision making (136, 149, 150). Fear can produce many of the same movement activities as pain in the aMCC, and has a similar dynamic in autonomic areas of the ACC, which has led to the classification of fear as a premotor pain signal by some (148).

Conversely, activation in the RCZp in the pMCC is strongly associated with that in the motor cortex and more weakly with the prefrontal cortex (136, 146). The pMCC has more extensive input from the parietal lobe than the aMCC does but no connections to the amygdala and almost no activation in emotion studies (136, 139). Scratching an itch and orienting the eyes to focus on potentially noxious visual targets both show activation in pMCC, and more severe stimuli, or threat of stimuli, result in larger responses (66, 136). Multisensory information from the parietal connections is used by the pMCC to capture attention, guide quick and precise reflexive movements, and orient the body toward impending or realized external multisensory stimuli, including painful ones (136, 139, 140, 144).



Anterior Cingulate Cortex

The anterior cingulate cortex (ACC) stores emotionally-valenced memory, has a role in autonomic processes, and serves to integrate these two functionalities (139). The ACC receives medial thalamic innervation, although less so than the aMCC, the orbitofrontal cortex, amygdala, and parahippocampal gyrus (42, 139, 151). Through its OFC connections and downstream, descending pain modulatory sites, the ACC has also been implicated in pain inhibition and facilitation (151, 152). Pain relief from intervention in the ACC usually manifests as a reduction in the perceived unpleasantness or associated distress, highlighting its role in the medial pain system and affect (153). The ACC is often parcellated as two areas: the pregenual (pACC) and the subgenual (sACC) (148, 154, 155).

Activity in pACC is associated with happiness and related memories are stored there (135, 148). Activation in the region by positive memories and events represent reward values that are related to experienced pleasure and show robust functional connectivity to areas of the medial orbitofrontal cortex with similar positive associations and reward (148, 155). The pACC has projections to the facial region of the motor nucleus and is heavily involved in emotion and internal state expression through these projections and the anterior rostral cingulate zone (135, 139). Emotional awareness, common value scaling, and cost assessment are also functions carried out by the pACC, and the subregion can help make decisions involving reward/punishment tradeoffs (135, 139, 148). Opioid receptors are dense in the ACC, and the application of naloxone negates activity in the pACC during nociception, showing the key role of this area in antinociceptive processes (156).

sACC activity is maximal during negatively valenced stimuli and events, and the subregion stores memories associated with sadness (139, 148, 157). Fear also results in notable activation of the sACC (148). Like the pACC, the sACC receives OFC inputs but from the punishment-related and negatively associated lateral orbitofrontal cortex (148, 151). The sACC is strongly connected to the amygdala, lateral hypothalamus, PAG, and parabrachial nucleus (139, 148), and these outputs underscore the role this region plays as an integrative autonomic center (139, 148, 158). Enhanced sACC activity is found in numerous pain studies and is associated with reduced pain; diversion, placebo, habituation, pain adaptation, expectancy, and reward all seem to function through the activation of brainstem descending pain pathways initiated by the ACC (148, 151, 155).

ACC is activated in pain neuroimaging experiments far less frequently than the MCC, likely due to the fact that ACC activation is seen when the stimulus or pain is intense enough to engage descending pain control systems (152). Significant confusion surrounds cingulate pain neuroimaging, often due to the evolving subregional nomenclature (famously, dACC is not the same as aMCC), and the work of many meta-analyses has been devoted to reclassifying data to fit the new models (136, 148). Thus, over time, the ACC has “lost” some of its presumed functioning in pain as those nociceptive activations are correctly reassigned to other cingulate regions (148).




Insular Cortex

The insula (Ins: Figure 6) receives direct nociceptive input from thalamocortical pathways in primates and is a core region activated in essentially all painful experimental conditions, including a wide variety of exteroceptive and interoceptive stimuli (10, 159). The insula is the only brain region that evokes pain when directly stimulated, including pain around the eye (104, 113, 160). The insula is divided into three subregions: the anterior, middle, and posterior; different regions of the insula play a role in sensory, affective, and cognitive aspects of perception (10, 161). Most resources refer to discrete insula subdivisions, and experiments are often designed around this fact. However, recent investigation has suggested the region may be better appreciated as a gradually changing topographical gradient of functional and anatomical connections along the rostrocaudal axis. While discrete subunits are described throughout this manuscript, selecting small/discrete subregions of interest for analysis may provide significant results that may not reflect the totality of activations or connectivity in a given brain region (162, 163).
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FIGURE 6. Insular cortex. (A) Brain areas active during pain: insula (Ins) highlighted. (B) Topographic organization of connectivity (anatomical and FC) of the insula and other brain regions is arranged along a rostro-caudal gradient wherein anterior insular regions show strong connections to the anterior cingulate cortex, dorsolateral prefrontal cortex, and inferior parietal lobules (red) and the posterior insula with somatosensory regions and the parietal operculum (blue). Similarities in connectivity profiles in adjacent insular regions suggest that, rather than discrete subunits, the topographic distribution of connections is better appreciated as a spatially continuous and gradually changing gradient. Displayed as a gradient in graph form, this type of spatial connectivity analysis is referred to as a connectopy map. FC,functional connectivity- temporally synchronized low-frequency fluctuations in BOLD signal between regions that indicate they are connected in their functions. Such areas may or may not have direct anatomical connections. Reprinted from Nature: Scientific Reports, Vol 22(1), D Vereb, B Kincses, T Spisak, F Schlitt, N Szabo, P Farago, K Kocsis, B Bozsik, E Toth, A Kiraly, M Zunhammer, T Schmidt-Wilcke, U Bingel, ZT Kincses, Resting-state functional heterogeneity of the right insula contributes to pain sensitivity, p22945, Copyright (2021) Vereb et al., under the Creative Commons Attribution License (CC-BY). DOI: https://doi.org/10.1038/s41598-021-02474-x. (C) Operculo-insular areas (including insula and SII) respond to a wide variety of somatosensory, and painful, stimuli. Anatomically defined region of interest analyses with fMRI indicate varied functional overlap/segregation between a variety of stimuli delivered to the left hand. Reprinted from NeuroImage, Vol 60(1), L Mazzola, I Faillenot, FG Barral, F Mauguiere, R Peyron, Spatial segregation of somato-sensory and pain activations in the human operculo-insular cortex, p409–18., Copyright (2012), with permission from Elsevier. DOI: https://doi.org/10.1016/j.neuroimage.2011.12.072. PreCG,precentral insular gyrus; ASG,anterior short gyrus; MSG,middle short gyrus; posterior- PostCG,postcentral insular gyrus; Ig1,insular lobe granular area 1; Ig2,insular lobe granular layer 2; Id1,insular lobe dysgranular area 1; SII subunits: OP1, OP2, OP3, OP4 (OP, operculum parietale).


Anterior insula (AI) is involved in processing emotion, including empathy, and activation of this subregion is found in affective processing (161, 164). AI has strong functional and anatomical connections with the thalamus and cognitive and emotional parts of the prefrontal cortex as well as the amygdala and some cingulate regions, particularly the ACC, and can have increased or decreased functional associations with these areas in chronic pain (163, 164). The strongest connections to the prefrontal cortex are to the dorsolateral prefrontal cortex, as well as areas associated with cognitive-evaluative processing and outcome anticipation (orbitofrontal cortex) and with the regulation of emotions and cognitive pain modulation (ventrolateral prefrontal cortex) (163, 164). Expectation and behavioral avoidance of a negative outcome activate AI, and the region is thought to impose emotional states that are informed by the evaluation of affective events (161, 164). The evaluation of the saliency of various insular inputs, attention, and the engagement of relevant brain regions and their triggered affective and emotional responses (including affective and cognitive pain modulation) are major functions of the AI (10, 161, 164–166). The AI has also been closely tied to autonomic function (167), and neural activity in this area has been correlated with the dynamic magnitude of pupillary dilation (168).

The mid insular (MI) area has connections to SI and SII (sensory-discriminative) as well as the ventrolateral prefrontal cortex (affective-emotional-cognitive), and diverse outputs to the orbitofrontal and premotor cortices, parietal and temporal brain regions, and the inferior frontal gyrus (164). Based on the diversity of input and output, the MI is viewed as a hybrid medial/lateral pain system area that integrates the diverse components of pain (164).

Posterior insular (PI) regions are thought to process interoceptive, somatosensory, visceral, and pain stimuli (7, 161, 164, 165). PI has its strongest connections to SII (structural and resting state analyses) and SI (structural) along with other somatosensory areas, and has some resting state association with the pMCC as well (163, 164). Activations in PI are found as stimuli progress from innocuous to painful in intensity with little activation in the absence of noxious input. Thalamic nuclei, insula, SI, and SII together comprise the lateral pain system and sensory-discriminative pain; however, lateral thalamic nuclei have been shown to have low connection probability to PI, in contrast to many primate tracing studies.

While most other cortical areas are activated by distinct components of pain, insula appears to have sub-regions dedicated to processing and integrating a wide array of intero- and exteroceptive information as well as the focusing of cognitive and perceptive attention to the most salient of these inputs (161, 164–166, 169). Insular lesions can result in pain asymbolia, wherein patients recognize the presence of pain but are devoid of proper emotional and motor responses and may not react to visual or auditory threats (170). The inappropriate reaction to pain caused by insular damage highlights the importance of the region in serving to join the sensory and limbic systems and correctly process and integrate the affective-motivational component of pain with the other dimensions (170). While multiple studies have looked into the role of the insula in pain, as indeed it is the most consistently activated region in pain-related neuroimaging studies (7, 10, 171), the insula is also part of a prospective sensory salience network (172). As other regions in the brain have the capacity for multimodal sensory integration and can be active during painful stimulation, the question remains as to whether activations in insula truly reflect the various dimensions of pain or whether they process saliency and focus attention to particularly salient stimuli (173).



Amygdala

The amygdala (Amyg: Figure 7) is directly involved in emotional processing (174) and has a major role in aversive, fear-based learning and negative affect, as well as motivation and reward learning (175–178). The amygdala is a highly interconnected region of the brain, with dense afferent and efferent connections extending widely (178, 179). Nuclei of the amygdala are typically divided into superficial, laterobasal, and centromedial groupings based on cytoarchitecture and diffusion-tensor imaging studies (180–182). The superficial division is largely concerned with olfactory processes; however, some studies have found functional connectivity associations with other limbic regions that imply a potentially larger role in affect (178, 183). The laterobasal and centromedial groups are important for the transmission of nociceptive signals and, through their diverse connections to other brain regions, are implicated in emotional and affective-motivational components of pain, as well as the cognitive-evaluative dimension (178).
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FIGURE 7. Amygdala. (A) Brain areas active during pain: Amygdala (Amyg) highlighted. (B) MRI imaging of amygdala subunits displayed in a series of coronal slices. Reprinted from Human Brain Mapping, Vol 35(2), LE Simons, EA Moulton, C Linnman, E Carpino, L Becerra, D Borsook. The human amygdala and pain: Evidence from neuroimaging, p527-38, Copyright (2012), with permission from John Wiley and Sons. DOI: https://doi.org/10.1002/hbm.22199. (C) A meta-analysis of functional neuroimaging studies reporting amygdala involvement, including 24 experimental and 17 clinical pain studies, emphasizes the participation of the amygdala in pain. The associations between laterobasal activation and clinical pain, as well as the centromedial/superficial regions and experimental pain, support previously reported anatomic and functional parcellations of the amygdala. White triangles,increased signal activation vs controls reported; black dashes,decreased signal activation vs controls reported. Reprinted from Human Brain Mapping, Vol 35(2), LE Simons, EA Moulton, C Linnman, E Carpino, L Becerra, D Borsook et al., The human amygdala and pain: Evidence from neuroimaging, p527–38, Copyright (2012), with permission from John Wiley and Sons. DOI: https://doi.org/10.1002/hbm.22199.


The laterobasal division has extensive innervation from numerous modalities, including nociceptive input via the somatosensory thalamus and multiple cortical and subcortical areas, such as hippocampus, ACC, and insula (184, 185). Laterobasal amygdala is involved in associative learning, as with fear-based classical conditioning, thereby giving sensory information emotional significance, and as such is important in anxiety and fear related to pain (178, 186). Additionally, the laterobasal nuclei group has connections with parts of the striatum as well as prefrontal and frontal cortices, which contribute to pain memory and expectation, important parts of the cognitive-evaluative component of pain and the anticipation of pain (178, 187, 188).

The amygdala's centromedial nuclei are a major target of excitatory and inhibitory sensory input from other amygdala nuclei groups and they also receive nociceptive information from the medullary dorsal horn, cingulate cortex, and insula as well as the lateral parabrachial nucleus complex (47, 179). This information is projected to the nearby bed nucleus of the stria terminalis, hypothalamus, PAG, striatum, and several other brainstem regions (178, 179, 184). The connectivity between the amygdala and these areas underlies its significance in generating behavioral responses to painful stimuli as well as modulating the subsequent emotional, autonomic, behavioral, and endocrine pain responses (178, 185).



Prefrontal Cortex

Prefrontal cortex (PFC: Figure 8) is critical for cognitive control (the manipulation of information in pursuit of a goal) and can represent abstract information and complex rules that subsequently inform thoughts, emotions, and actions. It participates in high-order, intelligent planning and problem solving, emotion generation and regulation, and other executive functions (189–191). PFC is believed to be organized in a hierarchal rostro-caudal axis, in which posterior areas are involved in control of short-term and concrete action representations while complex, longer-term representations occur in progressively more anterior areas as information and control selection become increasingly abstract (146, 189, 192). Painful stimuli can engage many of these high-order processes, and multiple areas of PFC are involved in pain processing (190). In PFC, nociceptive signals are gathered with other contextual information (e.g., memories and emotions) into a unified, processed perception that then modulates peripheral nociception by its projections to the PAG (190).
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FIGURE 8. Prefrontal cortex. (A) Brain areas active during pain: prefrontal cortex (PFC) highlighted. (B) Enhanced activation of ventral/orbitofrontal cortex (VOFC) and dorsolateral prefrontal cortex (DLPFC) during experimentally induced heat allodynia compared to equally intense heat pain stimuli. This difference demonstrates the nuanced response of the PFC in pain processing in different contexts. The basal ganglia were also found significantly more active in allodynia. Reprinted from J Lorenz, S Minoshima, KL Casey, Keeping pain out of mind: the role of the dorsolateral prefrontal cortex in pain modulation, Brain, Copyright (2003), Vol 126(5), p1079–91, by permission of Oxford University Press. DOI: https://doi.org/10.1093/brain/awg102. VOFC, ventral/orbitofrontal cortex; DLPFC, dorsolateral prefrontal cortex; LAT, lateral; MED, media; SUP, superior; dm, dorsomedial.


The parcellation and nomenclature of PFC subregions is not consistent in the literature; cytoarchitectonic areas (e.g., Brodmann) can be assigned to different subregions depending on the study. Likewise, some subregion divisions can include functionally and anatomically distinct areas that may be referred to differently between studies and across disciplines (191, 193). A unified systematic nomenclature and parcellation may help ease the difficulties in investigating large-scale, integrative PFC functionality (191). The challenges and shortcomings in nomenclature are not unique to PFC—as neuroimaging techniques become more sophisticated it seems clear that establishing common representations and analysis methodologies throughout the brain can serve to advance the field (194–196). In this review, PFC is divided into orbitofrontal cortex (OFC), medial prefrontal cortex (MPFC), lateral prefrontal cortex (LPFC), and anterior prefrontal cortex (APFC), each with its own internal functional parcellations; the pACC, sACC, and aMCC are also often considered functionally to be part of the PFC (191).

