
MedComm 

REVIEW

Unraveling Chronic Pain: From Mechanisms and Risks 

to Diagnosis and Treatment 
Xiaofeng Dai1 Chongxiang Wang2 Ping Jiang3 Xiaopeng Mei2 

1 National Local Joint Engineering Research Center for Precision Surgery & Regenerative Medicine, The First Affiliated Hospital of Xi’an Jiaotong University, 
Xi’an Jiaotong University, Xi’an, China 2 Department of Pain Medicine, The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an Jiaotong University, 
Xi’an, China 3 Department of Pain Medicine, Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China, Chengdu, China 

Correspondence: Xiaofeng Dai ( xiaofengteam@163.com) Ping Jiang ( nbsonb@outlook.com) Xiaopeng Mei ( meixpxjtufh@126.com) 

Received: 19 October 2025 Revised: 8 February 2026 Accepted: 26 February 2026 

Keywords: chronic pain | cold atmospheric plasma | hippocampus | nociceptive pain | neuropathic pain | nociplastic pain 

ABSTRACT 

Chronic pain is a globally prevalent and complex condition, encompassing three primary subtypes, that is, nociceptive, 
neuropathic, and nociplastic, each with distinct biopsychosocial mechanisms. Chronic pain was historically viewed as a monolithic 
symptom and managed with opioid-centric models, causing widespread therapeutic failure. While recognition of its heterogeneity 
has driven a paradigm shift toward precision medicine, tailoring multimodal strategies to the dominant pain mechanism, 
critical challenges persist. These include difficulty in identifying treatable root causes, limited long-term efficacy of therapies, 
and significant side-effect burdens. To address these gaps, this review systematically synthesized contemporary knowledge, 
predominantly from the last decade, on the molecular mechanisms, risk factors, diagnostic frameworks, and therapeutic 
modalities for chronic pain, framed by its pathophysiological subtypes. Furthermore, it explored two novel frontiers aimed at 
advancing personalized pain medicine. First, it proposed cold atmospheric plasma as an innovative therapeutic intervention 
capable of modulating key molecular pathways underlying diverse pain manifestations. Second, it introduced an original 
neurobiological model positing the hippocampus as a putative sensor for nociplastic pain, interfacing with higher-dimensional 
information fields. These insights may offer transformative potential for refining diagnostic and therapeutic strategies, potentially 
revolutionizing the management of chronic pain. 
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 Introduction 

hronic pain was defined as “an unpleasant sensory and emo-
ional experience associated with, or resembling that associated
ith, actual or potential tissue damage and lasts or recurs for
onger than 3 months” by the International Association for the
tudy of Pain (IASP) [ 1 ]. Unlike acute pain, which serves a
ritical biological alarm function, chronic pain often becomes
aladaptive, losing its protective purpose and instead promoting
uffering and disability. Chronic pain represents one of the most
ervasive and debilitating medical challenges worldwide, tran-
cending its role as a mere symptom to become a complex disease
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
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state on its own [ 2 ]. Chronic pain has been affecting a significant
portion of the population and has imposed a substantial burden
on individuals, healthcare systems, and society. According to a
chronic pain survey conducted across 15 primary care centers
involving 5438 random interviews, the overall prevalence was
estimated to be 22% [ 3 ]. 

Historically, chronic pain was, fundamentally, misunderstood
as a monolithic symptom secondary to peripheral injury or
disease, leading to a simplistic treatment model. The clinical
approach was largely anchored in broad-spectrum pharmacolog-
ical suppression, with a heavy reliance on opioids for long-term
its use, distribution and reproduction in any medium, provided the original work is properly 
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2

anagement, disregarding the central role of the brain in pain
rocessing and modulation. This resulted in widespread thera-
eutic inadequacy and high rates of adverse effects, cementing
hronic pain as a persistently debilitating challenge. Current
dvances in chronic pain have recognized it not as a simple dis-
ase but a highly heterogeneous syndrome encompassing at least
hree distinct subtypes based on their biopsychosocial nature, that
s, nociceptive, neuropathic, and nociplastic pain. While noci-
eptive pain mainly results from tissue injury or inflammation
 4 ], neuropathic pain largely originates from nerve damage or
iseases within the somatosensory nervous system [ 5, 6 ], and
ociplastic pain predominantly refers to pain that originates from
ltered nociceptive processing in the absence of clear evidence
f tissue damage or neural injury [ 7 ]. Accordingly, the clinical
aradigm has been decisively shifted from the one-size-fits-all
odel to a precision medicine framework, where therapeutic
trategies are tailored to the patient’s dominant biopsychosocial
eature. This is exemplified by the use of specific drug classes,
or example, nonsteroidal anti-inflammatory drugs (NSAIDs) for
ociceptive pain [ 8 ] and antidepressants or anticonvulsants for
europathic pain [ 9 ]. Also, the concept of multimodal ther-
py, which combines pharmacological treatments with physical
herapy, psychological therapy, and interventional procedures,
as become the cornerstone of modern pain management. For
nstance, treatment combining medications, patient education,
nd graded aerobic exercise has been applied in conditions like
ibromyalgia, a representative nociplastic pain state [ 10 ]. 

espite significant progresses made in medical research and
reatment modalities, the effective management of chronic pain
ontinues to be inconsistently implemented within the healthcare
ystems worldwide [ 11 ]. A primary challenge is the frequent
nability to pinpoint a clear, treatable root cause for chronic pain,
eading to symptomatic rather than curative management. This
s compounded by diagnostic difficulties, as many chronic pain
onditions, especially those with a nociplastic component, lack
efinitive confirmatory tests and rely on clinical diagnosis [ 12 ].
onsequently, treatments still often fail to address the underlying
athology and may be ineffective, with evidence showing that
ven with comprehensive drug therapy, complete pain relief
as been achieved only in a minority of patients and relapse
requently occurs. Furthermore, all major pharmacotherapies
arry substantial side-effect burdens that limit their long-term
se. For instance, while NSAIDs increased risks of gastrointesti-
al bleeding, cardiovascular events, and kidney problems [ 13,
4 ], opioids were associated with tolerance, dependence, and
espiratory depression [ 15 ], and even newer nonopioid drugs
ike gabapentinoids showed dose-dependent increases in adverse
vents [ 16, 17 ]. This underscores the persistent significant gaps
n translating pathophysiological understanding into consistently
ffective, personalized therapies across healthcare systems. This
akes it pertinent to critically synthesize current knowledge
n each type of chronic pain and, critically, explore emerging
rontiers setting structured path toward advanced personalized
ain medicine. 

otivated by these considerations, this paper focuses on the key
echanisms, risk factors, diagnostic frameworks, and evidence-
ased treatment paradigms, mapped by pathophysiological sub-
yping, which define the contemporary understanding and man-
gement of chronic pain. Importantly, this paper proposes cold
of 65
atmospheric plasma (CAP), the fourth state of matter [ 18–22 ],
as a novel therapeutic intervention for chronic pain, leveraging
its unique ability to interact with key molecular pathways and
risk factors that underlie diverse chronic pain manifestations.
In addition, we propose a model in which the hippocampus
acts as a putative sensor for nociplastic pain by interfacing with
higher-dimensional information fields, while the hypothalamus
decodes these signals for conscious interpretation that offers
transformative potential for refined theranostic strategies in
nociplastic pain. Our systematic synthesis and original insights
may revolutionize current theranostic instruments for improved
management of chronic pain. 

2 Clinical Prevalence of Chronic Pain 

Chronic pain represents a pervasive and complex global health
challenge, imposing a substantial burden on individuals, health-
care systems, and societies worldwide. Its reported prevalence
exhibits remarkable geographic variability, ranging from an esti-
mated 2 to over 40% among adult populations across different
nations and studies. This introductory overview sets the stage
for a detailed exploration of the distinct prevalence, clinical
characteristics, and mechanistic underpinnings of each pain
subtype, highlighting the imperative for mechanism-informed
approaches to diagnosis and treatment. 

Chronic pain exhibits a highly variable estimated prevalence
among adults ranging from 2 to over 40% [ 3, 23–34 ] (Figure 1 ).
In the United States, the estimated prevalence of chronic pain
among adults was 20.4% based on a National Health Interview
Survey [ 27, 28 ]. In Italy, a cross-sectional population survey of
nearly 1300 adults revealed a chronic pain prevalence of 28.4%
[ 29 ]. In France, the prevalence of chronic pain was 31.7% accord-
ing to a large mail survey involving nearly 25,000 respondents
[ 30 ]. In the United Kingdom, a pooled estimate of chronic pain
prevalence among adult residents was 43.5%, with the 95% CI
being 38.4–48.6% [ 31 ]. The prevalence of chronic pain in Europe
was estimated to be 26% according to a European study on
pain involving 3849 phone calls and 300 in-depth interviews
[ 32 ]. In Morocco, a survey of 5328 individuals found that 21%
interviewees (95% CI: 19.9–22.2%) reported chronic daily pain [ 33 ].
In Australia, chronic pain was reported by 17.1% of males and
20.0% of females according to 17543 completed interviews [ 24 ]. In
Japan, the prevalence of chronic pain was estimated to be 39.3%
according to a survey of 6000 adults [ 34 ]. Additionally, a meta-
analysis including 28 low- and middle-income countries reported
the onset of chronic pain among 34% of adults [ 23 ]. 