LPFC activity is found frequently in neuroimaging of pain and cognitive control, and the subregion can be divided into dorsolateral and ventrolateral prefrontal cortex (DLPFC, VLPFC) (10, 189, 191, 197). DLPFC is also involved in executive function, ranging from attention, decision making, and emotional regulation to working memory and reward/value coding (197). DLPFC is a part of several brain networks, is widely involved in top-down process control and modulation, and has a similar role in the context of pain—cognitive/attentional modulation of pain, reducing emotional pain-responses, placebo analgesia, and other forms of pain suppression (197–199). Many of these phenomena engage circuits involving VLPFC and the ACC, to which DLPFC is interconnected, and are thought to be involved in the initiation of modulatory signaling to downstream effectors in the brainstem (6, 197). Pain detection and spatial discrimination are other implicated functions, as DLPFC activation has been observed in the response to, and anticipation of, painful nociceptive stimulation (190, 197). DLPFC is a site of integration between pain transmission, cognitive expectation, and evaluation of the resultant pain; the results of this processing lead to pain modulation and context-informed behavioral response to painful stimulation (197). Many investigations have found associations between DLPFC activation and enhanced pain in experimentally sensitized nociceptive circuits as well as abnormal anatomical and functional states in chronic pain (190, 197, 198).

VLPFC is innervated by AI, shows activation during pain anticipation, and is functionally associated with cognitive pain control systems (ACC, PAG, and RVM) (198, 200). VLPFC also shows increased activity in painful stimulation with activation often seen during placebo analgesia and other forms of signal manipulation, potentially contributing to pain modulation by reappraisal of the estimated threat an aversive stimulus represents (198, 201, 202). The delineation and initiation of functional process between the LPFCs by neuroimaging is complicated by close connections between the two regions (DLPFC and VLPFC), their dual involvement in expectation and emotion-regulation, and shared inverse association between pain-expectant cognitive processes and catastrophizing (201). Likewise, both DLPFC and VLPFC have been found to function abnormally in some cases of chronic pain (190, 198, 201).

MPFC, often divided into dorsomedial and ventromedial subregions, has a prominent role in aversive learning, processes the affective and cognitive components of pain, and functionally includes portions of the ACC and MCC (191, 203). Considered together, projections in primate tracings and supporting fMRI functional studies have found connections from MPFC to the PAG, comprising a large portion of the overall input to the critical pain modulatory region (190). Additional tracts are seen between the MPFC, amygdala, thalamus, hypothalamus, and rostral ventromedial medulla, providing a potential way that emotion (i.e., fear) can influence pain modulation as well as function in empathy toward pain or suffering (190). Cognitive inhibition of emotional and pain responses, including motor and facial expression such as orbicularis oculi contraction, is thought to be learned and can occur through coordinated activations in the MPFC, basal ganglia, and cingulate regions that can be disrupted as the perception or suggested intensity of sensory-discriminative pain increases (98, 191). MPFC connections to parietal areas underlie the processing of emotionally-valenced visual stimuli that affect associated nociceptive signaling, a form of cognitive pain modulation (190).

OFC, containing medial and lateral subdivisions, has connections to many pain-processing areas, including the insula, ACC, and somatosensory cortex, and shows increased activation during exposure to uncontrollable and unpredictable pain and its accompanying sensitization as well as to the fear of pain (191, 202, 204). OFC processes negative and punishment-related aspects of stimuli as well as the context-dependent value of a reward (204, 205). In the presence of both pain and reward, functional coupling between OFC and other cerebral pain centers is disrupted, resulting in higher-order signal modulation and pain inhibition (205). Like other parts of PFC, many studies have revealed alterations of this area in chronic pain, although OFC changes may not only reflect the modulation of nociceptive signaling but instead interactions between pain and reward (190, 205).

APFC, like other prefrontal regions, has been related to many functions including reward and conflict, working memory, risk and decision making, and pain (206, 207). This area has also been found to be involved in essentially all salient stimuli that may require behavioral response (206). APFC has reciprocal connections to the other PFC subregions, the parietal, insular, and anterior temporal cortices, multiple thalamic nuclei, and numerous other subcortical regions in tracer studies in primates, strongly supported by structural and functional associations in human neuroimaging (206, 207). APFC has a medial and lateral division (mAPFC and lAPFC), which have functionally distinct processes (206, 207). lAPFC in pain is thought to be involved in high-level cognitive sensory and emotional nociceptive signal integration and may modulate pain through its input to the descending antinociceptive circuit (206). On the other hand, mAPFC may have a role in memory-based aversive processing, both past and ongoing, and general stress response while its connections to the medial pain system highlight a potential role in emotional and motivational components of pain (206). Together, APFC regions perform high-level cognitive evaluation of pain, historical and present, and the results of that processing are used to guide behavior (206).



Primary Motor Area, Supplementary Motor Area, and Pre-supplementary Motor Area

Primary motor cortex (M1), supplementary motor area (SMA), and pre-supplementary motor area (Pre-SMA) are critical areas for the planning and execution of motor output in response to sensory input, and their activation is found in many pain studies (7, 8, 10) (Figure 9). The motor areas have dense innervation between themselves and are heavily connected to the corticospinal tract, parietal cortex, cerebellum, and thalamus (208). The collection of motor and motor planning areas are implicated in behavioral and some reflex responses to pain as well as the anticipation of pain (98, 145, 209).
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FIGURE 9. Motor Areas. (A) Brain areas active during pain: primary motor area (M1), supplementary motor area (SMA/SMA-proper), pre-supplementary motor area (pSMA/pre-SMA) highlighted. (B) Functional activations associated with pain processing (painful heat: red) and motor control (force production: blue) overlap (green) in the SMA, pSMA, and aMCC, and display increased activation when simultaneously processing both conditions. Further results of the same group-level conjunction analysis describe overlap in pain and motor processes in the anterior insula and basal ganglia (putamen), reinforcing a dynamic established previously in the literature. Pain processes were established by painful thermal stimulation to the right hand; motor control processes were established by participants gripping a force transducer with their right hand. Reprinted from G Misra, SA Coombes, Neuroimaging Evidence of Motor Control and Pain Processing in the Human Midcingulate Cortex, Cerebral Cortex, Copyright (2014), Vol 25(7), p1906–19, by permission of Oxford University Press. DOI: https://doi.org/10.1093/cercor/bhu001.


Pain impacts muscle contraction and coordination and interferes with motor-skill learning (210). Many pain-related motor area activations are thought to be involved in pain-initiated movement or the suppression of pain reflexes and are involved in affective/motivational pain responses (8, 42). The pre-SMA and SMA show activity in similar regions in both pain processing and motor function as well as during the execution of visually guided movement (145). Additionally, emotion can influence motor system responses, and the system may itself code and store emotional context along with motor-processes; activation of the motor system can be seen before and during interaction with an unpleasant stimulus (209, 211). Pain and/or the expectation of pain may alter excitability in motor areas, causing inhibition of certain motor actions, such as further interaction with a negative stimulus; conversely, positively associated stimuli may facilitate motor activities leading to increased interactions (211, 212).

Motor cortex intra- and transcranial stimulation has repeatedly been shown to relieve pain in certain neuropathic conditions, but the mechanism behind this phenomenon is not fully understood (213, 214). Multiple hypotheses exist and may not be exclusionary, involving modulation and regulation of signals to PFC, cingulate cortices, thalamus, brainstem, basal nuclei, and spinal cord (214, 215). The altered excitation of nerve fibers by activation of opioid-releasing structures throughout the brain, active reappraisal of the emotional component of pain, and potential regulation of peripheral feedback imbalances may all contribute to pain relief (214–216).



Basal Ganglia

The basal ganglia (BG, Figure 10) are a group of subcortical forebrain nuclei that are highly connected to the cortex, brainstem, and thalamus and are best known for dopaminergic involvement in motor systems and movement control (217–219). BG are involved with planning learned motor behavior execution, directing voluntary movement, and coordinating context-dependent movement (220). BG nuclei include globus pallidus, substantia nigra, striatum, and subthalamic nucleus (219, 221). Striatum is separated into ventral and dorsal subdivisions—the ventral is closely associated with the limbic system and is partially comprised of the nucleus accumbens, while the dorsal striatum consists of caudate nucleus and putamen (219, 221). The striatum is the main input area of the BG and is innervated almost globally by the cortex; these diverse inputs are organized into sensorimotor, cognitive, and affective functional regions with overlap that may reflect integration of cortical information (217, 219). Globus pallidus contains major output nuclei that connect widely to other BG nuclei as well as several thalamic nuclei and midbrain structures (219). One such structure is the superior colliculus, in which BG has a non-looped connection that supports a role in regulating eye movements and behaviors resulting in orientation toward a stimulus (219).
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FIGURE 10. Basal ganglia. (A) Brain areas active during pain: basal ganglia (BG) highlighted. (B) The basal ganglia participate in pain processing, from acute pain and chronic pain (cold and brush neuropathic allodynia) to morphine-induced analgesia, as revealed by pain-related patterns of fMRI BOLD activity. Upper panels: BG parcellations are color-coded and highlighted in coronal sections organized from anterior to posterior. Bottom panels: red areas indicate increased fMRI BOLD activation and blue areas indicate decreased activation. phMRI, pharmacological MRI- wherein pharmacological agents/drugs (in this case morphine) are used as stimuli to induce hemodynamic changes that are subsequently assessed by fMRI. Reprinted from Molecular Pain, Vol 6(27), D Borsook, J Upadhyay, EH Chudler, L Becerra, A key role of the basal ganglia in pain and analgesia–insights gained through human functional imaging, Copyright (2010) Borsook et al, under the Creative Commons Attribution License (CC-BY). DOI: https://doi.org/10.1186/1744-8069-6-27.


BGs role has expanded beyond movement alone to include cognitive and emotional activity, skill and habit learning, perception, procedural memory, planning, language, and attention (218, 219, 221, 222). This diverse functionality extends to pain processing, where BG are suggested to participate in the affective-motivational, sensory-discriminative and cognitive-evaluative components of pain as well as some analgesic effects and are critical participants in the behavioral resultants of chronic pain (221). Of the BG, the regions most consistently activated in experimental pain the caudate, pallidus, and putamen subregions (10). Caudate is believed to involve pain avoidance behavior and behavioral reinforcement that may include pain (221). Pallidus encodes repertoires of behavior, and deep brain stimulation of this area causes pain inhibition (221). Putamen activates bilaterally while also contralaterally representing somatotopic nociceptive information and potentially playing a role in pain modulation (220, 221). BG have an important role in managing context-dependent movement and, through extensive thalamo-cortical-BG loops, modulate the integration of the diverse components of the pain experience and influence resultant movement behaviors (221).



Cerebellum

The cerebellum (Cereb: Figure 11) is best known for coordinating movement (223). This basic understanding has evolved, as interrogation of the cerebellum has revealed integrative and diverse functionality, from memory and learning to the processing of somatosensory input. The cerebellum has many supraspinal projections that are routed through the brainstem and has reciprocal connections to cortical structures involved in both sensorimotor processing and cognitive functions (224, 225). In addition to supraspinal input, direct afferent pathways pass nociceptive information from peripheral sources through midbrain nuclei to the cerebellum (225, 226). Some evidence suggests a somatotopic organization for these peripheral afferent inputs, while cerebellar regions receiving supraspinal input may be non-somatotopically organized and provide a means for emotional and cognitive information to affect cerebellar sensory-motor processes (227). The cerebellum can be divided into separate functional regions based on anatomic, neuroimaging, and resting state studies. These studies describe anterior cerebellar connections to sensorimotor-related cortical regions, which support motor functions and posterior cerebellar circuits to cognitive and associative cortical regions, which in turn may function in motor planning, nociception or memory (225, 226).
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FIGURE 11. Cerebellum. (A) Brain areas active during pain: cerebellum (Cereb) highlighted. (B) Cerebellar activation likelihood estimation (ALE), derived from meta-analysis of 56 experimental and 20 pathological pain studies, illustrates that fMRI activity is frequently present in specific cerebellar foci during pain. Reprinted from Brain Research Reviews, Vol 65(1), EA Moulton, JD Schmahmann, L Becerra, D Borsook, The cerebellum and pain: Passive integrator or active participator?, p14–27, Copyright (2010), with permission from Elsevier. DOI: https://doi.org/10.1016/j.brainresrev.2010.05.005. C, activation contralateral to painful stimuli; I, activation ipsilateral to painful stimuli; Cr I, Crus I; III-VI, cerebellar hemispheric lobules III through VI.


While not observed in all pain neuroimaging studies (10), the cerebellum is often active during pain (7, 8, 226). The cerebellar response to pain is most frequently seen in activation of the anterior vermis and posterior hemispheres, and similar activity in the posterior hemispheres is observed in the neuroimaging of emotion and evocative pictures, particularly those with aversive connotation (226, 228). These same regions may be activated in response to the anticipation of a painful stimulus as well as the stimulus itself (227). Activation of posterior cerebellar regions has been functionally inversely correlated to limbic areas involved in emotional processing (228), and damage to these regions has been linked to disrupted pain affect (229). A positive functional relationship is found between pain and sensorimotor areas, such as M1, SII, AI, and the PAG. The cerebellar pain response may be related to motor planning and reflexes as well as to the activation of a corticocerebellar aversive network that modulates sensitivity to negative events by connectivity to cognitive and emotional brain regions (225, 228).



Brainstem

The brainstem (Figure 12) is a critical integrative relay between ascending inputs from primary afferents as they proceed to supraspinal areas and descending modulatory influences from supraspinal areas themselves (49). The ascending sensory system traverses the medulla, pons, and midbrain enroute to the cerebral cortex, and is modified in transit at the primary afferent synapse (i.e., spVc) as well as other brainstem regions (49, 230). Descending modulation of ascending sensory transmission is triggered by cortical and subcortical messaging to brainstem structures that can enhance or suppress the afferent signal depending on context (49, 231). That context comes in the form of situational input from amygdala, cerebellum, PFC, ACC, hypothalamus, and thalamus, which all exert “top down” pro- or antinociceptive, analgesic-mediated influence on brainstem nuclei; these circuits are referred to as the descending pain modulatory system (49, 230, 231). Bidirectional signal control is important for context-dependent pain modulation—depression of pain and antinociceptive signaling may be necessary to enact escape despite painful injury, while pronociceptive modulation promotes vigilance and protection of damaged tissue (231).
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FIGURE 12. Brainstem. (A) Brain areas active during pain: periaqueductal gray (PAG), parabrachial nuclei (PB), rostral ventromedial medulla (RVM), spinal trigeminal nucleus (SpV) highlighted. (B) Schematic of brainstem nuclei associated with pain processing. Reprinted from PAIN Reports, Vol 4(4), V Napadow, R Sclocco, LA Henderson, Brainstem neuroimaging of nociception and pain circuitries, p e745, Copyright (2019) Napadow et al., under the Creative Commons Attribution License (CC-BY). DOI: https://dx.doi.org/10.1097%2FPR9.0000000000000745. (C) Axial slices containing brainstem nuclei from Figure. 12(B) arranged to compare the spatial resolution and quality of anatomical and functional MRI data at different magnetic field strengths (7 Tesla and 3 Tesla). Advances in imaging techniques and technologies promise to advance neuroimaging investigation of the brainstem as subtle differences in increasingly fine and detailed structures can be appreciated by MRI. Reprinted from PAIN Reports, Vol 4(4), V Napadow, R Sclocco, LA Henderson, Brainstem neuroimaging of nociception and pain circuitries, p e745, Copyright (2019) Napadow et al., under the Creative Commons Attribution License (CC-BY). DOI: https://dx.doi.org/10.1097%2FPR9.0000000000000745. (D) fMRI activations in the medulla, pons, and midbrain in response to brief noxious thermal stimulation, comprising activation of ascending nociceptive pathways and descending pain modulation, highlighting the dense and complex pain circuitry present in the brainstem. Myelin-stained ex-vivo axial sections are displayed to the right of corresponding sagittal and axial MRI slices. Reprinted from NeuroImage, Vol 124(Part A), AM Youssef, VG Macefield, LA Henderson, Pain inhibits pain; human brainstem mechanisms, p54-62, Copyright (2020), with permission from Elsevier. DOI: https://doi.org/10.1016/j.neuroimage.2015.08.060. DRN, dorsal raphe nucleus; DRt, dorsal reticular nucleus; LC, locus coeruleus; MRN, median raphe nucleus; NCF, nucleus cuneiformis; NGc, nucleus gigantocellularis; NRM, nucleus raphe magnus; NTS, nucleus tractus solitarii; PAG, periaqueductal gray; PBN, parabrachial nucleus; RVM, rostral ventromedial medulla; SpV, spinal trigeminal nucleus; VLM, ventrolateral medulla; SpVc, spinal trigeminal nucleus caudalis; SRD, subnucleus reticularis dorsalis; dlPons, dorsolateral pons; PAG, periaqueductal gray; SN, substantia nigra.


Nuclei associated with pain processing and descending modulation are situated throughout the brainstem. Within the midbrain lies the periaqueductal gray (PAG) and nucleus cuneiformis (NCF); within the pons is the parabrachial nuclei, locus coeruleus (LC), and dorsal and medial raphe nuclei; and within the medulla is the rostral ventromedial medulla (RVM), ventrolateral medulla, subnucleus reticularis dorsalis (SRD), and spV (49, 230).

PAG is a critical site in which ascending sensory and descending modulatory pathways interact and is part of the endogenous pain inhibitory system (232). In addition to pain processing and control, PAG participates in the expression of anxiety, analgesia, fear, cardiovascular function, vocalization, and reproductive behaviors (232). Diffusion tensor imaging tractography has shown PAG connections to PFC, ACC, cerebellum, hypothalamus, thalamus, nucleus accumbens, and amygdala as well as the pre- and postcentral gyri and lower brainstem nuclei, such as RVM and medullary dorsal horn (49, 232). PAG consists of four longitudinal, columnar subnuclei parallel to and surrounding the mesencephalic aqueduct: the dorsolateral (dlPAG), dorsomedial (dmPAG), lateral (lPAG), and ventrolateral (vlPAG) subdivisions (232). The subdivisions seem functionally segregated, with stimulation of lPAG and dlPAG eliciting elevated blood pressure along with active emotional coping strategies and behavioral responses (fight or flight), while vlPAG stimulation results in decreased blood pressure and passive responses (quiescence) (49, 232). Functional resting state connectivity investigations have shown additional associations and corroborated many connections identified with primate and human tract tracing, including ACC, AI, cerebellum, dorsal putamen, hippocampus, globus pallidus, and ventromedial medulla; these investigations have also revealed negative connectivity between LPFC, PI, and post-central and occipital gyri (232). In addition to functional and anatomical differences, animal studies have found fundamentally different methods of analgesia in the subregions— vlPAG is opioid-mediated while lPAG (which receives somatotopically arranged spV nociceptive projections) and dlPAG are non-opioid mediated (230, 232). Supporting these findings in animals, electrical stimulation of PAG results in analgesia that is abolished when naloxone is administered (233).

PAG has diverse brain innervation, participates in afferent sensory transmission, and, after integrating its numerous inputs, is a principal effector of the descending pain modulation system by means of its projections to the RVM and other brainstem nuclei (49, 230). RVM carries out bidirectional pro- and anti-analgesic modulation through projections to other brainstem areas, dependent on signaling from dense connections with the PAG (49, 230). RVM receives projections from parts of LC, PBN, and thalamus in addition to those from PAG, and is the lowest “common relay” of descending pain modulation pathways, subsequently sending outputs to Vc, Vi/VC, and SpV (234).

RVM can inhibit incoming noxious signals through the activation of OFF class neurons or facilitate nociception via ON class neurons and, at rest, the counteracting neuronal activities are thought to be balanced (230). Most information on specific cell function comes from animal studies, as the intermingled anatomy of RVM cell populations cannot be differentiated by neuroimaging (49). However, neuroimaging and resting state studies have shown increased functional coupling between vlPAG and RVM as well as RVM and multiple subnuclei of spV in patients with trigeminal neuropathy (230, 235). Animal studies of the ventrolateral medulla and NCF have reported ON/OFF cell populations, similar to those of RVM, with presumably similar functions in afferent regulation and, like the PAG, the NCF participates in ascending signal transmission and has projections to RVM (49).

Another PAG coordinated area involved in nociceptive modulation is LC, which has reciprocal connections to both vlPAG and spV in primate tracings (49, 230). LC regulates attention and mood through noradrenergic inputs to the brain while also playing a role in pain processing, such as in cognitive-mediated distraction analgesia (49). Resting state examination in painful trigeminal neuropathy has found increased resting state connectivity strength between LC and RVM, suggesting altered noradrenergic and opioid system interactions in neuropathic pain (230). Further, LC connections with the nucleus accumbens and ACC are implicated in reward signaling from pain relief, and functional connectivity between these areas is disrupted in chronic pain. The same investigation additionally found decreased connectivity between LC and vlPAG and increased LC connection strength with SRD; these results support animal models in which LC is thought to inhibit signaling in spV through direct projections and facilitate signals indirectly through connections to SRD. SRD is also involved in analgesia produced by inhibition of one stimulus by a second (conditioned pain modulation) and achieves pain inhibition by suppressing nociceptive input in spV (48, 49).

Pain-related activation in the brainstem is less commonly found in neuroimaging studies than in many brain areas, despite the documented activity in pain and nociception throughout (7, 10). The small and complex anatomy of brainstem nuclei and susceptibility to physiological noise and other distortions may mask activation along with many other technical limitations, while in other cases the intensity of experimental stimuli may not be great enough to engage the descending pain systems (49, 236).



Thalamus

The thalamus (Thal: Figure 13) receives and passes along information from peripheral sources to the cortex, and every region of the cortex has reciprocal connections back to thalamus (237). Thalamus receives direct sensory input from numerous sources, including the trigeminothalamic tract and its connections to the ventroposteromedial (VPM) nucleus and medial nuclei, and is involved in multiple dimensions of the pain experience (238–240). Historically the thalamus was viewed as a relay site based on this widespread connectivity, but evidence continues to mount that it has a role in aggregating, processing, and integrating information from functional brain networks as well as mediating cortico-cortical connections (237, 241–243). In a view of the brain as a complex network of semi-independent modules, thalamus plays a key role in multimodal information processing by serving as an information-sharing nexus for cortical functional networks as well as structurally maintaining the modular organization of the brain network as a whole (237, 243–245).
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FIGURE 13. Thalamus. (A) Brain areas active during pain: Thalamus (Thal) highlighted. (B) An examination of resting state fMRI data finds that participants with orofacial pain, experimentally induced by orthodontic separators, have significantly different patterns and intensity of spontaneous neural activity (red=increased, blue=decreased) compared to controls; differences such as these support the notion that the thalamus has a greater role in somatosensory processing than simply relaying afferent signals. Reprinted from Frontiers in Neurology, Vol 11, Y Jin, H Yang, F Zhang, J Wang, H Liu, X Yang, H Long, F Li, Q Gong, W Lai, The Medial Thalamus Plays an Important Role in the Cognitive and Emotional Modulation of Orofacial Pain: A Functional Magnetic Resonance Imaging-Based Study, p589125, Copyright (2021) Jin et al., under the Creative Commons Attribution License (CC-BY). DOI: https://doi.org/10.3389/fneur.2020.589125. (C) The same orofacial pain participants from (B) were also found to have a widespread and significant reduction (yellow areas) in resting state functional connectivity between the medial thalamus and other brain areas, emphasizing the comprehensive brain-wide interconnections of the thalamus and its engagement in pain processing. Reprinted from Frontiers in Neurology, Vol 11, Y Jin, H Yang, F Zhang, J Wang, H Liu, X Yang, H Long, F Li, Q Gong, W Lai, The Medial Thalamus Plays an Important Role in the Cognitive and Emotional Modulation of Orofacial Pain: A Functional Magnetic Resonance Imaging-Based Study, p589125, Copyright (2021) Jin et al., under the Creative Commons Attribution License (CC-BY). DOI: https://doi.org/10.3389/fneur.2020.589125.


Thalamus is composed of first-order nuclei and higher-order nuclei, which are discriminated based on the composition of their innervation—primarily ascending afferents and subcortical areas (first-order) or primarily cortical connections (higher-order) (237, 241, 242). Higher-order thalamic nuclei, through their extensive and reciprocal cortico-thalamo-cortical connections, allow for indirect interactions between areas of the cortex; first-order nuclei function more as a relay of modality-specific information to appropriate brain regions, but a role in information exchange between functionally disparate brain networks has been suggested as well (237).

Thalamus is widely activated in experimental pain and shows altered functionality in many forms of pain (7, 10, 246). Thalamic activation in response to nociceptive pain is often bilateral, another indication that the role of the thalamus goes beyond purely sensory signal transmission (7, 10). Attentional processes also increase bilateral thalamic activity, suggesting that the thalamus is involved in both discriminative and attentional networks (7).

Structural differences in thalamic gray and white matter are readily observable in numerous chronic pain studies, with evidence showing these changes may either be pre-existing or develop after exposure to pain over time (63, 247). Abnormal thalamic activation is a common finding in pain studies as well, as is aberrant spontaneous activity and accompanying burst discharge (246, 248, 249). Changes in thalamic perfusion are highly correlated with pain states, especially hypoperfusion, and deafferentation is one proposed explanation for reduced thalamic blood flow (250). However, deafferentation does not explain similar findings in patients with fibromyalgia or the fact that perfusion is often found to return to normal rates after treatment in several pain conditions (250–252). Further, a recent study of multiple sclerosis found thalamic hypoperfusion to precede atrophy of the thalamic nuclei (253).




PAIN AS IT RELATES TO OCULAR PATHOLOGY AND DISRUPTED SYSTEMS

Neuroimaging has revealed a signature of pain in the brain—a network pattern of regions activated when pain is experienced (9, 248, 254). Neuroimaging techniques have also provided a way to assess tissue thickness and gray matter density of these regions as well as their response to stimulus. Identifying the nervous system's endogenous methods of change, which may subsequently result in altered structures and functional dynamics, is key to understanding how these systems can misalign and play a role in chronic pain (63).

An important feature of the nociceptive system is its capacity for plasticity, that is, for the neurons themselves to alter their structure and function (15). Repeated or intense noxious nociception can result in sensitization “increased responsiveness of nociceptive neurons to their normal input and/or recruitment of a response to normally subthreshold inputs” (13), a synaptic plasticity that leads to signal amplification resulting in pain from normally innocuous stimuli (16). When filling an adaptive role, pain amplified in this manner helps an organism stay vigilant to the threat of further damage, and neuron thresholds normalize sometime after the initiating stimulus has been resolved (16).


Peripheral Sensitization

Peripheral sensitization can occur when nociceptive neurons display increased responsiveness due to reduced activation thresholds and enhanced membrane excitability (13, 14, 16) and has been described previously in relation to the eye (23). The sensitized terminals of nociceptive neurons subsequently respond to stimulation that would normally be sub-noxious (allodynia) and have amplified and prolonged pain responses to noxious input (primary hyperalgesia) (14, 16, 19). Inflammatory pain is a common form of peripheral sensitization, initiated by the presence of inflammatory mediators, the release of which can be a consequence of nociceptive activity (2, 14, 44). Typically, once inflammation resolves the system returns to its previous balance, although the sensitized state can be maintained by ongoing inflammatory mediator release, thereby potentially causing neuropathic pain at the site of former injury (16, 19). Non-inflammatory causes of peripheral sensitization exist as well, as in the case of deafferentiation in postherpetic neuralgia, and the spontaneous and heightened activation of nociceptors, whatever the cause, is an important contributor to inducing sensitization in other portions of the nociceptive pathways (2, 14).

Peripheral sensitization alone cannot explain the severe level of pain in many cases. Clinical testing of abnormal pain, such as a proparacaine challenge in neuropathic corneal pain, can detect pain with a central origin; a component of pain that persists when the peripheral nociceptors have been silenced (255). Damage to underlying nerves transmitting the signal from the periphery is sometimes the cause, as when trigeminal neuropathic conditions cause pain amplification (22, 255). However, the changes observed in peripheral sensitization cannot account for several phenomena, including the temporal summation of pain, tactile allodynia, and the generation of pain by innocuous input from non-injured tissue (15, 256).



Central Sensitization

In normal somatosensory sensation, low-intensity stimuli activate A-beta primary afferent nerves to produce non-painful sensations, despite close proximity to nociceptive pathways as the signals travel centrally to the cortex (2). The specific functional coupling of primary sensory neurons to their normal ascending pathways as well as the modularity of these parallel sensory and nociceptive circuits are determined by synaptic strength and the function of inhibitory neurons. Most input into neurons is subthreshold, but these connections are plastic, and departure from the normal balance of excitation and inhibition can cause exaggerated and abnormal pain.

Central sensitization is classified as “increased responsiveness of nociceptive neurons in the central nervous system to their normal or subthreshold afferent input. This may include increased responsiveness due to dysfunction of endogenous pain control systems” (13). Molecular, cellular, and anatomical changes can contribute to functional alterations in ocular central pain pathways, from the level of trigeminal brainstem to thalamus and up through cortical endpoints (13, 16, 22, 44, 84). Altered responsiveness in central sensitization is caused by enlarged receptive field sizes, increased membrane excitability, alteration of temporal firing dynamics, facilitated synaptic efficacy, or reduced inhibition in the neuronal circuitry of the ocular somatosensory system (16, 44). Sensitization of central neurons is often use-dependent, in which repeated activation triggers the change in synaptic functioning, and can be divided into either homosynaptic or heterosynaptic potentiation (15, 16).