Chronic pain can be systematically classified using several com-
plementary frameworks. One approach is based on the primary
anatomical location of the pain, leading to designations such as
musculoskeletal, visceral, or orofacial pain. Alternatively, it can
be categorized by underlying etiology into primary pain (e.g.,
fibromyalgia, where pain is the core disease) and secondary pain
(resulting from an underlying condition such as cancer or diabetic
neuropathy). Notably, chronic pain can be classified into noci-
ceptive, neuropathic, and nociplastic pain from a mechanistic
perspective to help address the complex biopsychosocial nature
of the condition for targeted treatment. 
MedComm, 2026



FIGURE 1 Chronic pain classification and epidemiological preva- 
lence. Chronic pain can be categorized into three types: nociceptive, 
neuropathic, and nociplastic. Global prevalence varies widely, ranging 
from 2 to over 40% across populations and an averaged prevalence of 
around 22%. Nociceptive pain, a protective response to tissue damage, 
can be subdivided into somatic and visceral subtypes, with the somatic 
subtype being common in conditions like osteoarthritis that affects 
around 24% of US adults and precise estimates being challenging due to 
its symptomatic presentation. Neuropathic pain, caused by somatosen- 
sory system damage, affects 6.9–10% of people worldwide and involves 
maladaptive sensitization, often complicating low back pain or surgery 
recovery. Nociplastic pain, marked by altered pain processing without 
clear tissue or nerve injury, affects 5–15% of the population and can be 
classified into “top-down” and “bottom-up” subtypes. While the top- 
down subtype is peripheral-driven and accounts for approximately 1/3 
of nociplastic pain, the bottom-up subtype is central-maintained and 
represents around 2/3 of the inflicted cohort. 
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ociceptive pain arises from the activation of high-threshold
eripheral sensory neurons, known as nociceptors, in response
o intense mechanical, chemical, or thermal noxious stimuli that
ypically subsides once the noxious stimulus is removed. It serves
s a protective physiological function by signaling the presence,
ocation, intensity, and duration of actual or potential tissue
amages [ 4 ]. Nociceptive pain can be further divided into somatic
nd visceral pain. While somatic pain stems from peripheral
issues such as skin, muscle, and bone, visceral pain originates
rom internal organs or within the abdominal cavity [ 26 ]. The
revalence of chronic nociceptive pain is difficult to estimate as
t is a symptom of countless underlying conditions rather than
 disease itself. Yet, being a model of somatic nociceptive pain
 35 ], osteoarthritis (OA) has been estimated to affect 24% of adults
n the United States [ 36 ]; and visceral nociceptive pain has been
ecognized as the most frequent form of pain associated with
omorbidity and the leading cause for medical consultations [ 37 ]
Figure 1 ). 

europathic pain, defined by the IASP as “pain arising from a
esion or disease of the somatosensory nervous system,” con-
edComm, 2026
stitutes a major clinical challenge with 6.9–10% of the global
population being affected [ 5, 6 ] (Figure 1 ). It has been estimated
that up to 37% of individuals with low back pain [ 38, 39 ] and 40%
of people after surgery [ 40 ] suffered from neuropathic pain. In
contrast to nociceptive pain that is self-protective, neuropathic
pain frequently evolves into a chronic, maladaptive condition
characterized by self-sustaining pathological activity [ 41, 42 ]. Its
pathophysiology involves diverse mechanisms such as ectopic
neuronal discharge, peripheral and central sensitization, dysreg-
ulation of ion channels, and disrupted balance between excitatory
and inhibitory neurotransmission [ 43, 44 ]. These alterations
lead to aberrant processing of sensory signals along neurax-
ial pathways, rendering neuropathic pain typically resistant to
conventional analgesics and necessitating mechanism-targeted
therapeutic strategies [ 45 ]. 

The term “nociplastic pain” was proposed as a third mechanistic
descriptor of chronic pain in 2016 [ 7 ]. However, over a third of
chronic pain involves a combination of all three mechanisms
where nociplastic pain can be viewed as a component of a chronic
pain continuum [ 46 ]. For instance, nociplastic mechanisms com-
monly coexist in nociceptive conditions like rheumatic diseases
and chronic low back pain as well as neuropathic disorders such
as small fibre neuropathy [ 47, 48 ]. Nevertheless, nociplastic pain
was estimated to affect the general population at a rate of 5–15%,
transcending geographic, demographic, and social boundaries
[ 46, 49 ] (Figure 1 ). 

In conclusion, chronic pain constitutes a multifaceted global
phenomenon with a highly variable yet consistently significant
prevalence across diverse populations. As evidenced by epidemi-
ological data from numerous countries, it affects a substantial
proportion of adults, underscoring its status as a major public
health priority. The mechanistic classification of chronic pain into
nociceptive, neuropathic, and nociplastic subtypes provides an
essential framework for moving beyond symptomatic manage-
ment toward pathophysiology-driven therapeutic strategies. Each
category presents distinct clinical challenges: nociceptive pain,
often secondary to conditions like OA, signals ongoing tissue
pathology; neuropathic pain, affecting a considerable segment
of the global population, arises from nervous system dysfunc-
tion and is notoriously difficult to treat; and nociplastic pain,
frequently coexisting with other mechanisms, involves central
sensitization and altered pain processing. Understanding these
mechanistic distinctions, along with their overlapping presenta-
tions in many chronic pain states, is paramount for developing
accurate diagnosis and targeted interventions. 

3 Molecular and Systems Mechanisms of 
Chronic Pain 

Chronic pain is not a unitary phenomenon but a heterogeneous
condition arising from a complex interplay of diverse and often
overlapping pathophysiological mechanisms. These mechanisms
range from molecular-level sensitization in the periphery and
central nervous system (CNS) to large-scale remodeling of brain
circuits, culminating in distinct clinical phenotypes classified
as nociceptive, neuropathic, or nociplastic pain. This section
synthesizes the current scientific understanding of these core pro-
cesses. It first delineates the foundational concepts of peripheral
3 of 65



FIGURE 2 Molecular mechanisms of chronic pain. Chronic pain 
arises through distinct molecular pathways depending on its type. The 
basic path is represented by the nociceptive pain, which starts with TRP 
channel activation in peripheral nociceptors, signaling via A δ- and C- 
fibers to the spinal dorsal horn, then ascending through spinothalamic 
tracts to higher brain regions, regulated by descending inhibition. Neuro- 
pathic pain follows nerve injury, featuring central sensitization without 
non-nerve peripheral tissue injury and loss of inhibition. Nociplastic pain 
involves central sensitization without structural damage, driven by glial 
activation, dysregulated descending control, and stress–axis dysfunction 
(HPA hypoactivity and SAM hyperactivity). While nociceptive pain 
involves both central sensitization and peripheral sensitization, neuro- 
pathic pain may or may not have central sensitization and peripheral 
sensitization, and nociplastic pain is featured solely with central sensi- 
tization. Overall, all three types of chronic pain are accompanied with 
inflammation; and the likelihoods of possessing “abnormal nociceptor”
and “CNS r eorg anization”may e xhibit an opposite pattern across different 
types of chronic pain. That is, nociceptive pain may be dominant by 
abnormal nociceptor, nociplastic pain may more likely involve CNS 
reorganization, and neuropathic pain may be driven by both. 
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4

nd central sensitization, which represent the primary ampli-
iers of nociceptive signaling (Figure 2 ). It then systematically
etails the specific mechanistic architectures that define each
ain subtype, explaining how tissue injury, nerve damage, and
aladaptive central processing translate into unique clinical
xperiences (Figure 2 ). Furthermore, it explores the critical
odulating roles of neuroendocrine stress axes, such as the
ypothalamic–pituitary–adrenal (HPA) and sympatho–adreno–
edullary (SAM) systems, and the profound structural and
of 65
functional reorganization within key brain regions like the hip-
pocampus and prefrontal cortex (PFC) (Figure 2 ). Together, these
interconnected mechanisms provide a comprehensive blueprint
for understanding how acute, protective pain can transition
into a persistent, debilitating disease state, forming the essential
biological basis for all subsequent discussion of diagnosis and
therapeutics. 

3.1 Peripheral and Central Sensitization 

3.1.1 Peripheral Sensitization 

Peripheral sensitization is a process of increased responsiveness
and reduced activation threshold of nociceptors (primary sensory
neurons) in the periphery to stimulation of their receptive fields,
initiated directly by tissue injury, inflammation, or infection [ 50 ]
(Figure 2 ). 

The molecular cornerstone of this phenomenon is the local
release of a diverse array of inflammatory mediators from dam-
aged cells, immune cells (e.g., mast cells, macrophages), and
the vascular endothelium, collectively termed the “inflammatory
soup.” This includes protons (H+ ), bradykinin, prostaglandins
(PGE2 ), serotonin (5-HT), adenosine triphosphate, nerve growth
factor (NGF), and proinflammatory cytokines such as tumor
necrosis factor-alpha (TNF- α), IL-1 β, and IL-6. These mediators
act on specific receptors (e.g., G-protein-coupled receptors, tyro-
sine kinase receptors, ion channels) expressed on the terminals
of nociceptors, triggering intracellular signaling cascades that
converge on the modulation of key transducing and voltage-gated
ion channels. A pivotal target is the transient receptor potential
vanilloid 1 (TRPV1) channel, which is sensitized by mediators like
bradykinin and NGF, lowering its thermal activation threshold
and increasing its response to capsaicin and protons [ 51, 52 ].
Simultaneously, the tetrodotoxin-resistant voltage-gated sodium
channels Nav1.8 and Nav1.9 are upregulated and their kinetics
altered, promoting membrane depolarization and repetitive fir-
ing. This biochemical milieu leads to a phenotypic switch in
the nociceptor, characterized by spontaneous ectopic activity, a
lowered threshold for activation (resulting in primary hyperal-
gesia), and an augmented response to suprathreshold stimuli.
Importantly, this process is dynamic and can be maintained by
transcriptional changes within the dorsal root ganglion (DRG),
where the cell bodies of nociceptors upregulate the production
of pronociceptive peptides like substance P and calcitonin gene-
related peptide (CGRP), further fueling neurogenic inflammation
upon peripheral release. 