Homosynaptic potentiation occurs when repeated use of a synapse facilitates subsequent activation in the same pathway, amplifying future instances of the same input (16, 257). This process is not unique to central sensitization in pain. Long Term Potentiation (LTP), the presumed hippocampal mechanism of memory, is a result of persistent homosynaptic facilitation (16). Windup is a transient form of homosynaptic potentiation in which the delivery of identical, repetitive, low-frequency noxious input results in each additional stimuli generating a larger action potential (and greater pain), but synaptic excitation returns to baseline within seconds after stimulation has ceased (16). Central sensitization remains autonomous for hours after induction and manifests after the triggering stimulus, unlike windup, which occurs during stimulation (256). Abnormal activity that triggers central sensitization by repeated nociceptive pathway use (i.e., peripheral sensitization, windup, or ectopic bursts) can cause an LTP-like homosynaptic effect (16). Future engagement of the system is facilitated, and the strengthening of synapses leads to an increase in the frequency and size of postsynaptic action potentials in TBNC (16, 44, 84). Homosynaptic functional alterations in central sensitization are contributors to primary hyperalgesia, along with peripherally sensitized areas (16).

Heterosynaptic potentiation occurs when activity in a synapse of a pathway enhances signaling in nearby, uninvolved synapses in the neuron (16). Enhancement of nearby synapses underpins the generation of pain by non-nociceptive stimuli; these heterosynaptic changes are the cause of sensitivity and pain spreading to uninjured areas (secondary hyperalgesia) as well as pain resulting from the activation of low-threshold input (allodynia) (16). In addition to the enhancement of transmission between trigeminal neuron axons and the TBNC, evidence of synaptic plasticity has been found in ACC, amygdala, PFC, and the PAG (19).

Central sensitization is a long-lasting endogenous process triggered by nociceptor input that eventually resolves when no abnormal signaling is present but can be maintained by low levels of stimulation (2). Ongoing ectopic pain (as can manifest after LASIK) or persistent peripheral sensitization (such as inflammatory dry eye disease) thus can have a role in both the generation and maintenance of central sensitization, altering the central nervous system response to stimulus for as long as the nociceptive signals persist (12, 44, 84, 257). The eventual de-escalation of the heightened pain response and reset of synaptic excitability is thought to be accomplished by inherent compensatory responses in descending pain modulatory pathways (44, 258). Damage or dysfunction in ascending pathways and descending pain modulatory processes can lead to pathological chronification of the hyper-responsive state, regardless of peripheral input. Long term maintenance of a sensitized state can be found underlying several painful craniofacial conditions and an out-of-balance descending system, especially one that promotes descending pain facilitation, can contribute to or sustain long term centralized neuropathic pain (6, 13, 14, 16, 234, 259).



Reorganization of Functional Networks

Supraspinal areas associated with pain are functionally intertwined in their activity, allowing changes in one structure to affect larger groupings of brain areas, casting doubt on some previous models of the pain-stimulus relationship (260–262). Identifying differences in structure and function in one supraspinal area may explain larger-scale patterns of change across the brain, highlighting the inherent connectivity between brain regions that work in concert.

Synchronized rhythmic fluctuations of activity in the brain measured as fMRI signal oscillations indicate the transfer of information between regions and give insight into how supraspinal areas are joined together as part of a network (245, 263, 264). While beyond the scope of this review, these network interactions are one of the largest areas of focus in modern pain research (262, 265). Network relationships can be quantified, and differences can be seen in many disease and pain states (9, 266). These altered structural, functional, and network-associative changes in neuronal processing centers can result in amplified pain beyond the afferent signal transmitted by the periphery, leading to hyperalgesia, allodynia, and even spontaneous pain (63, 262, 266–269).



Neuroimaging Supraspinal Eye Pain- Qualifications and Clinical Adaptation

Neuroimaging in clinical ophthalmology is often limited to interrogating CNS causes of vision loss, nystagmus, ptosis, proptosis, diplopia, ophthalmoplegia, or optic nerve abnormalities. These may or may not be accompanied by pain (270). When pain is present it can be debilitating as the eye, and craniofacial region as whole, is subject to some of the most frequently diagnosed and intense pain conditions (234). As the eye is a critical sensory structure, the associated pain can come with intense psychological, emotional/affective components (234). The most common cause of neurological eye pain is migraine, followed by primary headaches, and trigeminal pain conditions, however, most neurological disorders can lead to referred eye pain (271). In the majority of these cases neuroimaging is not recommended unless a lesion or other underlying pathology mimicking these conditions is suspected (271). Similarly neuroimaging in patients with normal ophthalmic examinations as a pain diagnostic often does not provide a clear answer to symptoms, and applying experimental results to clinical pain realities often finds a much less direct relationship between pain and stimulus (271, 272).

The variability of pain activations between individuals can be extreme, even in an individual it is difficult to predict pain, as numerous brain regions modify sensory input along with psychological and attentional processes (6, 272). Further, no brain networks or regions associated with pain are exclusively pain related and most painful situations also engage other networks and processes, like attention, emotion and salience; the resulting overlap in brain regions active in pain and other salient experiences makes pain-specific imaging biomarkers difficult to determine (261, 272–274). Even chronic pain-associated processes and abnormalities are not pain-specific and have been observed in other conditions such as anxiety and depression (272, 273). Thus, despite evidence that certain regions are reliably activated in response to noxious stimulation, the adoption of brain imaging as a direct facsimile for pain, an inherently subjective experience, is not established (272, 273, 275).

In addition to the overlap in regional and network functions, multiple factors can influence painful stimuli-induced activations that may affect the ability to directly translate experimental work into the clinic and thus hinder the adoption of neuroimaging as a formal standard of care. Biological sex has a significant effect on pain-related brain activations, as studies have reported variance in experienced and anticipatory pain between women and men, along with differential activations in the ACC, insula, and parietal and somatosensory cortices, among other areas (275, 276). Other factors contributing to variation in the neuroimaging of pain, although not an exhaustive list, include the duration of the painful stimulus, type of pain, mechanisms of pain, and type of disease underlying the pain; different patterns of activation can be observed in allodynia and hyperalgesia compared to normal individuals, mechanical and thermal pain have stronger or weaker activations in some brain areas when compared, and different diseases may have no functional similarities aside from increased pain thus making the results extremely specific to each condition and not widely appliable (272, 275). Despite these issues, some studies have found patterns of differential activations and even structure in some brain areas that are consistent across conditions (6) (Figure 14), however, other analyses find no consistent abnormalities in fMRI responses to painful stimuli in chronic pain patients- likely due to a combination of factors described above and many other uncorrected differences in experimental criteria that must be accounted for to achieve meaningful clinical translation (20, 277). While concrete and universal pain imaging biomarkers are yet to be established, neuroimaging has identified key brain regions involved in acute pain and established that CNS function is disturbed in chronic pain (272, 274).
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FIGURE 14. Consistent patterns of chronic pain. The ACC, PFC, and IC consistently display decreased grey matter in chronic pain conditions, along with impaired white matter health (FA) and opioid receptor binding. Chronic pain is also associated with reductions in N-acetyl aspartate in the ACC and PFC, while studies in rodents have found increased inflammation in these regions as well. Reprinted with permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Reviews Neuroscience, Vol 14, Cognitive and emotional control of pain and its disruption in chronic pain, MC Bushnell, M Ceko, LA Low, p502–11, Copyright (2013). DOI: https://doi.org/10.1038/nrn3516. Grey arrows, pain pathways; Black arrows, descending pathways; FA,functional anisotropy: a measure of molecule diffusion that serves as an index of white matter integrity; Opioids, opioid receptor binding: a marker of the ability to bind opioids and a way to analyze the health of descending pain systems; NAA, N-acetyl aspartate: a marker of neuronal viability. ACC, anterior cingulate cortex; PFC, prefrontal cortex; IC, insular cortex; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; SPL, superior parietal lobe; BG, basal ganglia; AMY, Amygdala; PAG, periaqueductal gray; PB, parabrachial nuclei; RVM, rostral ventromedial medulla.





CONCLUSION

The principles for supraspinal encoding of eye pain are akin to those observed in the rest of the body. Pain is a subjective experience that engages a concert of multidimensional processes throughout the brain. Different areas encode distinct aspects of sensory and emotional processes as well as the cascade of reactive autonomic, cognitive, reflexive, and modulatory mechanisms relevant to protective behaviors and adaptation. In relation to eye pain, the brain receives afferent input from the trigeminal system, which it also modulates using descending cortico-medullary feedback and feed-forward loops. Further active areas of investigation include the transformation of acute pain to chronic pain, improved characterization and differentiation of brain networks in chronic pain conditions, sex differences in the processing of pain, interactions between the immune system and brain regions, and patient stratification for targeted therapies for specific chronic pain conditions (278).



AUTHOR CONTRIBUTIONS

EM conceived of and directed the manuscript. NP drafted the initial manuscript. NP and EM wrote the final manuscript. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Raja SN, Carr DB, Cohen M, Finnerup NB, Flor H, Gibson S, et al. The revised International Association for the Study of Pain definition of pain: concepts, challenges, and compromises. Pain. (2020) 161:1976–82. doi: 10.1097/j.pain.0000000000001939

 2. Woolf CJ. What is this thing called pain? J Clin Invest. (2010) 120:3742–4. doi: 10.1172/JCI45178

 3. Baliki MN, Apkarian AV. Nociception, pain, negative moods, and behavior selection. Neuron. (2015) 87:474–91. doi: 10.1016/j.neuron.2015.06.005

 4. Melzack R, Casey KL. Sensory, motivational, and central control determinants of pain: a new conceptual model. The skin senses. (1968) 1:423–43.

 5. 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) 109:399–408. doi: 10.1016/j.pain.2004.02.033

 6. Bushnell MC, Ceko M, Low LA. Cognitive and emotional control of pain and its disruption in chronic pain. Nat Rev Neurosci. (2013) 14:502–11. doi: 10.1038/nrn3516

 7. Peyron R, Laurent B, Garcia-Larrea L. Functional imaging of brain responses to pain. A review and meta-analysis. Neurophysiol Clin. (2000) 30:263–88. doi: 10.1016/S0987-7053(00)00227-6

 8. Apkarian AV, Bushnell MC, Treede RD, Zubieta JK. Human brain mechanisms of pain perception and regulation in health and disease. Eur J Pain. (2005) 9:463–84. doi: 10.1016/j.ejpain.2004.11.001

 9. Geuter S, Reynolds Losin EA, Roy M, Atlas LY, Schmidt L, Krishnan A, et al. Multiple brain networks mediating stimulus-pain relationships in humans. Cereb Cortex. (2020) 30:4204–19. doi: 10.1093/cercor/bhaa048

 10. Xu A, Larsen B, Baller EB, Scott JC, Sharma V, Adebimpe A, et al. Convergent neural representations of experimentally-induced acute pain in healthy volunteers: a large-scale fMRI meta-analysis. Neurosci Biobehav Rev. (2020) 112:300–23. doi: 10.1016/j.neubiorev.2020.01.004

 11. Woolf CJ, Ma Q. Nociceptors–noxious stimulus detectors. Neuron. (2007) 55:353–64. doi: 10.1016/j.neuron.2007.07.016

 12. Dieckmann G, Borsook D, Moulton E. Neuropathic corneal pain and dry eye: a continuum of nociception. Br J Ophthalmol. (2021) 2020:318469. doi: 10.1136/bjophthalmol-2020-318469

 13. IASP. International Assocation for the Study of Pain Terminology. (2017). Available online at: https://www.iasp-pain.org/resources/terminology/ (accessed January 5, 2022).

 14. Costigan M, Scholz J, Woolf CJ. Neuropathic pain: a maladaptive response of the nervous system to damage. Annu Rev Neurosci. (2009) 32:1–32. doi: 10.1146/annurev.neuro.051508.135531

 15. Woolf CJ, Salter MW. Neuronal plasticity: increasing the gain in pain. Science. (2000) 288:1765–9. doi: 10.1126/science.288.5472.1765

 16. Latremoliere A, Woolf CJ. Central sensitization: a generator of pain hypersensitivity by central neural plasticity. J Pain. (2009) 10:895–926. doi: 10.1016/j.jpain.2009.06.012

 17. Treede RD, Rief W, Barke A, Aziz Q, Bennett MI, Benoliel R, et al. A classification of chronic pain for ICD-11. Pain. (2015) 156:1003–7. doi: 10.1097/j.pain.0000000000000160

 18. 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) 160:19–27. doi: 10.1097/j.pain.0000000000001384

 19. von Hehn CA, Baron R, Woolf CJ. Deconstructing the neuropathic pain phenotype to reveal neural mechanisms. Neuron. (2012) 73:638–52. doi: 10.1016/j.neuron.2012.02.008

 20. Moayedi M, Salomons TV, Atlas LY. Pain neuroimaging in humans: a primer for beginners and non-imagers. J Pain. (2018) 19:961e1–21. doi: 10.1016/j.jpain.2018.03.011

 21. Muller LJ, Marfurt CF, Kruse F, Tervo TM. Corneal nerves: structure, contents and function. Exp Eye Res. (2003) 76:521–42. doi: 10.1016/S0014-4835(03)00050-2

 22. Belmonte C, Acosta MC, Merayo-Lloves J, Gallar J. What causes eye pain? Curr Ophthalmol Rep. (2015) 3:111–21. doi: 10.1007/s40135-015-0073-9

 23. Belmonte C. Pain, dryness, and itch sensations in eye surface disorders are defined by a balance between inflammation and sensory nerve injury. Cornea. (2019) 38(Suppl.1):S11–24. doi: 10.1097/ICO.0000000000002116

 24. Shaheen BS, Bakir M, Jain S. Corneal nerves in health and disease. Surv Ophthalmol. (2014) 59:263–85. doi: 10.1016/j.survophthal.2013.09.002

 25. Guerrero-Moreno A, Baudouin C, Melik Parsadaniantz S, Goazigo R-L. Morphological and functional changes of corneal nerves and their contribution to peripheral and central sensory abnormalities. Front Cell Neurosci. (2020) 14:436. doi: 10.3389/fncel.2020.610342

 26. Noseda R, Kainz V, Jakubowski M, Gooley JJ, Saper CB, Digre K, et al. A neural mechanism for exacerbation of headache by light. Nat Neurosci. (2010) 13:239–45. doi: 10.1038/nn.2475

 27. Okamoto K, Tashiro A, Chang Z, Bereiter DA. Bright light activates a trigeminal nociceptive pathway. Pain. (2010) 149:235–42. doi: 10.1016/j.pain.2010.02.004

 28. Digre KB, Brennan KC. Shedding light on photophobia. J Neuroophthalmol. (2012) 32:68–81. doi: 10.1097/WNO.0b013e3182474548

 29. Katz BJ, Digre KB. Diagnosis, pathophysiology, and treatment of photophobia. Surv Ophthalmol. (2016) 61:466–77. doi: 10.1016/j.survophthal.2016.02.001

 30. Wu Y, Hallett M. Photophobia in neurologic disorders. Transl Neurodegener. (2017) 6:26. doi: 10.1186/s40035-017-0095-3

 31. Albilali A, Dilli E. Photophobia: when light hurts, a review. Curr Neurol Neurosci Rep. (2018) 18:62. doi: 10.1007/s11910-018-0864-0

 32. Duda M, Domagalik A, Orlowska-Feuer P, Krzysztynska-Kuleta O, Beldzik E, Smyk MK, et al. Melanopsin: from a small molecule to brain functions. Neurosci Biobehav Rev. (2020) 113:190–203. doi: 10.1016/j.neubiorev.2020.03.012

 33. Guler AD, Ecker JL, Lall GS, Haq S, Altimus CM, Liao HW, et al. Melanopsin cells are the principal conduits for rod-cone input to non-image-forming vision. Nature. (2008) 453:102–5. doi: 10.1038/nature06829

 34. Hannibal J, Christiansen AT, Heegaard S, Fahrenkrug J, Kiilgaard JF. Melanopsin expressing human retinal ganglion cells: Subtypes, distribution, and intraretinal connectivity. J Comp Neurol. (2017) 525:1934–61. doi: 10.1002/cne.24181

 35. Nasir-Ahmad S, Lee SCS, Martin PR, Grunert U. Melanopsin-expressing ganglion cells in human retina: Morphology, distribution, and synaptic connections. J Comp Neurol. (2019) 527:312–27. doi: 10.1002/cne.24176

 36. Do MTH. Melanopsin and the intrinsically photosensitive retinal ganglion cells: biophysics to behavior. Neuron. (2019) 104:205–26. doi: 10.1016/j.neuron.2019.07.016

 37. Xue T, Do MT, Riccio A, Jiang Z, Hsieh J, Wang HC, et al. Melanopsin signalling in mammalian iris and retina. Nature. (2011) 479:67–73. doi: 10.1038/nature10567

 38. Semo M, Gias C, Ahmado A, Vugler A. A role for the ciliary marginal zone in the melanopsin-dependent intrinsic pupillary light reflex. Exp Eye Res. (2014) 119:8–18. doi: 10.1016/j.exer.2013.11.013

 39. Sikka G, Hussmann GP, Pandey D, Cao S, Hori D, Park JT, et al. Melanopsin mediates light-dependent relaxation in blood vessels. Proc Natl Acad Sci USA. (2014) 111:17977–82. doi: 10.1073/pnas.1420258111

 40. Matynia A, Nguyen E, Sun X, Blixt FW, Parikh S, Kessler J, et al. Peripheral sensory neurons expressing melanopsin respond to light. Front Neural Circuits. (2016) 10:60. doi: 10.3389/fncir.2016.00060

 41. Dolgonos S, Ayyala H, Evinger C. Light-induced trigeminal sensitization without central visual pathways: another mechanism for photophobia. Invest Ophthalmol Vis Sci. (2011) 52:7852–8. doi: 10.1167/iovs.11-7604

 42. Kulkarni B, Bentley DE, Elliott R, Youell P, Watson A, Derbyshire SWG, et al. Attention to pain localization and unpleasantness discriminates the functions of the medial and lateral pain systems. Eur J Neurosci. (2005) 21:3133–42. doi: 10.1111/j.1460-9568.2005.04098.x

 43. Borsook D, Burstein R, Becerra L. Functional imaging of the human trigeminal system: opportunities for new insights into pain processing in health and disease. J Neurobiol. (2004) 61:107–25. doi: 10.1002/neu.20085

 44. Rosenthal P, Borsook D. The corneal pain system. Part I: the missing piece of the dry eye puzzle. Ocul Surf. (2012) 10:2–14. doi: 10.1016/j.jtos.2012.01.002

 45. Chiang MC, Bowen A, Schier LA, Tupone D, Uddin O, Heinricher MM. Parabrachial complex: a hub for pain and aversion. J Neurosci. (2019) 39:8225–30. doi: 10.1523/JNEUROSCI.1162-19.2019

 46. Aicher SA, Hegarty DM, Hermes SM. Corneal pain activates a trigemino-parabrachial pathway in rats. Brain Res. (2014) 1550:18–26. doi: 10.1016/j.brainres.2014.01.002

 47. Pritchard TC, Hamilton RB, Norgren R. Projections of the parabrachial nucleus in the old world monkey. Exp Neurol. (2000) 165:101–17. doi: 10.1006/exnr.2000.7450

 48. Youssef AM, Macefield VG, Henderson LA. Pain inhibits pain; human brainstem mechanisms. Neuroimage. (2016) 124:54–62. doi: 10.1016/j.neuroimage.2015.08.060

 49. Napadow V, Sclocco R, Henderson LA. Brainstem neuroimaging of nociception and pain circuitries. Pain Rep. (2019) 4:e745. doi: 10.1097/PR9.0000000000000745

 50. Raver C, Uddin O, Ji Y, Li Y, Cramer N, Jenne C, et al. An amygdalo-parabrachial pathway regulates pain perception and chronic pain. J Neurosci. (2020) 40:3424–42. doi: 10.1523/JNEUROSCI.0075-20.2020

 51. Young RF, Tronnier V, Rinaldi PC. Chronic stimulation of the Kolliker-Fuse nucleus region for relief of intractable pain in humans. J Neurosurg. (1992) 76:979–85. doi: 10.3171/jns.1992.76.6.0979

 52. Maleki N, Becerra L, Upadhyay J, Burstein R, Borsook D. Direct optic nerve pulvinar connections defined by diffusion MR tractography in humans: implications for photophobia. Hum Brain Mapp. (2012) 33:75–88. doi: 10.1002/hbm.21194

 53. Panorgias A, Lee D, Silva KE, Borsook D, Moulton EA. Blue light activates pulvinar nuclei in longstanding idiopathic photophobia: a case report. NeuroImage: Clinical. (2019) 24:102096. doi: 10.1016/j.nicl.2019.102096

 54. Noseda R, Lee AJ, Nir R-R, Bernstein CA, Kainz VM, Bertisch SM, et al. Neural mechanism for hypothalamic-mediated autonomic responses to light during migraine. Proc Nat Acad Sci USA. (2017) 114:E5683–E92. doi: 10.1073/pnas.1708361114

 55. Noseda R, Copenhagen D, Burstein R. Current understanding of photophobia, visual networks and headaches. Cephalalgia. (2019) 39:1623–34. doi: 10.1177/0333102418784750

 56. Ksendzovsky A, Pomeraniec IJ, Zaghloul KA, Provencio JJ, Provencio I. Clinical implications of the melanopsin-based non–image-forming visual system. Neurology. (2017) 88:1282–90. doi: 10.1212/WNL.0000000000003761

 57. Burstein R, Noseda R, Fulton AB. The neurobiology of photophobia. J Neuro Ophthalmol. (2019) 39:94. doi: 10.1097/WNO.0000000000000766

 58. Delwig A, Chaney SY, Bertke AS, Verweij J, Quirce S, Larsen DD, et al. Melanopsin expression in the cornea. Vis Neurosci. (2018) 35:e004. doi: 10.1017/S0952523817000359

 59. Ab Aziz CB, Ahmad AH. The role of the thalamus in modulating pain. Malays J Med Sci. (2006) 13:11–8.

 60. Yen CT, Lu PL. Thalamus and pain. Acta Anaesthesiol Taiwan. (2013) 51:73–80. doi: 10.1016/j.aat.2013.06.011

 61. Orenius TI, Raij TT, Nuortimo A, Naatanen P, Lipsanen J, Karlsson H. The interaction of emotion and pain in the insula and secondary somatosensory cortex. Neuroscience. (2017) 349:185–94. doi: 10.1016/j.neuroscience.2017.02.047

 62. Vogt BA, Sikes RW. The medial pain system, cingulate cortex, and parallel processing of nociceptive information. Prog Brain Res. (2000) 122:223–35. doi: 10.1016/S0079-6123(08)62141-X

 63. Davis KD, Moayedi M. Central mechanisms of pain revealed through functional and structural MRI. J Neuroimmune Pharmacol. (2013) 8:518–34. doi: 10.1007/s11481-012-9386-8

 64. Coghill RC, Gilron I, Iadarola MJ. Hemispheric lateralization of somatosensory processing. J Neurophysiol. (2001) 85:2602–12. doi: 10.1152/jn.2001.85.6.2602

 65. Kenshalo DR, Iwata K, Sholas M, Thomas DA. Response properties and organization of nociceptive neurons in area 1 of monkey primary somatosensory cortex. J Neurophysiol. (2000) 84:719–29. doi: 10.1152/jn.2000.84.2.719

 66. Moulton EA, Keaser ML, Gullapalli RP, Greenspan JD. Regional intensive and temporal patterns of functional MRI activation distinguishing noxious and innocuous contact heat. J Neurophysiol. (2005) 93:2183–93. doi: 10.1152/jn.01025.2004

 67. Vierck CJ, Whitsel BL, Favorov OV, Brown AW, Tommerdahl M. Role of primary somatosensory cortex in the coding of pain. Pain. (2013) 154:334–44. doi: 10.1016/j.pain.2012.10.021

 68. Blatow M, Nennig E, Durst A, Sartor K, Stippich C. fMRI reflects functional connectivity of human somatosensory cortex. Neuroimage. (2007) 37:927–36. doi: 10.1016/j.neuroimage.2007.05.038

 69. Borich M, Brodie S, Gray W, Ionta S, Boyd L. Understanding the role of the primary somatosensory cortex: Opportunities for rehabilitation. Neuropsychologia. (2015) 79:246–55. doi: 10.1016/j.neuropsychologia.2015.07.007

 70. Henschke JU, Noesselt T, Scheich H, Budinger E. Possible anatomical pathways for short-latency multisensory integration processes in primary sensory cortices. Brain Struct Function. (2015) 220:955–77. doi: 10.1007/s00429-013-0694-4

 71. Ro T, Ellmore TM, Beauchamp MS. A neural link between feeling and hearing. Cereb Cortex. (2013) 23:1724–30. doi: 10.1093/cercor/bhs166

 72. Grefkes C, Geyer S, Schormann T, Roland P, Zilles K. Human somatosensory area 2: observer-independent cytoarchitectonic mapping, interindividual variability, and population map. Neuroimage. (2001) 14:617–31. doi: 10.1006/nimg.2001.0858

 73. Sánchez-Panchuelo R-M, Besle J, Mougin O, Gowland P, Bowtell R, Schluppeck D, et al. Regional structural differences across functionally parcellated Brodmann areas of human primary somatosensory cortex. Neuroimage. (2014) 93:221–30. doi: 10.1016/j.neuroimage.2013.03.044

 74. Ngo GN, Haak KV, Beckmann CF, Menon RS. Mesoscale hierarchical organization of primary somatosensory cortex captured by resting-state-fMRI in humans. Neuroimage. (2021) 235:118031. doi: 10.1016/j.neuroimage.2021.118031

 75. Maihofner C, Schmelz M, Forster C, Neundorfer B, Handwerker HO. Neural activation during experimental allodynia: a functional magnetic resonance imaging study. Eur J Neurosci. (2004) 19:3211–8. doi: 10.1111/j.1460-9568.2004.03437.x

 76. Moulton EA, Becerra L, Rosenthal P, Borsook D. An approach to localizing corneal pain representation in human primary somatosensory cortex. PLoS ONE. (2012) 7:e44643. doi: 10.1371/journal.pone.0044643

 77. Porro CA. Functional imaging and pain: behavior, perception, and modulation. Neuroscientist. (2003) 9:354–69. doi: 10.1177/1073858403253660

 78. Gross J, Schnitzler A, Timmermann L, Ploner M. Gamma oscillations in human primary somatosensory cortex reflect pain perception. PLoS Biol. (2007) 5:e133. doi: 10.1371/journal.pbio.0050133

 79. Mancini F, Haggard P, Iannetti GD, Longo MR, Sereno MI. Fine-grained nociceptive maps in primary somatosensory cortex. J Neurosci. (2012) 32:17155–62. doi: 10.1523/JNEUROSCI.3059-12.2012

 80. Kenshalo DR, Isensee O. Responses of primate SI cortical neurons to noxious stimuli. J Neurophysiol. (1983) 50:1479–96. doi: 10.1152/jn.1983.50.6.1479

 81. Kenshalo DR, Chudler EH, Anton F, Dubner R. SI nociceptive neurons participate in the encoding process by which monkeys perceive the intensity of noxious thermal stimulation. Brain Res. (1988) 454:378–82. doi: 10.1016/0006-8993(88)90841-4

 82. Willis WD, Zhang X, Honda CN, Giesler GJ. A critical review of the role of the proposed VMpo nucleus in pain. J Pain. (2002) 3:79–94. doi: 10.1054/jpai.2002.122949

 83. Borsook D, Becerra L, Fishman S, Edwards A, Jennings CL, Stojanovic M, et al. Acute plasticity in the human somatosensory cortex following amputation. Neuroreport. (1998) 9:1013–7. doi: 10.1097/00001756-199804200-00011

 84. Becerra L, Morris S, Bazes S, Gostic R, Sherman S, Gostic J, et al. Trigeminal neuropathic pain alters responses in CNS circuits to mechanical (brush) and thermal (cold and heat) stimuli. J Neurosci. (2006) 26:10646–57. doi: 10.1523/JNEUROSCI.2305-06.2006

 85. Peyron R, Schneider F, Faillenot I, Convers P, Barral F-G, Garcia-Larrea L, et al. An fMRI study of cortical representation of mechanical allodynia in patients with neuropathic pain. Neurology. (2004) 63:1838–46. doi: 10.1212/01.WNL.0000144177.61125.85

 86. Maihöfner C, Handwerker HO, Neundörfer B, Birklein F. Patterns of cortical reorganization in complex regional pain syndrome. Neurology. (2003) 61:1707–15. doi: 10.1212/01.WNL.0000098939.02752.8E

 87. DaSilva AF, Granziera C, Snyder J, Hadjikhani N. Thickening in the somatosensory cortex of patients with migraine. Neurology. (2007) 69:1990–5. doi: 10.1212/01.wnl.0000291618.32247.2d

 88. Vartiainen N, Kirveskari E, Kallio-Laine K, Kalso E, Forss N. Cortical reorganization in primary somatosensory cortex in patients with unilateral chronic pain. J Pain. (2009) 10:854–9. doi: 10.1016/j.jpain.2009.02.006

 89. Kairys AE, Schmidt-Wilcke T, Puiu T, Ichesco E, Labus JS, Martucci K, et al. Increased brain gray matter in the primary somatosensory cortex is associated with increased pain and mood disturbance in patients with interstitial cystitis/painful bladder syndrome. J Urol. (2015) 193:131–7. doi: 10.1016/j.juro.2014.08.042

 90. DaSilva AF, Becerra L, Pendse G, Chizh B, Tully S, Borsook D. Colocalized structural and functional changes in the cortex of patients with trigeminal neuropathic pain. PLoS ONE. (2008) 3:e3396. doi: 10.1371/journal.pone.0003396

 91. Gustin SM, Peck CC, Cheney LB, Macey PM, Murray GM, Henderson LA. Pain and plasticity: is chronic pain always associated with somatosensory cortex activity and reorganization? J Neurosci. (2012) 32:14874–84. doi: 10.1523/JNEUROSCI.1733-12.2012

 92. Youssef AM, Gustin SM, Nash PG, Reeves JM, Petersen ET, Peck CC, et al. Differential brain activity in subjects with painful trigeminal neuropathy and painful temporomandibular disorder. Pain. (2014) 155:467–75. doi: 10.1016/j.pain.2013.11.008

 93. Rutland JW, Huang K-H, Gill CM, Villavisanis DF, Alper J, Verma G, et al. First application of 7-T ultra–high field diffusion tensor imaging to detect altered microstructure of thalamic-somatosensory anatomy in trigeminal neuralgia. J Neurosurg. (2019) 133:839–47. doi: 10.3171/2019.6.JNS19541