Peripheral sensitization thus serves as the initial critical amplifier
of nociceptive signals, providing the persistent drive necessary for
inducing more durable changes within the CNS [ 50 ]. 

3.1.2 Central Sensitization 

Central sensitization, defined by the IASP as “increased respon-
siveness of nociceptive neurons in the CNS to their normal or
subthreshold afferent input” [ 53 ], represents a fundamental form
of synaptic plasticity that underlies chronic pain hypersensitiv-
ity (Figure 2 ). This neuroplasticity amplifies pain signals and
MedComm, 2026
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M

nvolves complex interactions between ascending pain signal
ransduction pathways, descending modulatory systems, and
sychological factors [ 54–58 ]. The conceptual foundation was
stablished by the seminal discovery that peripheral tissue injury
nduces a state of hyperexcitability in spinal cord nociceptive neu-
ons [ 59 ], a finding subsequently validated and elaborated across
iverse animal models demonstrating enhanced responsiveness
ithin central pain pathways [ 60 ]. 

his core mechanism is classically initiated and maintained by
ntense, repeated, or sustained nociceptive barrage from periph-
rally sensitized C-fibers, leading to an excessive presynaptic
elease of glutamate and neuropeptides like substance P and
GRP within the spinal dorsal horn. The pivotal postsynap-
ic event is the activity-dependent removal of the magnesium
lock from N-methyl- d -aspartate (NMDA) receptors, permit-
ing substantial calcium influx upon glutamate binding. This
alcium surge acts as a critical second messenger, activating
ownstream kinase cascades, including protein kinase C (PKC),
alcium/calmodulin-dependent protein kinase II, and mitogen-
ctivated protein kinases (MAPKs), which phosphorylate ion
hannels and receptors. Key consequences of this phosphoryla-
ion include the enhanced synaptic trafficking and function of
-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
eceptors, augmenting fast excitatory transmission, and a fur-
her increase in NMDA receptor responsiveness itself. These
olecular alterations collectively reduce the activation threshold
nd expand the receptive fields of second-order wide-dynamic-
ange neurons, enabling normally subthreshold inputs from
ow-threshold A β mechanoreceptors to gain access to and acti-
ate nociceptive circuits. This neuronal transformation clinically
anifests as secondary hyperalgesia (increased pain from nox-
ous stimuli in uninjured tissue surrounding the lesion) and
actile allodynia (pain provoked by innocuous light touch).
mportantly, central sensitization is not a passive phenomenon
ut is dynamically regulated and amplified by a loss of inhibitory
one due to impaired glycinergic and GABAergic interneuronal
unction (disinhibition) and by the activation of spinal microglia
nd astrocytes, which release proinflammatory cytokines and
ther neuroactive substances that perpetuate the hyperexcitable
tate [ 61 ]. 

he translational relevance of this mechanism has been firmly
stablished through the development of human experimental
odels, which consistently demonstrate that clinical pain con-
itions are associated with quantifiable alterations in indices
f central sensitization [ 61 ]. This self-sustaining state of central
yperexcitability, capable of outlasting the initial peripheral
rigger, forms a key pathophysiological basis for a wide spectrum
f chronic pain conditions [ 62 ]. 

.2 Pain-Type Specific Mechanisms 

.2.1 Nociceptive Pain 

he molecular and neural architecture of nociceptive pain is ini-
iated by the activation of specialized peripheral sensory neurons,
r nociceptors, which are functionally categorized and widely
istributed throughout somatic and visceral tissues [ 63–67 ]. This
lassification, encompassing high-threshold mechanoreceptors,
edComm, 2026
thermal, chemical, polymodal, and silent nociceptors, is not
merely descriptive but reflects a fundamental principle of noci-
ceptive coding, that is, the translation of specific, potentially
damaging stimulus modalities into distinct neural signals. Crit-
ically, the phenomenon of silent nociceptors, which remain
quiescent under normal conditions but become activated and
mechanosensitive in the presence of inflammatory molecules,
underscores a pivotal mechanism underlying pathological pain
states such as arthritis. This transition from a silent to an active
state represents a profound plastic change, effectively lowering
the pain threshold and contributing to hypersensitivity following
tissue injury, thereby illustrating a direct molecular link between
peripheral pathology and altered sensory perception [ 63–67 ]. 

The initial transduction event occurs at specialized, unsheathed
free nerve endings, which act as biological signal converters
[ 68–70 ]. These terminals express a polymodal array of recep-
tor channels, most notably members of the transient receptor
potential family, which depolarize the first-order neuron in
response to noxious thermal, mechanical, or chemical stimuli.
This depolarization initiates action potentials that are then
propagated by two anatomically and functionally distinct primary
afferent fiber types, that is, the lightly myelinated A δ-fibers
and the unmyelinated C-fibers. This structural and physiological
dichotomy is fundamental to pain perception. A δ-fibers, with
their rapid conduction velocities and small receptive fields,
mediate the initial, sharp, well-localized “first pain” that signals
the presence, location, and nature of an acute injury. In contrast,
C-fibers, with their slow conduction and broad receptive fields,
convey the subsequent, dull, aching, and poorly localized “sec-
ond pain,” which encodes the sustained intensity and aversive
quality of the stimulus [ 68–70 ]. The cell bodies of these neurons
reside in the dorsal root or trigeminal ganglia, and their central
terminals project into the spinal cord dorsal horn, predominantly
targeting Rexed laminae I and II. Here, a critical neurochemical
divergence occurs, that is, A δ-fibers primarily release the fast-
acting excitatory neurotransmitter glutamate onto second-order
neurons, while C-fibers often corelease glutamate alongside
neuropeptides like substance P and CGRP. This divergence lays
the foundational framework for parallel processing pathways, one
geared toward rapid sensory discrimination and another toward
sustained affective and autonomic integration [ 68–70 ]. 

The complexity of central pain processing is embodied in the
three major ascending pathways originating from the spinal dor-
sal horn [ 68–70 ]. The neospinothalamic tract, arising primarily
from nociceptive-specific neurons in lamina I, represents the
direct line for sensory-discriminative processing. Its axons decus-
sate and ascend in the contralateral lateral spinothalamic tract,
synapsing in the ventroposterolateral and ventroposterior inferior
nuclei of the thalamus. Thalamocortical projections then relay
this information to the primary and secondary somatosensory
cortices, enabling the precise localization, intensity discrimi-
nation, and temporal analysis of the painful stimulus. This
pathway is complemented by an analogous trigeminal pathway
for facial pain, which synapses in the ventroposteromedial
thalamic nucleus. In stark contrast, the paleospinothalamic
and archispinothalamic tracts originate from deeper laminae
(II, IV–VIII) and subserve the affective-motivational and auto-
nomic dimensions of pain. These phylogenetically older path-
ways project diffusely and often bilaterally via the anterior
5 of 65
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6

pinothalamic tract and other multisynaptic routes to the brain-
tem reticular formation, periaqueductal gray (PAG), and the
ntralaminar thalamic nuclei, particularly the parafascicular and
entromedian nuclei. From these subcortical hubs, information is
idely disseminated to limbic structures (including the ACC and
nsula), the hypothalamus, and brainstem autonomic nuclei. This
etwork generates the unpleasant, aversive quality of pain, drives
ssociated emotional responses (e.g., fear, anxiety), and coordi-
ates autonomic and endocrine reactions, such as increased heart
ate and stress hormone release. The existence of these parallel
athways explains how pain can be both a precise sensory event
nd a profound emotional experience, and why these components
an be dissociated under certain clinical or pharmacological
onditions [ 68–70 ]. 

his elaborate ascending transmission is not unchecked but is
ubject to robust, dynamic endogenous modulation via descend-
ng inhibitory systems [ 55 ]. A key neuromodulatory framework
s the endogenous opioid system. Opioid receptors (mu, delta,
appa) are densely distributed both presynaptically on primary
fferent terminals in spinal laminae I–V and postsynaptically on
econd-order neurons, as well as throughout critical supraspinal
ites including the PAG, rostral ventral medulla (RVM), locus
oeruleus, and various limbic regions. Endogenous ligands like
nkephalins, beta-endorphins, and dynorphins activate these
i/o-protein-coupled receptors, leading to neuronal hyperpolar-
zation through increased potassium conductance and inhibition
f presynaptic calcium influx. This effectively suppresses the
elease of pronociceptive neurotransmitters (e.g., glutamate, sub-
tance P) and dampens neuronal excitability at the first central
ynapse. The descending pain modulatory circuit is organized as
 hierarchy, with the PAG serving as a pivotal midbrain integrator.
he PAG receives inputs from forebrain limbic areas and, in turn,
ctivates downstream nuclei like the nucleus raphe magnus in the
VM and the locus coeruleus. These nuclei send serotonergic and
oradrenergic projections, respectively, back down to the spinal
orsal horn. Operating largely through direct opioid receptor
ctivation and/or by disinhibiting local inhibitory interneurons
e.g., by suppressing GABAergic inhibition), this system can
electively attenuate C-fiber-mediated pain transmission while
ften sparing A-fiber function. This selective filtering allows for
he suppression of prolonged, pathological pain states without
ompletely obliterating acute protective nociception. Moreover,
his circuit is not static; its activity is powerfully influenced by
ognitive factors (attention, expectation), emotional state (stress,
ear), and contextual cues, positioning it as a central mechanism
hrough which top-down processes shape the ultimate pain
xperience [ 55 ]. 

n synthesis, the mechanism of nociceptive pain reveals a pro-
oundly integrated, multilayered system. It begins with modality-
pecific transduction and dual-channel peripheral transmission
A δ/C-fibers), which segregates information at the earliest possi-
le stage. This segregation is maintained and elaborated within
he spinal cord through distinct neurochemical coding and
hen funneled into parallel, functionally specialized ascending
athways, that is, a direct, fast lemniscal-like pathway for sensory
etail and indirect, slow, polysynaptic pathways for affective
nd autonomic integration. Pervading this entire architecture is
 state-dependent, opioid-rich descending modulatory network
hat exerts dynamic, context-sensitive control over synaptic
of 65
transmission. Therefore, pain is not a monolithic sensation but
an emergent perceptual state, constructed from the interactive
synthesis of discriminative, affective, cognitive, and modulatory
components. This integrated model explains the multifaceted
nature of pain experience, and provides a critical framework for
understanding both its protective function in acute settings and
its maladaptive persistence in chronic pathological conditions. 