 94. Schmidt-Wilcke T, Leinisch E, Ganssbauer S, Draganski B, Bogdahn U, Altmeppen J, et al. Affective components and intensity of pain correlate with structural differences in gray matter in chronic back pain patients. Pain. (2006) 125:89–97. doi: 10.1016/j.pain.2006.05.004

 95. Hashmi JA, Baliki MN, Huang L, Baria AT, Torbey S, Hermann KM, et al. Shape shifting pain: chronification of back pain shifts brain representation from nociceptive to emotional circuits. Brain. (2013) 136:2751–68. doi: 10.1093/brain/awt211

 96. Kim W, Kim SK, Nabekura J. Functional and structural plasticity in the primary somatosensory cortex associated with chronic pain. J Neurochem. (2017) 141:499–506. doi: 10.1111/jnc.14012

 97. Urien L, Wang J. Top-down cortical control of acute and chronic pain. Psychosom Med. (2019) 81:851–8. doi: 10.1097/PSY.0000000000000744

 98. Kunz M, Chen JI, Rainville P. Keeping an eye on pain expression in primary somatosensory cortex. Neuroimage. (2020) 217:116885. doi: 10.1016/j.neuroimage.2020.116885

 99. Kunz M, Meixner D, Lautenbacher S. Facial muscle movements encoding pain-a systematic review. Pain. (2019) 160:535–49. doi: 10.1097/j.pain.0000000000001424

 100. Ekman P, Friesen WV. Manual of the facial action coding system (FACS). Trans. ed. Vol. Palo Alto, CA: Consulting Psychologists Press (1978). doi: 10.1037/t27734-000

 101. Kunz M, Lautenbacher S, LeBlanc N, Rainville P. Are both the sensory and the affective dimensions of pain encoded in the face? Pain. (2012) 153:350–8. doi: 10.1016/j.pain.2011.10.027

 102. Russell WR. Transient disturbances following gunshot wounds of the head. Brain. (1945) 68:79–97. doi: 10.1093/brain/68.2.79

 103. Marshall J. Sensory disturbances in cortical wounds with special reference to pain. J Neurol Neurosurg Psychiatry. (1951) 14:187–204. doi: 10.1136/jnnp.14.3.187

 104. Mazzola L, Isnard J, Peyron R, Mauguiere F. Stimulation of the human cortex and the experience of pain: Wilder Penfield's observations revisited. Brain. (2012) 135:631–40. doi: 10.1093/brain/awr265

 105. Moulton EA, Pendse G, Becerra LR, Borsook D. BOLD responses in somatosensory cortices better reflect heat sensation than pain. J Neurosci. (2012) 32:6024–31. doi: 10.1523/JNEUROSCI.0006-12.2012

 106. Dum RP, Levinthal DJ, Strick PL. The spinothalamic system targets motor and sensory areas in the cerebral cortex of monkeys. J Neurosci. (2009) 29:14223–35. doi: 10.1523/JNEUROSCI.3398-09.2009

 107. Liang M, Mouraux A, Iannetti GD. Parallel processing of nociceptive and non-nociceptive somatosensory information in the human primary and secondary somatosensory cortices: evidence from dynamic causal modeling of functional magnetic resonance imaging data. J Neurosci. (2011) 31:8976–85. doi: 10.1523/JNEUROSCI.6207-10.2011

 108. Frot M, Magnin M, Mauguiere F, Garcia-Larrea L. Cortical representation of pain in primary sensory-motor areas (S1/M1)–a study using intracortical recordings in humans. Hum Brain Mapp. (2013) 34:2655–68. doi: 10.1002/hbm.22097

 109. Eickhoff SB, Jbabdi S, Caspers S, Laird AR, Fox PT, Zilles K, et al. Anatomical and functional connectivity of cytoarchitectonic areas within the human parietal operculum. J Neurosci. (2010) 30:6409–21. doi: 10.1523/JNEUROSCI.5664-09.2010

 110. Lee Masson H, Op de Beeck H, Boets B. Reduced task-dependent modulation of functional network architecture for positive versus negative affective touch processing in autism spectrum disorders. Neuroimage. (2020) 219:117009. doi: 10.1016/j.neuroimage.2020.117009

 111. Ploner M, Freund HJ, Schnitzler A. Pain affect without pain sensation in a patient with a postcentral lesion. Pain. (1999) 81:211–4. doi: 10.1016/S0304-3959(99)00012-3

 112. Bentley DE, Watson A, Treede RD, Barrett G, Youell PD, Kulkarni B, et al. Differential effects on the laser evoked potential of selectively attending to pain localisation versus pain unpleasantness. Clin Neurophysiol. (2004) 115:1846–56. doi: 10.1016/j.clinph.2004.03.010

 113. Mazzola L, Isnard J, Mauguiere F. Somatosensory and pain responses to stimulation of the second somatosensory area (SII) in humans. A comparison with SI and insular responses. Cereb Cortex. (2006) 16:960–8. doi: 10.1093/cercor/bhj038

 114. Disbrow E, Roberts T, Krubitzer L. Somatotopic organization of cortical fields in the lateral sulcus of Homo sapiens: evidence for SII and PV. J Comp Neurol. (2000) 418:1–21. doi: 10.1002/(SICI)1096-9861(20000228)418:1<1::AID-CNE1>3.0.CO;2-P

 115. Chen TL, Babiloni C, Ferretti A, Perrucci MG, Romani GL, Rossini PM, et al. Human secondary somatosensory cortex is involved in the processing of somatosensory rare stimuli: an fMRI study. Neuroimage. (2008) 40:1765–71. doi: 10.1016/j.neuroimage.2008.01.020

 116. Keysers C, Kaas JH, Gazzola V. Somatosensation in social perception. Nat Rev Neurosci. (2010) 11:417–28. doi: 10.1038/nrn2833

 117. Kross E, Berman MG, Mischel W, Smith EE, Wager TD. Social rejection shares somatosensory representations with physical pain. Proc Natl Acad Sci USA. (2011) 108:6270–5. doi: 10.1073/pnas.1102693108

 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) 86:1499–503. doi: 10.1152/jn.2001.86.3.1499

 119. Sailer U, Triscoli C, Häggblad G, Hamilton P, Olausson H, Croy I. Temporal dynamics of brain activation during 40 minutes of pleasant touch. Neuroimage. (2016) 139:360–7. doi: 10.1016/j.neuroimage.2016.06.031

 120. Eickhoff SB, Amunts K, Mohlberg H, Zilles K. The human parietal operculum. II Stereotaxic maps and correlation with functional imaging results. Cereb Cortex. (2006) 16:268–79. doi: 10.1093/cercor/bhi106

 121. Eickhoff SB, Schleicher A, Zilles K, Amunts K. The human parietal operculum. I Cytoarchitectonic mapping of subdivisions. Cereb Cortex. (2006) 16:254–67. doi: 10.1093/cercor/bhi105

 122. Eickhoff SB, Grefkes C, Zilles K, Fink GR. The somatotopic organization of cytoarchitectonic areas on the human parietal operculum. Cereb Cortex. (2007) 17:1800–11. doi: 10.1093/cercor/bhl090

 123. Niddam DM, Yeh TC, Wu YT, Lee PL, Ho LT, Arendt-Nielsen L, et al. Event-related functional MRI study on central representation of acute muscle pain induced by electrical stimulation. Neuroimage. (2002) 17:1437–50. doi: 10.1006/nimg.2002.1270

 124. Frot M, Mauguiere F. Dual representation of pain in the operculo-insular cortex in humans. Brain. (2003) 126:438–50. doi: 10.1093/brain/awg032

 125. Ferretti A, Babiloni C, Gratta CD, Caulo M, Tartaro A, Bonomo L, et al. Functional topography of the secondary somatosensory cortex for nonpainful and painful stimuli: an fMRI study. Neuroimage. (2003) 20:1625–38. doi: 10.1016/j.neuroimage.2003.07.004

 126. Schnitzler A, Ploner M. Neurophysiology and functional neuroanatomy of pain perception. J Clin Neurophysiol. (2000) 17:592–603. doi: 10.1097/00004691-200011000-00005

 127. Forss N, Narici L, Hari R. Sustained activation of the human SII cortices by stimulus trains. Neuroimage. (2001) 13:497–501. doi: 10.1006/nimg.2000.0700

 128. Olausson H, Ha B, Duncan GH, Morin C, Ptito A, Ptito M, et al. Cortical activation by tactile and painful stimuli in hemispherectomized patients. Brain. (2001) 124:916–27. doi: 10.1093/brain/124.5.916

 129. Lim M, Roosink M, Kim JS, Kim HW, Lee EB, Son KM, et al. Augmented pain processing in primary and secondary somatosensory cortex in fibromyalgia: a magnetoencephalography study using intra-epidermal electrical stimulation. PLoS ONE. (2016) 11:e0151776. doi: 10.1371/journal.pone.0151776

 130. Martucci KT, Ng P, Mackey S. Neuroimaging chronic pain: what have we learned and where are we going? Future Neurol. (2014) 9:615–26. doi: 10.2217/fnl.14.57

 131. Wanigasekera V, Mezue M, Andersson J, Kong Y, Tracey I. Disambiguating pharmacodynamic efficacy from behavior with neuroimaging: implications for analgesic drug development. Anesthesiology. (2016) 124:159–68. doi: 10.1097/ALN.0000000000000924

 132. Nascimento SS, Oliveira LR, DeSantana JM. Correlations between brain changes and pain management after cognitive and meditative therapies: a systematic review of neuroimaging studies. Complement Ther Med. (2018) 39:137–45. doi: 10.1016/j.ctim.2018.06.006

 133. Holmes SA, Upadhyay J, Borsook D. Delineating conditions and subtypes in chronic pain using neuroimaging. Pain Rep. (2019) 4:768. doi: 10.1097/PR9.0000000000000768

 134. Vogt BA, Vogt L. Cytology of human dorsal midcingulate and supplementary motor cortices. J Chem Neuroanat. (2003) 26:301–9. doi: 10.1016/j.jchemneu.2003.09.004

 135. Vogt BA. Regions and subregions of the cingulate cortex. Cingul Neurobiol Dis. (2009) 1:31.

 136. Vogt BA. Midcingulate cortex: structure, connections, homologies, functions and diseases. J Chem Neuroanat. (2016) 74:28–46. doi: 10.1016/j.jchemneu.2016.01.010

 137. Kwan CL, Crawley AP, Mikulis DJ, Davis KD. An fMRI study of the anterior cingulate cortex and surrounding medial wall activations evoked by noxious cutaneous heat and cold stimuli. Pain. (2000) 85:359–74. doi: 10.1016/S0304-3959(99)00287-0

 138. Caruana F, Gerbella M, Avanzini P, Gozzo F, Pelliccia V, Mai R, et al. Motor and emotional behaviours elicited by electrical stimulation of the human cingulate cortex. Brain. (2018) 141:3035–51. doi: 10.1093/brain/awy219

 139. Vogt BA. Pain and emotion interactions in subregions of the cingulate gyrus. Nat Rev Neurosci. (2005) 6:533–44. doi: 10.1038/nrn1704

 140. Frot M, Mauguiere F, Magnin M, Garcia-Larrea L. Parallel processing of nociceptive A-delta inputs in SII and midcingulate cortex in humans. J Neurosci. (2008) 28:944–52. doi: 10.1523/JNEUROSCI.2934-07.2008

 141. Vogt BA, Berger GR, Derbyshire SW. Structural and functional dichotomy of human midcingulate cortex. Eur J Neurosci. (2003) 18:3134–44. doi: 10.1111/j.1460-9568.2003.03034.x

 142. Amiez C, Petrides M. Neuroimaging evidence of the anatomo-functional organization of the human cingulate motor areas. Cereb Cortex. (2014) 24:563–78. doi: 10.1093/cercor/bhs329

 143. Rolls ET. The anterior and midcingulate cortices and reward. Cingul Neurobiol Dis. (2009) 2009:192–206.

 144. Vogt BA, Sikes RW. Cingulate nociceptive circuitry and roles in pain processing: the cingulate premotor pain model. Cingul Neurobiol Dis. (2009) 2009:312–39.

 145. Misra G, Coombes SA. Neuroimaging evidence of motor control and pain processing in the human midcingulate cortex. Cereb Cortex. (2015) 25:1906–19. doi: 10.1093/cercor/bhu001

 146. Loh KK, Hadj-Bouziane F, Petrides M, Procyk E, Amiez C. Rostro-caudal organization of connectivity between cingulate motor areas and lateral frontal regions. Front Neurosci. (2017) 11:753. doi: 10.3389/fnins.2017.00753

 147. Shackman AJ, Salomons TV, Slagter HA, Fox AS, Winter JJ, Davidson RJ. The integration of negative affect, pain and cognitive control in the cingulate cortex. Nat Rev Neurosci. (2011) 12:154–67. doi: 10.1038/nrn2994

 148. Vogt BA. The cingulate cortex in neurologic diseases: history, structure, overview. Handb Clin Neurol. (2019) 166:3–21. doi: 10.1016/B978-0-444-64196-0.00001-7

 149. Palomero-Gallagher N, Mohlberg H, Zilles K, Vogt B. Cytology and receptor architecture of human anterior cingulate cortex. J Comp Neurol. (2008) 508:906–26. doi: 10.1002/cne.21684

 150. Holroyd CB, Ribas-Fernandes JJF, Shahnazian D, Silvetti M, Verguts T. Human midcingulate cortex encodes distributed representations of task progress. Proc Natl Acad Sci USA. (2018) 115:6398–403. doi: 10.1073/pnas.1803650115

 151. Rolls ET, Cheng W, Gong W, Qiu J, Zhou C, Zhang J, et al. Functional connectivity of the anterior cingulate cortex in depression and in health. Cereb Cortex. (2019) 29:3617–30. doi: 10.1093/cercor/bhy236

 152. Peyron R, Quesada C, Fauchon C. Cingulate-mediated approaches to treating chronic pain. Handb Clin Neurol. (2019) 166:317–26. doi: 10.1016/B978-0-444-64196-0.00017-0

 153. Boccard SG, Fitzgerald JJ, Pereira EA, Moir L, Van Hartevelt TJ, Kringelbach ML, et al. Targeting the affective component of chronic pain: a case series of deep brain stimulation of the anterior cingulate cortex. Neurosurgery. (2014) 74:628–35. doi: 10.1227/NEU.0000000000000321

 154. Vogt BA, Nimchinsky EA, Vogt LJ, Hof PR. Human cingulate cortex: surface features, flat maps, and cytoarchitecture. J Comparat Neurol. (1995) 359:490–506. doi: 10.1002/cne.903590310

 155. Rolls ET. The cingulate cortex and limbic systems for emotion, action, and memory. Brain Struct Funct. (2019) 224:3001–18. doi: 10.1007/s00429-019-01945-2

 156. Schoell ED, Bingel U, Eippert F, Yacubian J, Christiansen K, Andresen H, et al. The effect of opioid receptor blockade on the neural processing of thermal stimuli. PLoS ONE. (2010) 5:e12344. doi: 10.1371/journal.pone.0012344

 157. Mayberg HS, Liotti M, Brannan SK, McGinnis S, Mahurin RK, Jerabek PA, et al. Reciprocal limbic-cortical function and negative mood: converging PET findings in depression and normal sadness. Am J Psychiatry. (1999) 156:675–82.

 158. Vogt BA, Derbyshire SW. Visceral circuits and cingulate-mediated autonomic functions. Cingul Neurobiol Dis. (2009) 2009:219–36.