3.2.2 Neuropathic Pain 

Neuropathic pain arises not merely from passive damage to the
somatosensory nervous system, but from a cascade of active,
maladaptive plastic changes that establish a self-perpetuating
state of aberrant signaling across peripheral and central pathways
[ 54, 57, 58, 71 ]. Its initiation and maintenance represent a fun-
damental failure of homeostasis, where compensatory molecular
and cellular responses to injury paradoxically evolve into the core
drivers of the pathological pain state. The process is typically
instigated by a lesion at any level of the neuraxis, be it peripheral
nerve, DRG, or nerve root, resulting from etiologies as diverse as
compression, metabolic dysfunction (e.g., diabetic neuropathy),
infection, or trauma [ 54, 57, 58, 71 ]. This initial insult sets in
motion a bidirectional and interactive pathology between the
peripheral and CNSs, breaking down the traditional boundaries
between stimulus and response. 

The primary pathology often originates at the site of peripheral
nerve injury, where a profound molecular reorganization occurs
within the damaged axons. A critical maladaptation is the dysreg-
ulation of ion channels, specifically the pathological upregulation
and altered trafficking of voltage-gated sodium channels (e.g.,
Nav1.3, Nav1.7, Nav1.8) and N-type calcium channels [ 54, 57,
58, 71 ]. This shift results in abnormal sodium and calcium
influx, rendering the axons hyperexcitable and generating spon-
taneous ectopic discharges that act as a persistent false signal
of ongoing tissue damage. Importantly, nerve injury is not an
isolated neuronal event but triggers a robust immune-neuronal
interface. Resident and infiltrating immune cells, particularly
macrophages, release a cocktail of proinflammatory cytokines,
including TNF- α, IL-1 β, and IL-6, as well as growth factors like
NGF [ 54, 57, 58, 71 ]. This inflammatory milieu does not remain
localized; it actively sensitizes adjacent intact nociceptors, low-
ering their activation threshold and amplifying their response to
normal stimuli, a process termed peripheral sensitization. Thus,
the initial focal injury seeds a broader field of hyperexcitability,
creating a pathogenic peripheral drive that relentlessly bombards
the CNS. 

This sustained peripheral barrage is the critical driver for the
development of central sensitization, a state of hyperexcitability
within the dorsal horn of the spinal cord that represents the
cardinal neural mechanism of neuropathic pain [ 54, 57, 58,
71 ]. Excessive and persistent glutamate release from hyperactive
primary afferents leads to the intense and prolonged activation
of postsynaptic NMDA receptors on second-order neurons. This
NMDA receptor activation, normally blocked by magnesium ions
under resting conditions, allows a massive influx of calcium.
The elevated intracellular calcium acts as a second messenger,
triggering a cascade of kinase pathways, including PKC, protein
MedComm, 2026
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inase A, and MAPKs, which phosphorylate ion channels and
eceptors, thereby increasing neuronal excitability and synaptic
trength. This is complemented by a parallel failure of inhibitory
ontrols. There is a documented loss of GABAergic and glycin-
rgic inhibitory interneuronal function, sometimes via selective
euronal apoptosis or a shift in anion gradients that renders
ABAergic transmission excitatory. Furthermore, the balance
f descending modulation from the brainstem shifts from net
nhibition to net facilitation, with pathways from the RVM
romoting, rather than suppressing, dorsal horn excitability. This
ombination of heightened excitation and diminished inhibition
reates a central amplifier for nociceptive signals. 

he convergence of these peripheral and central maladaptive
rocesses, ectopic firing, peripheral sensitization, central synaptic
otentiation, disinhibition, and descending facilitation, culmi-
ates in the defining clinical phenomena of neuropathic pain [ 54,
7, 58, 71 ]. Hyperalgesia (an exaggerated response to a normally
ainful stimulus) and allodynia (pain from a nonpainful stimulus
uch as light touch) are direct clinical manifestations of this
eightened gain throughout the somatosensory system. The phe-
omenon of spontaneous pain, occurring without any external
rigger, is a testament to the autonomous, self-sustaining nature
f the established neural circuit pathology. This complex, mul-
imechanistic pathogenesis underpins the notorious resistance
f neuropathic pain to conventional analgesics like opioids and
SAIDs, which primarily target nociceptive transmission rather
han the maladaptive neural plasticity and immune signaling
hat are now central to the condition. Effective therapeutic
trategies, therefore, must move beyond simple blockade of
eurotransmission and instead aim to modify disease processes,
uch as ion channel regulation, immune modulation, and the
estoration of inhibitory tone, to disrupt the self-sustaining cycle
f neuropathic pain. 

.2.3 Nociplastic Pain 

ociplastic pain represents a distinct mechanistic entity within
he pain taxonomy, characterized not by structural nerve damage
neuropathic) nor by ongoing tissue injury (nociceptive), but
y a functional dysregulation and pathological amplification of
ain processing within the CNS. Its core is the maladaptive
henomenon of central sensitization, a state of hyperexcitability
n spinal and supraspinal neurons that amplifies responses to
oth noxious and innocuous inputs. Critically, this sensitiza-
ion is sustained by a self-reinforcing neuroimmune–glial axis.
icroglia and astrocytes become chronically activated by various
riggers, including prior intermittent pain, chronic stress, or
mmune challenges, and transition into a proinflammatory state
 56, 72 ]. These cells release a cascade of signaling molecules,
ncluding cytokines (e.g., IL-1 β, TNF- α), chemokines, and other
euromodulators. This glial output profoundly alters the synaptic
nvironment in the dorsal horn. It enhances NMDA receptor
unction, increases the expression and release of pronociceptive
europeptides like substance P and CGRP, and fosters long-term
otentiation (LTP) of pain-signaling synapses. This creates a feed-
orward loop where neural activity drives glial activation, which
n turn further amplifies neural excitability, thereby cementing
he sensitized state independent of a peripheral driver. 
edComm, 2026
Concurrently, there is a profound dysregulation of the brain’s
endogenous pain modulatory systems. The balance between
descending inhibition and facilitation is disrupted. There is a
documented reduction in the efficacy of inhibitory pathways
originating from the brainstem, particularly those mediated
by norepinephrine and 5-HT from the locus coeruleus and
rostral ventromedial medulla. In parallel, facilitatory pathways
are potentiated, often involving neurotransmitters like chole-
cystokinin (CCK), which antagonizes opioidergic signaling [ 56 ].
This shift results in a net loss of inhibitory tone and a gain
of facilitatory drive, effectively removing the “brakes” on and
pressing the “accelerator” for pain transmission at the spinal
level. This central disinhibition and facilitation are further
compounded by neuroendocrine dysfunction (e.g., alterations in
HPA axis function) and altered signaling of neurotrophins like
brain-derived neurotrophic factor (BDNF), which can promote
synaptic plasticity and hyperexcitability. The integrated outcome
of these mechanisms, that is, enhanced synaptic transmission,
glial-mediated inflammation, and unbalanced descending con-
trol, is the clinical triad of widespread pain, hyperalgesia, and
allodynia, hallmarks of conditions such as fibromyalgia and
chronic widespread pain syndromes. 

The pathophysiology of nociplastic pain is now understood
to exhibit significant mechanistic heterogeneity, leading to a
clinically and neurobiologically meaningful distinction between
two primary subtypes, that is, “bottom-up” and “top-down”
nociplastic pain [ 56 ]. This framework is crucial for understand-
ing prognosis and treatment responsiveness. The “bottom-up”
subtype aligns with the classical model of activity-dependent
central sensitization. Here, persistent, albeit often low-grade,
peripheral nociceptive input (e.g., from OA, tendinopathy) acts
as the primary driver, initiating and maintaining central ampli-
fication. A key prognostic feature is that this amplification can
often normalize upon removal of the peripheral drive, as the
central changes remain contingent on that input [ 56, 59 ]. In
stark contrast, the “top-down” subtype is primarily sustained
by central mechanisms that operate largely autonomously from
the periphery. These mechanisms include cognitive-affective
processes (e.g., catastrophizing, hypervigilance, emotional dis-
tress), genetic predispositions affecting CNS pain processing, and
learned pain memories. In this subtype, the central sensitization
becomes an engrained, self-sustaining state, independent of any
ongoing peripheral nociception [ 56 ]. 

This theoretical distinction is powerfully validated by clinical
and epidemiological data. In OA patients with a nociplastic pain
component undergoing total joint arthroplasty, surgical removal
of the presumed peripheral source led to pain resolution in
approximately two-thirds of patients, consistent with a dominant
bottom-up mechanism. However, one-third of patients derived no
benefit, suggesting their pain was sustained by entrenched top-
down mechanisms, rendering peripheral intervention ineffective
[ 73 ]. Furthermore, large-scale genetic epidemiological research
provides a developmental perspective. A study of over 25,000
individuals revealed that early-onset nociplastic pain ( < 50 years
old) exhibited a heritability approximately three to four times
greater than later-onset cases ( > 60 years old) [ 74 ]. This strongly
suggests that early-onset cases are more likely mediated by top-
down mechanisms, driven by a stronger genetic/neurobiological
vulnerability to central dysregulation. Conversely, later-onset
7 of 65
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8

ases show stronger “bottom-up” characteristics, where accumu-
ated peripheral insults over a lifetime play a more prominent role
n triggering central changes in a less predisposed nervous system
 74 ]. 

n synthesis, nociplastic pain is a disorder of central pain pro-
essing, defined by glial-mediated neuroinflammation, synaptic
yperefficacy, and a failure of descending modulation. The
ritical advancement lies in recognizing its bi-axial nature.
he bottom-up axis represents a peripherally driven, input-
ependent sensitization, often amenable to treatments targeting
he periphery or general CNS depressants. The top-down axis
epresents a centrally engrained, input-independent state, likely
equiring interventions that directly target central plasticity,
ognitive-affective factors, and specific neuroimmune pathways.
his integrated model moves beyond a monolithic view of central
ensitization, offering a mechanism-based framework for sub-
yping patients, predicting treatment outcomes, and developing
argeted therapies. 