 159. Dostrovsky JO, Craig AD. Cooling-specific spinothalamic neurons in the monkey. J Neurophysiol. (1996) 76:3656–65. doi: 10.1152/jn.1996.76.6.3656

 160. Ostrowsky K, Magnin M, Ryvlin P, Isnard J, Guenot M, Mauguiere F. Representation of pain and somatic sensation in the human insula: a study of responses to direct electrical cortical stimulation. Cereb Cortex. (2002) 12:376–85. doi: 10.1093/cercor/12.4.376

 161. Kurth F, Zilles K, Fox PT, Laird AR, Eickhoff SB A. link between the systems: functional differentiation and integration within the human insula revealed by meta-analysis. Brain Struct Funct. (2010) 214:519–34. doi: 10.1007/s00429-010-0255-z

 162. Cerliani L, Thomas RM, Jbabdi S, Siero JC, Nanetti L, Crippa A, et al. Probabilistic tractography recovers a rostrocaudal trajectory of connectivity variability in the human insular cortex. Hum Brain Mapp. (2012) 33:2005–34. doi: 10.1002/hbm.21338

 163. Veréb D, Kincses B, Spisák T., et al. Resting-state functional heterogeneity of the right insula contributes to pain sensitivity. Sci Rep. (2021) 11:22945. doi: 10.1038/s41598-021-02474-x

 164. Wiech K, Jbabdi S, Lin C, Andersson J, Tracey I. Differential structural and resting state connectivity between insular subdivisions and other pain-related brain regions. Pain. (2014) 155:2047–55. doi: 10.1016/j.pain.2014.07.009

 165. Brooks JC, Nurmikko TJ, Bimson WE, Singh KD, Roberts N. fMRI of thermal pain: effects of stimulus laterality and attention. Neuroimage. (2002) 15:293–301. doi: 10.1006/nimg.2001.0974

 166. Craig AD. How do you feel–now? The anterior insula and human awareness. Nat Rev Neurosci. (2009) 10:59–70. doi: 10.1038/nrn2555

 167. Ruggiero DA, Mraovitch S, Granata AR, Anwar M, Reis DJ. A role of insular cortex in cardiovascular function. J Comp Neurol. (1987) 257:189–207. doi: 10.1002/cne.902570206

 168. Kucyi A, Parvizi J. Pupillary dynamics link spontaneous and task-evoked activations recorded directly from human insula. J Neurosci. (2020) 40:6207–18. doi: 10.1523/JNEUROSCI.0435-20.2020

 169. Isnard J, Magnin M, Jung J, Mauguiere F, Garcia-Larrea L. Does the insula tell our brain that we are in pain? Pain. (2011) 152:946–51. doi: 10.1016/j.pain.2010.12.025

 170. Berthier M, Starkstein S, Leiguarda R. Asymbolia for pain: a sensory-limbic disconnection syndrome. Ann Neurol. (1988) 24:41–9. doi: 10.1002/ana.410240109

 171. Peyron R, Fauchon C. Functional imaging of pain. Rev Neurol. (2019) 175:38–45. doi: 10.1016/j.neurol.2018.08.006

 172. Legrain V, Iannetti GD, Plaghki L, Mouraux A. The pain matrix reloaded: a salience detection system for the body. Prog Neurobiol. (2011) 93:111–24. doi: 10.1016/j.pneurobio.2010.10.005

 173. Moayedi M. All roads lead to the insula. Pain. (2014) 155:1920–1. doi: 10.1016/j.pain.2014.07.023

 174. Costafreda SG, Brammer MJ, David AS, Fu CH. Predictors of amygdala activation during the processing of emotional stimuli: a meta-analysis of 385 PET and fMRI studies. Brain Res Rev. (2008) 58:57–70. doi: 10.1016/j.brainresrev.2007.10.012

 175. LeDoux J. The emotional brain, fear, and the amygdala. Cell Mol Neurobiol. (2003) 23:727–38. doi: 10.1023/A:1025048802629

 176. Murray EA. The amygdala, reward and emotion. Trends Cogn Sci. (2007) 11:489–97. doi: 10.1016/j.tics.2007.08.013

 177. Sehlmeyer C, Schoning S, Zwitserlood P, Pfleiderer B, Kircher T, Arolt V, et al. Human fear conditioning and extinction in neuroimaging: a systematic review. PLoS ONE. (2009) 4:e5865. doi: 10.1371/journal.pone.0005865

 178. Simons LE, Moulton EA, Linnman C, Carpino E, Becerra L, Borsook D. The human amygdala and pain: evidence from neuroimaging. Hum Brain Mapp. (2014) 35:527–38. doi: 10.1002/hbm.22199

 179. McDonald AJ. Cortical pathways to the mammalian amygdala. Prog Neurobiol. (1998) 55:257–332. doi: 10.1016/S0301-0082(98)00003-3

 180. Amunts K, Kedo O, Kindler M, Pieperhoff P, Mohlberg H, Shah NJ, et al. Cytoarchitectonic mapping of the human amygdala, hippocampal region and entorhinal cortex: intersubject variability and probability maps. Anat Embryol. (2005) 210:343–52. doi: 10.1007/s00429-005-0025-5

 181. Solano-Castiella E, Anwander A, Lohmann G, Weiss M, Docherty C, Geyer S, et al. Diffusion tensor imaging segments the human amygdala in vivo. Neuroimage. (2010) 49:2958–65. doi: 10.1016/j.neuroimage.2009.11.027

 182. Solano-Castiella E, Schafer A, Reimer E, Turke E, Proger T, Lohmann G, et al. Parcellation of human amygdala in vivo using ultra high field structural MRI. Neuroimage. (2011) 58:741–8. doi: 10.1016/j.neuroimage.2011.06.047

 183. Roy AK, Shehzad Z, Margulies DS, Kelly AM, Uddin LQ, Gotimer K, et al. Functional connectivity of the human amygdala using resting state fMRI. Neuroimage. (2009) 45:614–26. doi: 10.1016/j.neuroimage.2008.11.030

 184. LeDoux J. The amygdala. Curr Biol. (2007) 17:R868–74. doi: 10.1016/j.cub.2007.08.005

 185. Neugebauer V, Galhardo V, Maione S, Mackey SC. Forebrain pain mechanisms. Brain Res Rev. (2009) 60:226–42. doi: 10.1016/j.brainresrev.2008.12.014

 186. Pare D, Quirk GJ, Ledoux JE. New vistas on amygdala networks in conditioned fear. J Neurophysiol. (2004) 92:1–9. doi: 10.1152/jn.00153.2004

 187. Stefanacci L, Amaral DG. Some observations on cortical inputs to the macaque monkey amygdala: an anterograde tracing study. J Comp Neurol. (2002) 451:301–23. doi: 10.1002/cne.10339

 188. Price JL. Comparative aspects of amygdala connectivity. Ann N Y Acad Sci. (2003) 985:50–8. doi: 10.1111/j.1749-6632.2003.tb07070.x

 189. Blumenfeld RS, Nomura EM, Gratton C, D'Esposito M. Lateral prefrontal cortex is organized into parallel dorsal and ventral streams along the rostro-caudal axis. Cereb Cortex. (2013) 23:2457–66. doi: 10.1093/cercor/bhs223

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

 191. Dixon ML, Thiruchselvam R, Todd R, Christoff K. Emotion and the prefrontal cortex: an integrative review. Psychol Bull. (2017) 143:1033–81. doi: 10.1037/bul0000096

 192. Badre D. Cognitive control, hierarchy, and the rostro–caudal organization of the frontal lobes. Trends Cogn Sci. (2008) 12:193–200. doi: 10.1016/j.tics.2008.02.004

 193. Samara Z, Evers EAT, Goulas A, Uylings HBM, Rajkowska G, Ramaekers JG, et al. Human orbital and anterior medial prefrontal cortex: intrinsic connectivity parcellation and functional organization. Brain Struct Funct. (2017) 222:2941–60. doi: 10.1007/s00429-017-1378-2

 194. Eickhoff SB, Yeo BTT, Genon S. Imaging-based parcellations of the human brain. Nat Rev Neurosci. (2018) 19:672–86. doi: 10.1038/s41583-018-0071-7

 195. Bijsterbosch J, Harrison SJ, Jbabdi S, Woolrich M, Beckmann C, Smith S, et al. Challenges and future directions for representations of functional brain organization. Nat Neurosci. (2020) 23:1484–95. doi: 10.1038/s41593-020-00726-z

 196. Botvinik-Nezer R, Holzmeister F, Camerer CF, Dreber A, Huber J, Johannesson M, et al. Variability in the analysis of a single neuroimaging dataset by many teams. Nature. (2020) 582:84–8. doi: 10.1038/s41586-020-2314-9

 197. Seminowicz DA, Moayedi M. The dorsolateral prefrontal cortex in acute and chronic pain. J Pain. (2017) 18:1027–35. doi: 10.1016/j.jpain.2017.03.008

 198. Wiech K, Ploner M, Tracey I. Neurocognitive aspects of pain perception. Trends Cogn Sci. (2008) 12:306–13. doi: 10.1016/j.tics.2008.05.005

 199. Krummenacher P, Candia V, Folkers G, Schedlowski M, Schonbachler G. Prefrontal cortex modulates placebo analgesia. Pain. (2010) 148:368–74. doi: 10.1016/j.pain.2009.09.033

 200. Wager TD, Davidson ML, Hughes BL, Lindquist MA, Ochsner KN. Prefrontal-subcortical pathways mediating successful emotion regulation. Neuron. (2008) 59:1037–50. doi: 10.1016/j.neuron.2008.09.006

 201. Loggia ML, Berna C, Kim J, Cahalan CM, Martel MO, Gollub RL, et al. The lateral prefrontal cortex mediates the hyperalgesic effects of negative cognitions in chronic pain patients. J Pain. (2015) 16:692–9. doi: 10.1016/j.jpain.2015.04.003

 202. Wiech K, Kalisch R, Weiskopf N, Pleger B, Stephan KE, Dolan RJ. Anterolateral prefrontal cortex mediates the analgesic effect of expected and perceived control over pain. J Neurosci. (2006) 26:11501–9. doi: 10.1523/JNEUROSCI.2568-06.2006

 203. Kober H, Barrett LF, Joseph J, Bliss-Moreau E, Lindquist K, Wager TD. Functional grouping and cortical-subcortical interactions in emotion: a meta-analysis of neuroimaging studies. Neuroimage. (2008) 42:998–1031. doi: 10.1016/j.neuroimage.2008.03.059

 204. Brascher AK, Becker S, Hoeppli ME, Schweinhardt P. Different brain circuitries mediating controllable and uncontrollable pain. J Neurosci. (2016) 36:5013–25. doi: 10.1523/JNEUROSCI.1954-15.2016

 205. Becker S, Gandhi W, Pomares F, Wager TD, Schweinhardt P. Orbitofrontal cortex mediates pain inhibition by monetary reward. Soc Cogn Affect Neurosci. (2017) 12:651–61. doi: 10.1093/scan/nsw173

 206. Peng K, Steele SC, Becerra L, Borsook D. Brodmann area 10: collating, integrating and high level processing of nociception and pain. Prog Neurobiol. (2018) 161:1–22. doi: 10.1016/j.pneurobio.2017.11.004

 207. Moayedi M, Salomons TV, Dunlop KA, Downar J, Davis KD. Connectivity-based parcellation of the human frontal polar cortex. Brain Struct Funct. (2015) 220:2603–16. doi: 10.1007/s00429-014-0809-6

 208. Guye M, Parker GJ, Symms M, Boulby P, Wheeler-Kingshott CA, Salek-Haddadi A, et al. Combined functional MRI and tractography to demonstrate the connectivity of the human primary motor cortex in vivo. Neuroimage. (2003) 19:1349–60. doi: 10.1016/S1053-8119(03)00165-4

 209. Dube JA, Mercier C. Effect of pain and pain expectation on primary motor cortex excitability. Clin Neurophysiol. (2011) 122:2318–23. doi: 10.1016/j.clinph.2011.03.026

 210. Neige C, Lebon F, Mercier C, Gaveau J, Papaxanthis C, Ruffino C. Pain, no gain: acute pain interrupts motor imagery processes and affects mental training-induced plasticity. Cereb Cortex. (2021). doi: 10.1093/cercor/bhab246

 211. Nogueira-Campos AA, Saunier G, Della-Maggiore V, De Oliveira LA, Rodrigues EC, Vargas CD. Observing grasping actions directed to emotion-laden objects: effects upon corticospinal excitability. Front Hum Neurosci. (2016) 10:434. doi: 10.3389/fnhum.2016.00434

 212. Mercier C, Leonard G. Interactions between pain and the motor cortex: insights from research on phantom limb pain and complex regional pain syndrome. Physiother Can. (2011) 63:305–14. doi: 10.3138/ptc.2010-08p

 213. Garcia-Larrea L, Peyron R. Motor cortex stimulation for neuropathic pain: from phenomenology to mechanisms. Neuroimage. (2007) 37:S71–9. doi: 10.1016/j.neuroimage.2007.05.062

 214. Mo JJ, Hu WH, Zhang C, Wang X, Liu C, Zhao BT, et al. Motor cortex stimulation: a systematic literature-based analysis of effectiveness and case series experience. BMC Neurol. (2019) 19:48. doi: 10.1186/s12883-019-1273-y

 215. Henssen D, Kurt E, van Walsum AVC, Kozicz T, van Dongen R, Bartels R. Motor cortex stimulation in chronic neuropathic orofacial pain syndromes: a systematic review and meta-analysis. Sci Rep. (2020) 10:7195. doi: 10.1038/s41598-020-64177-z

 216. Meeker TJ, Keaser ML, Khan SA, Gullapalli RP, Seminowicz DA, Greenspan JD. Non-invasive motor cortex neuromodulation reduces secondary hyperalgesia and enhances activation of the descending pain modulatory network. Front Neurosci. (2019) 13:467. doi: 10.3389/fnins.2019.00467

 217. Redgrave P, Rodriguez M, Smith Y, Rodriguez-Oroz MC, Lehericy S, Bergman H, et al. Goal-directed and habitual control in the basal ganglia: implications for Parkinson's disease. Nat Rev Neurosci. (2010) 11:760–72. doi: 10.1038/nrn2915

 218. Stocco A, Lebiere C, Anderson JR. Conditional routing of information to the cortex: a model of the basal ganglia's role in cognitive coordination. Psychol Rev. (2010) 117:541–74. doi: 10.1037/a0019077

 219. Nelson AB, Kreitzer AC. Reassessing models of basal ganglia function and dysfunction. Annu Rev Neurosci. (2014) 37:117–35. doi: 10.1146/annurev-neuro-071013-013916

 220. Bingel U, Glascher J, Weiller C, Buchel C. Somatotopic representation of nociceptive information in the putamen: an event-related fMRI study. Cereb Cortex. (2004) 14:1340–5. doi: 10.1093/cercor/bhh094

 221. Borsook D, Upadhyay J, Chudler EH, Becerra L A. key role of the basal ganglia in pain and analgesia–insights gained through human functional imaging. Mol Pain. (2010) 6:27. doi: 10.1186/1744-8069-6-27