.3 Neuroendocrine and Stress Axes 

 characteristic neuroendocrine dysfunction, marked by hypoac-
ivation of the HPA axis and concomitant hyperactivation of
he SAM axis, is a critical pathophysiological driver of chronic
ain. This imbalance fosters a state of maladaptive allostasis,
haracterized by inadequate anti-inflammatory cortisol signaling
nd excessive catecholamine-driven central sensitization, periph-
ral inflammation, and sympathetic dysregulation. This pathway
nderlies the development and maintenance of diverse chronic
ain states, including nociplastic, neuropathic, and persistent
ociceptive pain. 

.3.1 SAM Axis 

he SAM axis serves as a critical molecular mediator in the
evelopment and maintenance of various chronic pain states,
ith varied roles across nociceptive, neuropathic, and nociplastic
ain. 

n nociceptive pain, sustained SAM activation contributes to
eripheral sensitization through the release of catecholamines
e.g., norepinephrine and epinephrine), which promote
roinflammatory cytokine production and enhance nociceptor
xcitability at the site of injury. This facilitates the transition from
cute to chronic pain. 

n neuropathic pain, SAM dysregulation often manifests as sym-
athetic hyperactivity, which can directly drive pain via aberrant
ympathetic-sensory coupling, particularly after nerve injury.
levated catecholamines exacerbate neuroinflammation and cen-
ral sensitization, further amplifying pain signaling within the
omatosensory nervous system. 

n nociplastic pain, SAM hyperactivation is a hallmark fea-
ure, frequently co-occurring with HPA axis dysfunction. Here,
atecholamines facilitate widespread central sensitization and
ysregulate descending inhibitory pathways, contributing to
hronic pain in the absence of clear tissue or neural damage. The
of 65
resulting state of autonomic imbalance reinforces a maladaptive
cycle of stress and pain, commonly seen in conditions such as
fibromyalgia or irritable bowel syndrome (IBS). 

Across all three types, chronic pain acts as a persistent stressor,
further dysregulating the SAM axis and creating a treatment-
resistant vicious cycle of stress-pain amplification. 

3.3.2 HPA Axis 

The HPA axis plays a distinct yet interconnected role across
nociceptive, neuropathic, and nociplastic pain states, reflecting
varied pathophysiological mechanisms. 

In nociceptive pain, acute activation of the HPA axis serves a
protective role. Stress-induced cortisol release helps suppress
inflammation and temporarily attenuates pain signaling. How-
ever, if nociceptive input becomes chronic, prolonged HPA
activation may eventually lead to dysregulation. 

In neuropathic pain, the HPA axis often shows inconsistent alter-
ations, sometimes hyperactive initially, then becoming hypoac-
tive over time. Nerve injury acts as a persistent stressor, disrupting
glucocorticoid receptor signaling and feedback inhibition. This
dysregulation can exacerbate neuroinflammation and central
sensitization, contributing to chronicity and treatment resistance.

In nociplastic pain, HPA axis hypoactivation is a hallmark
feature. Conditions such as fibromyalgia are characterized by
flattened diurnal cortisol rhythms, low baseline cortisol, and
blunted responses to stress [ 75 ]. Reduced glucocorticoid signaling
leads to inadequate control of proinflammatory processes and
loss of endogenous analgesic effects, which sustains central
sensitization and promotes widespread pain in the absence of
clear tissue damage. This dysfunction forms a vicious cycle, that
is, while chronic pain amplifies stress, stress axis dysregulation
in turn intensifies pain perception that is often accompanied
by a greater symptom burden, fatigue, and comorbid mood
disorders. 

Across all types, HPA axis involvement underscores the integral
relationship between stress neurobiology and pain chronifica-
tion, with nociplastic pain showing the most consistent pattern
indicating hypo-activated HPA axis. 

3.4 Brain Circuit Remodeling 

Brain circuit remodeling, particularly within the hippocampus,
PFC, and the broader limbic system, represents a fundamental
neuroplastic process underlying learning, memory, emotional
regulation, and the pathophysiology of several psychiatric and
chronic pain disorders. This remodeling encompasses struc-
tural and functional adaptations, including synaptic LTP and
depression, dendritic spine reorganization, neurogenesis, and
alterations in network-wide oscillatory synchrony. 

The hippocampus, a central hub for memory formation and
spatial navigation, demonstrates remarkable structural plastic-
ity, most notably through the continuous birth and integra-
MedComm, 2026
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FIGURE 3 Risk factors of chronic pain. Integrated biopsychosocial 
model of risk factors for chronic pain, categorizing determinants into 
intrinsic and extrinsic domains and illustrating their dynamic interplay in 
pain chronification. Intrinsic factors encompass biological vulnerabilities: 
genetic factors, gender-related factors (e.g., female predominance), and 
comorbidity-related factors (e.g., diabetes, obesity, cancer, immune com- 
promise). Extrinsic factors represent external influences, encompassing 
environmental factors (e.g., physical injury, neuron damage), lifestyle 
factors (e.g., physical inactivity, sleep disturbance), and psychosocial 
factors (e.g., prior pain history, stressor exposure across the lifespan, 
and psychological disorders). This model illustrates how these intrinsic 
vulnerabilities and extrinsic exposures interact synergistically to initiate 
and facilitate persistent chronic pain, intrinsic and extrinsic factors are 
integrated within concentric cycles, where the outer ring of extrinsic 
influences continuously interacts with the core of intrinsic vulnerabilities. 
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ion of new neurons in the dentate gyrus throughout life,
 process influenced by environmental enrichment, exercise,
nd stress. Functionally, hippocampal circuits undergo activity-
ependent synaptic changes, primarily at the Schaffer collateral-
A1 synapse, where NMDA receptor-mediated calcium influx
riggers signaling cascades that lead to the persistent strength-
ning of synaptic connections, forming the cellular basis of
eclarative memory [ 76–78 ]. Critically, the hippocampus does
ot operate in isolation; it is densely interconnected with
he PFC and the amygdala within the limbic system. The
FC, essential for executive functions such as decision-making,
orking memory, and top-down emotional control, exhibits
emodeling through experience-dependent changes in synaptic
fficacy and spine density in layers II/III and V pyramidal neu-
ons, particularly along the hippocampal–PFC pathway [ 79, 80 ].
heta-gamma cross-frequency coupling between these regions
s crucial for memory consolidation and retrieval [ 81 ]. The
imbic system, integrating the hippocampus, amygdala, ante-
ior cingulate cortex (ACC), and insula, coordinates emotional
esponses [ 82 ]. 

n conditions of chronic stress or pain, maladaptive remodeling
ccurs. Hippocampal volume and neurogenesis can decrease
 83, 84 ], while the amygdala and ACC show increased synaptic
trength and neuronal excitability, strengthening fear and aver-
ive memory circuits. Concurrently, a weakening of prefrontal
nhibitory control over these limbic structures, mediated by
endritic atrophy and reduced connectivity, leads to a loss
f top-down regulation, resulting in negative affective states,
ognitive deficits, and the persistence of pain memory [ 85–87 ].
his triad of hippocampal impairment, limbic hyperexcitability,
nd prefrontal disinhibition constitutes a core pathological circuit
emodeled in chronic pain and mood disorders, highlighting the
nterplay between structural plasticity and functional network
yssynchrony. 

n summary, the persistence of chronic pain is governed by
 multilayered and dynamic pathophysiological hierarchy. The
rocess is often initiated at the periphery through sensitization
f nociceptors but is critically cemented within the CNS via
nduring synaptic potentiation and a loss of inhibitory control,
 state known as central sensitization. This core mechanism
anifests distinctly across the pain spectrum. In nociceptive
ain, it is driven by ongoing tissue injury; in neuropathic
ain, it is fueled by aberrant signaling from damaged nerves;
nd in nociplastic pain, it becomes a self-sustaining, input-
ndependent disorder of central processing. This maladaptive
lasticity is further exacerbated and maintained by a dysregulated
tress response, characterized by HPA axis hypoactivity and
AM axis hyperactivity, which disrupts the body’s homeostatic
nd anti-inflammatory controls. Ultimately, these molecular and
ystemic changes catalyze a profound remodeling of key brain
ircuits, including hippocampal impairment, limbic hyperex-
itability, and a weakening of prefrontal cortical modulation.
his collective dysfunction transforms pain from a transient
ensory signal into a deeply ingrained, multidimensional experi-
nce encompassing sensory, emotional, cognitive, and autonomic
imensions. Understanding this integrated mechanistic cascade,
rom molecule to circuit, is therefore paramount for developing
argeted, effective, and personalized therapeutic strategies aimed
edComm, 2026
at reversing these pathological processes rather than merely
masking the final symptom. 