 222. Becerra L, Breiter HC, Wise R, Gonzalez RG, Borsook D. Reward circuitry activation by noxious thermal stimuli. Neuron. (2001) 32:927–46. doi: 10.1016/S0896-6273(01)00533-5

 223. Baumann O, Borra RJ, Bower JM, Cullen KE, Habas C, Ivry RB, et al. Consensus paper: the role of the cerebellum in perceptual processes. Cerebellum. (2015) 14:197–220. doi: 10.1007/s12311-014-0627-7

 224. Kelly RM, Strick PL. Cerebellar loops with motor cortex and prefrontal cortex of a nonhuman primate. J Neurosci. (2003) 23:8432–44. doi: 10.1523/JNEUROSCI.23-23-08432.2003

 225. Stoodley CJ, Schmahmann JD. Functional topography of the human cerebellum. Handb Clin Neurol. (2018) 154:59–70. doi: 10.1016/B978-0-444-63956-1.00004-7

 226. Moulton EA, Schmahmann JD, Becerra L, Borsook D. The cerebellum and pain: passive integrator or active participator? Brain Res Rev. (2010) 65:14–27. doi: 10.1016/j.brainresrev.2010.05.005

 227. Michelle Welman FHS, Smit AE, Jongen JLM, Tibboel D, van der Geest JN, Holstege JC. Pain experience is somatotopically organized and overlaps with pain anticipation in the human cerebellum. Cerebellum. (2018) 17:447–60. doi: 10.1007/s12311-018-0930-9

 228. Moulton EA, Elman I, Pendse G, Schmahmann J, Becerra L, Borsook D. Aversion-related circuitry in the cerebellum: responses to noxious heat and unpleasant images. J Neurosci. (2011) 31:3795–804. doi: 10.1523/JNEUROSCI.6709-10.2011

 229. Silva KE, Rosner J, Ullrich NJ, Chordas C, Manley PE, Moulton EA. Pain affect disrupted in children with posterior cerebellar tumor resection. Ann Clin Transl Neurol. (2019) 6:344–54. doi: 10.1002/acn3.709

 230. Mills EP, Di Pietro F, Alshelh Z, Peck CC, Murray GM, Vickers ER, et al. Brainstem pain-control circuitry connectivity in chronic neuropathic pain. J Neurosci. (2018) 38:465–73. doi: 10.1523/JNEUROSCI.1647-17.2017

 231. Bingel U, Tracey I. Imaging CNS modulation of pain in humans. Physiology. (2008) 23:371–80. doi: 10.1152/physiol.00024.2008

 232. Linnman C, Moulton EA, Barmettler G, Becerra L, Borsook D. Neuroimaging of the periaqueductal gray: state of the field. Neuroimage. (2012) 60:505–22. doi: 10.1016/j.neuroimage.2011.11.095

 233. Hosobuchi Y, Adams JE, Linchitz R. Pain relief by electrical stimulation of the central gray matter in humans and its reversal by naloxone. Science. (1977) 197:183–6. doi: 10.1126/science.301658

 234. Chichorro JG, Porreca F, Sessle B. Mechanisms of craniofacial pain. Cephalalgia. (2017) 37:613–26. doi: 10.1177/0333102417704187

 235. Wilcox SL, Gustin SM, Macey PM, Peck CC, Murray GM, Henderson LA. Anatomical changes at the level of the primary synapse in neuropathic pain: evidence from the spinal trigeminal nucleus. J Neurosci. (2015) 35:2508–15. doi: 10.1523/JNEUROSCI.3756-14.2015

 236. Sclocco R, Beissner F, Bianciardi M, Polimeni JR, Napadow V. Challenges and opportunities for brainstem neuroimaging with ultrahigh field MRI. Neuroimage. (2018) 168:412–26. doi: 10.1016/j.neuroimage.2017.02.052

 237. Hwang K, Bertolero MA, Liu WB, D'Esposito M. The human thalamus is an integrative hub for functional brain networks. J Neurosci. (2017) 37:5594–607. doi: 10.1523/JNEUROSCI.0067-17.2017

 238. Craig AD. Pain mechanisms: labeled lines versus convergence in central processing. Annu Rev Neurosci. (2003) 26:1–30. doi: 10.1146/annurev.neuro.26.041002.131022

 239. DaSilva AF, Becerra L, Makris N, Strassman AM, Gonzalez RG, Geatrakis N, et al. Somatotopic activation in the human trigeminal pain pathway. J Neurosci. (2002) 22:8183–92. doi: 10.1523/JNEUROSCI.22-18-08183.2002

 240. Lenz FA, Weiss N, Ohara S, Lawson C, Greenspan JD. The role of the thalamus in pain. Suppl Clin Neurophysiol. (2004) 57:50–61. doi: 10.1016/S1567-424X(09)70342-3

 241. Sherman SM. The thalamus is more than just a relay. Curr Opin Neurobiol. (2007) 17:417–22. doi: 10.1016/j.conb.2007.07.003

 242. Sherman SM. Thalamus plays a central role in ongoing cortical functioning. Nat Neurosci. (2016) 19:533–41. doi: 10.1038/nn.4269

 243. Worden R, Bennett MS, Neacsu V. The thalamus as a blackboard for perception and planning. Front Behav Neurosci. (2021) 15:633872. doi: 10.3389/fnbeh.2021.633872

 244. Meunier D, Lambiotte R, Bullmore ET. Modular and hierarchically modular organization of brain networks. Front Neurosci. (2010) 4:200. doi: 10.3389/fnins.2010.00200

 245. Bertolero MA, Yeo BT, D'Esposito M. The modular and integrative functional architecture of the human brain. Proc Natl Acad Sci USA. (2015) 112:E6798–807. doi: 10.1073/pnas.1510619112

 246. Tracey I, Mantyh PW. The cerebral signature for pain perception and its modulation. Neuron. (2007) 55:377–91. doi: 10.1016/j.neuron.2007.07.012

 247. Moayedi M, Weissman-Fogel I, Salomons TV, Crawley AP, Goldberg MB, Freeman BV, et al. Abnormal gray matter aging in chronic pain patients. Brain Res. (2012) 1456:82–93. doi: 10.1016/j.brainres.2012.03.040

 248. Tracey I. Neuroimaging of pain mechanisms. Curr Opin Support Palliat Care. (2007) 1:109–16. doi: 10.1097/SPC.0b013e3282efc58b

 249. Jin Y, Yang H, Zhang F, Wang J, Liu H, Yang X, et al. The medial thalamus plays an important role in the cognitive and emotional modulation of orofacial pain: a functional magnetic resonance imaging-based study. Front Neurol. (2020) 11:589125. doi: 10.21203/rs.3.rs-50244/v1

 250. Garcia-Larrea L, Maarrawi J, Peyron R, Costes N, Mertens P, Magnin M, et al. On the relation between sensory deafferentation, pain and thalamic activity in Wallenberg's syndrome: a PET-scan study before and after motor cortex stimulation. Eur J Pain. (2006) 10:677–88. doi: 10.1016/j.ejpain.2005.10.008

 251. Di Piero V, Jones AKP, Iannotti F, Powell M, Perani D, Lenzi GL, et al. Chronic pain: a PET study of the central effects of percutaneous high cervical cordotomy. Pain. (1991) 46:9–12. doi: 10.1016/0304-3959(91)90026-T

 252. Williams DA, Gracely RH. Biology and therapy of fibromyalgia. Functional magnetic resonance imaging findings in fibromyalgia. Arthritis Res Ther. (2006) 8:224. doi: 10.1186/ar2094

 253. Doche E, Lecocq A, Maarouf A, Duhamel G, Soulier E, Confort-Gouny S, et al. Hypoperfusion of the thalamus is associated with disability in relapsing remitting multiple sclerosis. J Neuroradiol. (2017) 44:158–64. doi: 10.1016/j.neurad.2016.10.001

 254. Wager TD, Atlas LY, Lindquist MA, Roy M, Woo CW, Kross E. An fMRI-based neurologic signature of physical pain. N Engl J Med. (2013) 368:1388–97. doi: 10.1056/NEJMoa1204471

 255. Dieckmann G, Goyal S, Hamrah P. Neuropathic corneal pain: approaches for management. Ophthalmology. (2017) 124:S34–47. doi: 10.1016/j.ophtha.2017.08.004

 256. Woolf CJ. Central sensitization: implications for the diagnosis and treatment of pain. Pain. (2011) 152:S2–S15. doi: 10.1016/j.pain.2010.09.030

 257. Ji R-R, Kohno T, Moore KA, Woolf CJ. Central sensitization and LTP: do pain and memory share similar mechanisms? Trends Neurosci. (2003) 26:696–705. doi: 10.1016/j.tins.2003.09.017

 258. Sprenger C, Bingel U, Buchel C. Treating pain with pain: supraspinal mechanisms of endogenous analgesia elicited by heterotopic noxious conditioning stimulation. Pain. (2011) 152:428–39. doi: 10.1016/j.pain.2010.11.018

 259. Ossipov MH, Morimura K, Porreca F. Descending pain modulation and chronification of pain. Curr Opin Support Palliat Care. (2014) 8:143. doi: 10.1097/SPC.0000000000000055

 260. Moayedi M, Davis KD. Theories of pain: from specificity to gate control. J Neurophysiol. (2013) 109:5–12. doi: 10.1152/jn.00457.2012

 261. Kucyi A, Davis KD. The dynamic pain connectome. Trends Neurosci. (2015) 38:86–95. doi: 10.1016/j.tins.2014.11.006

 262. Zheng W, Woo C-W, Yao Z, Goldstein P, Atlas LY, Roy M, et al. Pain-evoked reorganization in functional brain networks. Cereb Cortex. (2020) 30:2804–22. doi: 10.1093/cercor/bhz276

 263. Damoiseaux JS, Rombouts S, Barkhof F, Scheltens P, Stam CJ, Smith SM, et al. Consistent resting-state networks across healthy subjects. Proc Nat Acad Sci USA. (2006) 103:13848–53. doi: 10.1073/pnas.0601417103

 264. Raichle ME. The restless brain. Brain Connect. (2011) 1:3–12. doi: 10.1089/brain.2011.0019

 265. Lee J-J, Kim HJ, Ceko M., Park B-y, Lee SA, Park H, et al. A neuroimaging biomarker for sustained experimental and clinical pain. Nat Med. (2021) 27:174–82. doi: 10.1038/s41591-020-1142-7

 266. Ploner M, Sorg C, Gross J. Brain rhythms of pain. Trends Cogn Sci. (2017) 21:100–10. doi: 10.1016/j.tics.2016.12.001

 267. Spisak T, Kincses B, Schlitt F, Zunhammer M, Schmidt-Wilcke T, Kincses ZT, et al. Pain-free resting-state functional brain connectivity predicts individual pain sensitivity. Nat Commun. (2020) 11:1–12. doi: 10.1038/s41467-019-13785-z

 268. Pfannmöller J, Lotze M. Review on biomarkers in the resting-state networks of chronic pain patients. Brain Cogn. (2019) 131:4–9. doi: 10.1016/j.bandc.2018.06.005

 269. Zhang Y, Mao Z, Pan L, Ling Z, Liu X, Zhang J, et al. Frequency-specific alterations in cortical rhythms and functional connectivity in trigeminal neuralgia. Brain Imaging Behav. (2019) 13:1497–509. doi: 10.1007/s11682-019-00105-8

 270. Costello F, Scott JN. Imaging in neuro-ophthalmology. Continuum Lifelong Learn Neurol. (2019) 25:1438–90. doi: 10.1212/CON.0000000000000783

 271. Szatmáry G. Neuroimaging in the diagnostic evaluation of eye pain. Curr Pain Headache Rep. (2016) 20:1–10. doi: 10.1007/s11916-016-0582-8

 272. Davis KD, Flor H, Greely HT, Iannetti GD, Mackey S, Ploner M, et al. Brain imaging tests for chronic pain: medical, legal and ethical issues and recommendations. Nat Rev Neurol. (2017) 13:624–38. doi: 10.1038/nrneurol.2017.122

 273. Davis KD. Legal and ethical issues of using brain imaging to diagnose pain. Pain Rep. (2016) 1:577. doi: 10.1097/PR9.0000000000000577

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

 275. Alomar S, Bakhaidar M. Neuroimaging of neuropathic pain: review of current status and future directions. Neurosurg Rev. (2018) 41:771–7. doi: 10.1007/s10143-016-0807-7

 276. Moulton EA, Keaser ML, Gullapalli RP, Maitra R, Greenspan JD. Sex differences in the cerebral BOLD signal response to painful heat stimuli. Am J Physiol Regulat Integr Comparat Physiol. (2006) 291:R257–R67. doi: 10.1152/ajpregu.00084.2006

 277. Xu A, Larsen B, Henn A, Baller EB, Scott JC, Sharma V, et al. Brain responses to noxious stimuli in patients with chronic pain: a systematic review and meta-analysis. J Am MedA ssoc Netw Open. (2021) 4:e2032236. doi: 10.1001/jamanetworkopen.2020.32236

 278. Price TJ, Basbaum AI, Bresnahan J, Chambers JF, De Koninck Y, Edwards RR, et al. Transition to chronic pain: opportunities for novel therapeutics. Nat Rev Neurosci. (2018) 19:383–4. doi: 10.1038/s41583-018-0012-5

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.

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.

Copyright © 2022 Pondelis and Moulton. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-08-768649-g013.gif
" EEL]






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Supraspinal Mechanisms Underlying Ocular Pain



		Introduction



		Conceptualization of Pain



		Nociceptive vs. Neuropathic Pain



		Organizational Summary







		Sensory Innervation of the Anterior Segment



		Nociceptive Pathways



		Trigeminothalamic Pathway



		Parabrachial Nucleus Pathway



		Melanopsin Pathway













		Central Representation of Pain



		Primary Somatosensory Cortex



		Secondary Somatosensory Cortex



		Cingulate Cortex



		Mid-cingulate Cortex



		Anterior Cingulate Cortex









		Insular Cortex



		Amygdala



		Prefrontal Cortex



		Primary Motor Area, Supplementary Motor Area, and Pre-supplementary Motor Area



		Basal Ganglia



		Cerebellum



		Brainstem



		Thalamus







		Pain as It Relates to Ocular Pathology and Disrupted Systems



		Peripheral Sensitization



		Central Sensitization



		Reorganization of Functional Networks



		Neuroimaging Supraspinal Eye Pain- Qualifications and Clinical Adaptation







		Conclusion



		Author Contributions



		References

















OPS/images/fmed-08-768649-g012.gif





OPS/images/fmed-08-768649-g014.gif





OPS/images/fmed-08-768649-g011.gif
wmwww+
m wﬁ_






OPS/images/fmed-08-768649-g010.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





OPS/images/fmed-08-768649-g005.gif





OPS/images/fmed-08-768649-g006.gif
0w

’6)\ \" ‘@@@@@

\
—_—g BESE

AR






OPS/images/fmed-08-768649-g003.gif





OPS/images/fmed-08-768649-g004.gif





OPS/images/fmed-08-768649-g009.gif





OPS/images/fmed-08-768649-g007.gif





OPS/images/fmed-08-768649-g008.gif





OPS/images/cover.jpg
’ frontiers
in Medicine

Supraspinal Mechanisms Underlying
Ocular Pain





OPS/images/fmed-08-768649-g001.gif





OPS/images/fmed-08-768649-g002.gif