4 Risk Factors 

Chronic pain is a multifaceted and debilitating condition that
arises from a complex interplay of biological, psychological,
and social determinants. Its pathophysiology and clinical pre-
sentation are shaped by a diverse range of risk factors, which
can be broadly categorized into intrinsic and extrinsic domains.
Intrinsic factors encompass inherent biological vulnerabilities,
including genetic predispositions, gender-related differences, and
comorbid systemic diseases that alter pain processing from
within the organism. Extrinsic factors involve external influences
that act upon the individual, such as environmental exposures,
lifestyle choices, and psychosocial stressors (Figure 3 ). This
section provides a detailed analysis of these critical determinants,
synthesizing current evidence to elucidate their individual and
synergistic roles in initiating, amplifying, and perpetuating the
transition from acute nociception to persistent chronic pain.
Understanding this intricate risk factor landscape is essential for
developing effective prevention strategies, personalized therapeu-
tic interventions, and a comprehensive biopsychosocial model of
chronic pain management. 
9 of 65
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.1 Intrinsic Factors 

.1.1 Genetic Factors 

enetic susceptibility significantly contributes to the risk of
eveloping chronic pain [ 88, 89 ], with rare monogenic disor-
ers such as congenital insensitivity to pain with anhidrosis,
rythromelalgia, and paroxysmal extreme pain disorder being
irectly caused by mutations in single genes [ 90, 91 ]. Through
enome-wide association studies and molecular genetic inves-
igations, polymorphisms in 28 genes have been significantly
ssociated with neuropathic pain. Among these reported genetic
ariants, 75% were noncoding with gene regulatory roles with
pproximately 40% being located within the enhancer regions
 92 ]. The implicated genes are primarily involved in key biological
rocesses such as neurotransmission, immune response, and
etabolism. 

epresentative chronic pain predisposing genes involved in
eurotransmission include PRKCA (encoding PKC α), OPRM1
encoding opioid receptor Mu 1), COMT (encoding catechol-
-methyltransferase), SCN9A (encoding sodium voltage-gated
hannel alpha subunit 9), SLC6A4 (encoding solute carrier family
 member 4 protein or 5-HT transporter [5-HTT]), and CACNG2
encoding the transmembrane AMPA receptor regulatory protein
amma-2). Specifically, the rs887797 variant in PRKCA showed
 significant association with neuropathic pain in total joint
eplacement patients ( p = 4.29E − 06), supported by meta-analysis
f two UK cohorts and the Rotterdam study (OR = 2.41, 95% CI:
.74–3.34, p = 1.29 ×E − 7 under a recessive model) [ 93 ]. The A118G
ariant of OPRM1 was associated with reduced neuropathic pain
isk in diabetic foot ulcer patients (OR = 0.24, 95% CI: 0.07 − 0.80,
 = 0.038) [ 94 ]. The Met allele of COMT rs4680 polymorphism
as significantly associated with neuropathic pain in sclerosis
atients ( p = 0.046) [ 95 ] and with pain severity in sciatica
 40 ]. For SCN9A , four variants (rs7449889, rs3750904, rs4369876,
s12478318) were associated with painful diabetic peripheral neu-
opathy, with two (rs4369876 and rs12478318) also correlating with
ain intensity [ 96 ]. In SLC6A4 , the 5-HTTLPR short-short geno-
ype was more frequent in trigeminal neuralgia patients of East
sian ancestry (OR = 5, 95% CI: 1.45–3.17, p = 0.034) and linked to
reater pain severity [ 97 ]. Finally, the A–C–C CACNG2 haplotype
rs4820242–rs2284015–rs2284017) was associated with persistent
ostsurgical pain after breast surgery (OR = 1.65, p = 0.02), though
europathic characteristics were not confirmed [ 98 ] 

enes involved in the immune response, particularly human
eukocyte antigens (HLA-A, HLA-B, HLA-DRB1, and HLA-
QB1), have been implicated in chronic pain susceptibility.
or example, HLA-A*33 and HLA-B*44, as well as the HLA-
RB1*1302 haplotype, have been positively associated with
ostherpetic neuralgia (PHN) in a Japanese population [ 99 ], a
inding corroborated in a Korean study that identified HLA-B*44
s the most strongly associated allele along with additional risk
lleles including HLA-B*13, -B*15, DRB1*10.01, and DRB1*1202
 100 ]. Similarly, HLA-DRB1*04 and HLA-DQB1*03:02 have been
ignificantly linked to persistent postsurgical pain [ 101 ]. Meta-
nalyses consolidated these findings, revealing that neuropathic
ain, primarily PHN and persistent postsurgical pain, was associ-
ted with HLA-DRB1*13 (OR = 1.59, 95% CI: 1.04–2.41, p = 0.031)
 100–103 ], HLA-DRB1*04 (OR = 1.40, 95% CI: 1.02–1.93, p = 0.03),
0 of 65
HLA-A*33 (OR = 2.41, 95% CI: 1.72–3.39, p = 3.9 ×E − 7) [ 100, 102–
104 ], and HLA-DQB1*03 (OR = 2.86; 95% CI: 1.57–5.21, p = 6 ×E − 4)
[ 104 ], while HLA-A*02 exerted a protective effect (OR = 0.60;
95% CI: 0.41–0.90, p = 0.01) [ 100, 102, 103 ]. In addition, polymor-
phisms in genes encoding cytokines such as IL6, IL10 and TNF- α
have been significantly associated with multiple neuropathic
pain conditions. For instance, the IL6 variant rs13306435 (T15A)
has been significantly linked to neuropathic pain (rs13306435;
OR = 4.4; CI: 1.2-5.7; p = 1.1 ×E − 02), and haplotype analysis of four
IL6 SNPs (rs1800797; G-597A, rs1800796; G-572C, rs1800795; G-
174C, and rs13306435; T15A) further revealed a strong association
between the GGGA haplotype and neuropathic pain (OR = 5.4,
95% CI: 1.5–9.2, p = 3.3 ×E − 03) [ 105 ]. The rs11674595 in IL1R2
(OR = 36.07, 95% CI: 2.02–643.37, p = 0.01) and the CGC-
GATT haplotype from rs3024505–rs3024496–rs1878672–rs1518111–
rs1518110–rs3024491 in IL10 remained significantly associated
with neuropathic pain after covariate adjustment (OR = 0.21,
95% CI: 0.05–0.91, p = 3 ×E − 02) [ 106 ]. Additionally, the TNF-
α variant rs1800629 was associated with an increased risk of
neuropathic pain following hernia surgery (OR = 1.93, 95% CI:
1.03–3.61; p = 3.6 ×E − 02) [ 107 ] 

From the perspective of metabolism, polymorphisms in GCH1 ,
a gene encoding GTP cyclohydrolase, have been associated with
altered susceptibility to neuropathic pain. In studies of human
immunodeficiency virus (HIV)-associated sensory neuropathy in
individuals of black African ethnicity, two protective haplotypes
correlated with reduced neuropathic pain risk were identified,
which were a 3-SNP haplotype (CAT, p = 0.02) and a 6-SNP
haplotype (CTCGAT, p = 0.04) [ 108 ]. Additionally, the C allele
of rs8007267 in GCH1 was significantly associated with persistent
postsurgical pain ( p = 0.02) [ 109 ]. Additionally, genetic variants
in iron metabolism-related pathways have been implicated in
neuropathic pain susceptibility and severity [ 110 ]. According
to a study involving 168 HIV-associated sensory neuropathy
patients from an admixed American population, 17 variants
across eight metabolic genes, that is, ACO1 (encoding aconitase
1), B2M (encoding beta-2-microglobulin), BMP6 (encoding bone
morphogenetic protein 6), FXN (encoding frataxin), CP (encod-
ing ceruloplasmin) , TF (encoding transferrin), TFRC (encoding
transferrin cell surface receptor), and SLC11A2 (encoding solute
carrier family 11 member 2), were associated with neuropathic
pain. In ACO1 , rs2026739 (OR = 1.5, p = 0.007) and rs7033149
(OR = 1.6, p = 0.012) increased the risk, while rs4495514 was
protective (OR = 0.4, p = 0.036). Variants rs16966334 (OR = 2.4,
p = 0.003) and rs1901531 (OR = 1.6, p = 0.028) in B2M , as
well as rs13072552 (OR = 1.6, p = 0.007), rs13075921 (OR = 1.6,
p = 0.048), and rs3816893 (OR = 1.9, p = 0.004) in CP also
conferred increased risk. BMP6 polymorphisms showed mixed
effects, with rs270388 (OR = 1.3, p = 0.05) and rs267206 (OR = 1.4,
p = 0.03) being risky, and rs267202 (OR = 0.8, p = 0.05) being
protective. Similarly, while TF rs2718796 increased the risk of
developing neuropathic pain (OR: 3.1, p = 0.007), TF rs8177306
(OR = 0.4, p = 0.023) reduced it. Protective associations were
also observed for FXN rs3793451 (OR = 0.4, p = 0.047), SLC11A2
rs224446 (OR = 0.7, p = 0.047), and the T allele of TFRC rs480760
(OR = 0.6, p = 0.004). 

In addition, numerous causal genetic variants linked to the
function of the HPA axis [ 111 ], serotonergic signaling [ 112, 113 ],
and brain structure and functionality [ 114 ] have been discovered.
MedComm, 2026
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hese genetic influences operate through interactions with envi-
onmental factors, particularly given the importance of early-life
xperiences in shaping how genes are expressed and regulated
 115 ]. 

.1.2 Gender-Related Factors 

ccumulating evidence has indicated significant sexual dimor-
hism in chronic pain, with women exhibiting a higher preva-
ence of chronic pain [ 116–119 ]. Take neuropathic pain as the
xample, although the symptoms can overlap with those of
itamin D deficiency, a clinical study has demonstrated that
europathic pain was significantly associated with female gender
n Type 2 diabetes mellitus independent of the vitamin D status
 119 ]. Mechanistically, gender-dependent involvement of central
mmune cells (microglia) and peripheral adaptive immune cells
T-cells) has been shown to drive the maladaptive processes
nderlying neuropathic pain [ 118 ]. Such a gender difference
lso conveys profound pharmaceutical implications. It has been
eported that women achieved higher blood concentrations than
en during treatment with medications such as amitriptyline,
ortriptyline, duloxetine, venlafaxine, and pregabalin, resulting
n higher rates of adverse effects. These gender-related phar-
acokinetic and pharmacodynamic differences suggested the
ecessity of initiating therapy with lower doses in women suffer-
ng from neuropathic pain for improved tolerability and safety.
iven the pronounced sex-based variations in drug response,
ersonalized treatment strategies have been advocated to address
he fact that up to 60% of neuropathic pain patients failed to
chieve adequate pain relief with standard pharmacotherapy
 116 ]. 

ociplastic pain conditions also consistently exhibit a female
redominance, occurring approximately 1.5–2 times more fre-
uently in women than in men, especially after puberty [ 120,
21 ]. Even among healthy individuals without chronic pain,
omen have demonstrated heightened sensitivity to pressure
nd thermal pain stimuli compared with men [ 122, 123 ]. Though
etailed mechanisms underlying such gender disparities remain
ncompletely understood, gonadal hormones (particularly estro-
en and testosterone) have been found with profound roles [ 113,
24 ]. Specifically, estradiol exhibits antinociceptive properties in
ealthy women at elevated concentrations [ 125, 126 ] and increases
ain susceptibility at lower concentrations [ 127 ]. Testosterone
ediates the antinociceptive effects and is protective against
idespread pain. As demonstrated in a murine model, orchiec-
omized male mice developed prolonged and more widespread
ain sensitivity compared with controls, while testosterone
dministration in either female or orchiectomized male animals
eversed this hypersensitivity [ 128 ]. In the clinics, a 2013 study
nvolving adult females using oral contraceptives reported that
uppressed endogenous testosterone levels correlated with both
 decreased threshold to thermal pain and reduced neuronal
ctivity within the RVM, a key region of the descending pain
odulatory system [ 127 ]. Further in support of this include the
mergence of sex-based differences in pain sensitivity around
uberty [ 129 ], fluctuations in pain responses across phases of the
enstrual cycle in women [ 130, 131 ], and the higher prevalence of
dverse childhood experiences among females, a factor that may
edComm, 2026
independently contribute to increased risk [ 132 ]. For example,
the prevalence of most regional nociplastic pain conditions
raised after puberty and persisted throughout the mid-life [ 133 ];
a 2021 study has shown that in a 10-year follow-up period,
dysmenorrhea increased the risk of developing chronic multisite
pain (in nonpelvic anatomical locations), a cardinal feature of
nociplastic pain [ 134 ]; another study has shown that women with
IBS were more likely to report a history of adverse childhood
experiences than men [ 132 ]. 

4.1.3 Comorbidity-Related Factors 

Comorbidity-related factors constitute a critical category of
intrinsic and modifiable risk determinants that significantly drive
the onset, severity, and persistence of chronic pain. These factors
encompass a wide spectrum of systemic diseases, metabolic
dysregulations, and immune disorders, which contribute to
pain pathophysiology through direct neuropathic injury, sys-
temic inflammation, biomechanical stress, and neuroimmune
crosstalk, often creating complex, bidirectional relationships
where pain and comorbidity exacerbate each other. 

Chronic pain is a frequent and debilitating companion of
major systemic diseases. In diabetes mellitus, hyperglycemia
is a primary driver for the development of diabetic peripheral
neuropathy, with approximately 50% of patients affected [ 135 ].
The correlation between disease severity and neuropathy risk is
underscored by evidence that tight glycemic control can reduce
the incidence of neuropathy by 69% over 6.5 years [ 136, 137 ],
positioning hyperglycemia as a potent, modifiable metabolic
factor for neuropathic pain. Similarly, in cancer, chronic pain is
reported in more than 50% of patients [ 138 ]. The pain arises either
directly from the disease, through invasion or compression of
neural structures including spinal nerves, plexuses, and periph-
eral nerves, or from a consequence of oncological therapies,
with one large study attributing pain to the cancer itself in
92.5% of severe cases and to treatment in 20.8% [ 138 ]. OA and
chronic pancreatitis further exemplify how somatic and visceral
pathologies, respectively, provide persistent nociceptive input
that can initiate and sustain central sensitization, leading to
chronic pain states that often outpace the progression of the
primary disease. 

Obesity represents a paramount comorbidity with a well-
established positive correlation to chronic pain across mul-
tiple types [ 139 ]. Epidemiologically, a high body mass index
(BMI ≥ 30 kg/m2 ) is clearly linked to an increased incidence
of neuropathic pain [ 89, 140–142 ] with weight independent of
height and increased waist circumference also identified as
significant risk factors [ 143, 144 ]. Beyond neuropathic pain,
obesity predisposes individuals to nociplastic pain conditions
like fibromyalgia [ 145 ]. The mechanisms are multifaceted and
synergistic. Biomechanically, excess weight imposes increased
load and stress on joints, muscles, and tendons, exacerbating
conditions like OA and low back pain; studies show obese
adults experience significantly higher lumbar disc compres-
sion forces [ 146 ]. Immunologically, adipose tissue is a prolific
endocrine organ secreting proinflammatory adipokines (e.g.,
leptin, resistin) and cytokines (e.g., TNF- α, IL-6), creating a
11 of 65
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tate of chronic low-grade systemic inflammation that sensitizes
eripheral and central pain pathways [ 147, 148 ]. Molecularly,
besity-related pathways directly interact with pain biology. In
odent models, obesity-induced neuropathic pain involves the
MPK/ERK/NOX4 pathway, where AMPK activation attenuates
xidative stress and pain [ 149 ]. Furthermore, the fat-mass and
besity-associated protein (FTO), an RNA demethylase expressed
n injured dorsal root ganglia, plays a critical role in neuropathic
ain maintenance in both male and female rodents, with FTO
nhibition producing antinociceptive effects, highlighting a direct
olecular link [ 150 ]. The clinical relevance of this comorbidity
s underscored by interventions: weight loss, and even severe
aloric restriction prior to significant mass reduction, can notably
ttenuate nociplastic and other chronic pain [ 151, 152 ]. 

 dysregulated or compromised immune system is a significant
ntrinsic risk factor for chronic pain, primarily by failing to
ontain threats that damage nerves or by perpetuating a state
f pathological inflammation. This is most vividly illustrated
n the context of PHN, a chronic neuropathic pain condition
hat develops in 9–24% of individuals following herpes zoster
shingles) infection [ 153 ]. The primary risk factor is immune
ompromise; the incidence of PHN increases progressively with
ge, paralleling the age-related decline in immune function
 154 ]. The risk is dramatically elevated in individuals with
ronounced immunosuppression, such as people living with HIV
15 times higher herpes zoster incidence), patients with hemato-
ogic malignancies (e.g., leukemia, lymphoma), and recipients of
one marrow or solid organ transplants [ 155, 156 ]. Furthermore,
atrogenic immunosuppression from long-term chemotherapy,
adiotherapy, or corticosteroid use increases susceptibility [ 156 ].
he mechanism involves the reactivation of latent varicella-
oster virus due to waning cell-mediated immunity, which causes
euronal damage and inflammation, establishing a persistent
europathic pain state. Beyond specific infections, a generally
roinflammatory state, characterized by elevated circulating
evels of cytokines like TNF- α, IL-1 β, and IL-6, can sensitize
ociceptors, promote neuroinflammation via glial cell activation
n the CNS, and drive central sensitization, thereby lowering
ain thresholds and facilitating chronicity across various pain
onditions. 

he impact of comorbidity-related factors is rarely isolated.
nstead, they engage in pathophysiological crosstalk that ampli-
ies pain. For example, obesity-induced inflammation can exacer-
ate the neuroinflammatory component of diabetic neuropathy
r OA. Similarly, the immune compromise from cancer or its
reatment can unleash viral reactivations leading to neuropathic
ain. This interconnectivity means that chronic pain in comor-
id conditions is often multimechanistic, involving concurrent
lements of nociceptive (e.g., joint damage in obesity), neuro-
athic (e.g., nerve compression in cancer, metabolic injury in
iabetes), and nociplastic (e.g., central sensitization fueled by
ystemic inflammation) pain. Consequently, effective manage-
ent necessitates a dual approach, that is, optimal management
f the underlying comorbidity (e.g., glycemic control, weight
oss, immune restoration) is fundamental to removing the pri-
ary driver, while concurrent, mechanism-based pain therapy is
equired to address the established maladaptive plasticity within
he nervous system. 
2 of 65
4.2 Extrinsic Factors 

4.2.1 Environmental Factors 

Environmental factors constitute a critical and diverse category of
extrinsic determinants that significantly influence the initiation,
maintenance, and chronicity of pain. These factors encompass
direct physical insults to bodily tissues and nerves, as well as
broader contextual exposures, which can act alone or synergis-
tically with intrinsic vulnerabilities to shape an individual’s pain
trajectory. 

Direct physical injury represents a quintessential environmental
risk factor for chronic pain, most directly for the nociceptive type.
This encompasses a wide array of traumatic events, including
fractures, sprains, contusions, burns, and surgical incisions,
which cause actual or potential damage to somatic or visceral
tissues [ 157, 158 ]. The ensuing tissue disruption triggers a local
inflammatory cascade, releasing a multitude of mediators (e.g.,
PGEs, cytokines, bradykinin) that sensitize peripheral nocicep-
tors, leading to primary hyperalgesia and ongoing pain signaling.
While the intensity of acute pain often correlates with the
extent of tissue damage, the transition to chronicity is modulated
by individual differences in genetic background, inflammatory
reactivity, and psychological response, illustrating the interaction
between environmental insult and host factors [ 157, 158 ]. 

A particularly consequential subcategory of environmental injury
is iatrogenic nerve damage, most commonly resulting from
surgical intervention. This serves as a principal extrinsic trigger
for chronic neuropathic pain. Epidemiological data consistently
indicate that persistent neuropathic pain develops in a substantial
minority (10–50%) of patients following common procedures
such as breast surgery [ 159 ], orthognathic surgery [ 160 ], tho-
racotomy [ 161 ], fracture surgery [ 162 ], lumbar stenosis surgery
[ 163 ], and inguinal hernia repair [ 164 ]. The consistency of this
outcome across disparate surgical contexts underscores direct
neural trauma through transection, compression, entrapment, or
inflammation as a key mechanistic driver. Beyond the immediate
nerve injury, the surgical environment itself contributes through
associated factors like the intensity of acute postoperative pain,
which acts as a potent nociceptive barrage driving central sensi-
tization, and potentially inadequate perioperative analgesia [ 4 ].
This highlights that the environmental factor is not a single event
but a perioperative continuum of risk. 

Beyond discrete injuries, environmental factors include sus-
tained physical exposures and systemic challenges. Occupational
and repetitive strain injuries from ergonomic stressors (e.g.,
prolonged poor posture, repetitive motions) are environmental
contributors to chronic musculoskeletal pain conditions. Further-
more, systemic biological insults, such as severe infections, can
act as environmental triggers for nociplastic pain syndromes, as
evidenced by postviral conditions like post-COVID syndrome,
where the pathogen exposure initiates a cascade of neuroim-
mune dysregulation leading to widespread pain and fatigue.
Socioeconomic and physical environments also play a profound
role; factors such as chronic stress from unsafe neighborhoods,
occupational instability, or lack of access to green spaces can per-
petuate stress-system dysregulation (e.g., HPA axis dysfunction),
MedComm, 2026
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romote systemic inflammation, and diminish an individual’s
apacity for recovery, thereby facilitating the transition and
aintenance of chronic pain states. 

n synthesis, environmental factors in pain are multifactorial,
anging from discrete physical and iatrogenic injuries that
irectly damage tissues and nerves, to broader contextual expo-
ures that alter systemic physiology and neural processing.
he path from an environmental insult to chronic pain is not
eterministic but is mediated by the intensity and nature of the
xposure, its interaction with genetic and psychological suscep-
ibilities, and the subsequent neuroplastic changes it induces
n both peripheral and CNSs. Effective pain prevention and
anagement, therefore, require not only treating the biological
onsequences of these environmental factors but also, where
ossible, mitigating their occurrence through improved surgical
echniques, ergonomic interventions, and public health policies
imed at reducing broader environmental stressors. 

.2.2 Lifestyle Factors 

hysical inactivity is a well-established extrinsic risk factor
ontributing to the development and maintenance of chronic
ain, particularly of the nociplastic type. Evidence from both
reclinical and clinical studies indicates that sedentary behavior
isrupted endogenous pain modulatory systems, thereby facili-
ating central sensitization and widespread pain. One proposed
echanism involves the impairment of descending inhibitory
athways. It has been demonstrated from animal models that
egular physical activity reduced nociceptive sensitivity through
ctivation of the RVM, a key brainstem region involved in pain
ontrol [ 165 ]. Clinically, higher levels of physical activity are
ssociated with reduced pain facilitation, whereas sedentary
ehavior was correlated with impaired conditioned pain modu-
ation, a psychophysical indicator of descending inhibition [ 166 ].
urthermore, the cessation of habitual exercise in previously
ctive individuals induced nociplastic-like symptoms, including
eneralized pain and fatigue [ 167 ]. Supportive evidence are also
vailable from large-scale human studies. For instance, an inverse
elationship between objectively measured physical activity levels
nd the number of painful body sites, a key feature of nociplastic
ain, was revealed from a cross-sectional analysis of UK Biobank
ata [ 168 ]. This suggests that physical inactivity may not only be
 consequence but also an extrinsic contributor to chronic pain,
ikely through mechanisms that involve reduced endogenous
nalgesia, increased proinflammatory signaling, and enhanced
entral sensitization. These insights have highlighted the impor-
ance of promoting physical activity as a nonpharmacological
trategy to mitigate the risk and burden of chronic nociplastic
ain. 

leep disturbance is another well-established extrinsic risk factor
ontributing to the development and exacerbation of chronic
ain, especially nociplastic pain [ 169 ]. Numerous studies have
emonstrated that sleep deprivation could induce fibromyalgia-
ike symptoms such as widespread pain, fatigue, and cognitive
ysfunction in otherwise healthy individuals [ 170–172 ]. How-
ver, it remains unclear which specific aspects of sleep such
s total duration, sleep architecture, or circadian rhythm are
edComm, 2026
most critically involved. These findings have suggested that
disrupted sleep might actively drive maladaptive changes in
central pain processing rather than merely accompany chronic
pain conditions. Although the association is clear, the specific
mechanisms remain to be incompletely understood. It has not
yet been established whether total sleep duration, alterations in
sleep architecture (such as reduced slow-wave or REM sleep), or
disruptions in circadian rhythmicity play the most critical role
in facilitating pain sensitization. Nonetheless, sleep disturbance
appears to impair descending inhibitory pathways, promote
neuroinflammation, and alter neurotransmitter systems involved
in pain modulation, all of which are hallmarks of nociplastic
pain pathophysiology [ 169 ]. These facts have positioned sleep
disturbance as a modifiable extrinsic factor that could be targeted
for both the prevention and management of chronic nociplastic
pain. Further studies are needed to elucidate the specific sleep-
related mechanisms involved and to establish chronobiological
and behavioral interventions that can mitigate their impact on
pain perception. 

4.2.3 Psychosocial Factors 

Psychosocial factors represent a critical and dynamic domain
of extrinsic risk that profoundly influences the development,
perception, maintenance, and severity of chronic pain, encom-
passing neuropathic, nociceptive, and particularly nociplastic
pain conditions. These factors, which include prior pain history
and stressor exposure across the lifespan, as well as psychological
traits and states, do not merely modulate pain but actively interact
with biological substrates to drive maladaptive neuroplasticity,
thereby transitioning acute pain into a persistent, complex
chronic state. The theoretical framework for understanding
chronic pain has consequently evolved from a purely biomedical
model to a biopsychosocial one, recognizing pain as the emergent
product of dynamic interactions between pathophysiological
mechanisms and psychosocial variables [ 173, 174 ]. 

A significant history of prior pain serves as a potent psy-
chosocial and neurobiological primer for chronicity. Clinical
evidence robustly demonstrates that the intensity and duration
of previous nociceptive experiences can predispose individuals
to persistent pain states through maladaptive neuroplastic alter-
ations. For instance, patients who endure severe acute pain
during herpes zoster infections are significantly more likely to
develop PHN, suggesting that robust initial nociceptive input
can drive long-term central sensitization and sensory dysfunction
[ 175–177 ]. Similarly, amputees with a history of intense and
prolonged preamputation pain in the affected limb exhibit a
higher incidence of severe phantom limb pain [ 178, 179 ]. This
pattern highlights how prior pain exposure acts as an extrinsic
trigger, promoting pain chronification via mechanisms such
as entrenched central sensitization, altered synaptic efficacy,
and structural reorganization within somatosensory pathways,
making comprehensive pain history assessment essential for
identifying at-risk individuals. 

Stressor exposure, both in early life and adulthood, operates as
a fundamental extrinsic driver of chronic pain, with particularly
strong links to nociplastic pain syndromes. Early-life adversity
13 of 65
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uring critical developmental periods—including intrauterine
tress, maternal stress, low birth weight [ 180 ], neonatal inten-
ive care admission [ 181 ], and childhood trauma—is consis-
ently associated with heightened pain sensitivity [ 182 ] and
 markedly increased risk of developing chronic overlapping
ain conditions in adulthood [ 183–185 ]. The Adverse Childhood
xperiences study established a clear link between childhood
rauma and later-life health morbidity [ 186 ], with chronic pain
onditions such as fibromyalgia [ 183 ], chronic pelvic pain [ 184 ],
nd functional abdominal pain [ 185 ] being frequently observed.
opulation-based studies suggest these experiences are signif-
cant contributory risk factors, accounting for a portion of
ases, such as approximately 10% of fibromyalgia cases [ 187 ]. In
dulthood, exposure to major physical or psychological stressors,
uch as motor vehicle accidents, terrorist attacks, or severe
nfections, can initiate or amplify nociplastic pain. A prominent
ontemporary example is post-COVID syndrome, manifesting as
idespread pain, fatigue, and cognitive dysfunction following
ARS-CoV-2 infection [ 188 ]. While certain features may be
athogen specific, the core clinical presentation aligns with
stablished postinfectious nociplastic syndromes, underscoring
he role of significant stressors in triggering maladaptive central
ain processing through mechanisms like dysregulated stress-
esponse systems (e.g., HPA axis) and long-term alterations in
eural function [ 189 ]. 

oncurrent psychological factors are integral to pain perception
nd persistence. The contributions of pain-related fear, anxiety,
epression, catastrophizing, and negative pain memories are well
stablished [ 190 ]. In healthy adults, low mood amplifies pain per-
eption through maladaptive cognitive processes and heightened
ctivity in pain-related brain regions [ 191 ]. A 2023 longitudinal
tudy using UK Biobank data emphasized that psychosocial
actors, including persistent low mood and exposure to stress-
ul life events, significantly contributed to the development of
idespread pain over a 9-year period [ 192 ]. These factors directly
hape clinical outcomes; for example, in lower-limb amputees,
sychosocial measures like catastrophizing and perceived social
upport recorded 1 month postamputation predict phantom limb
ain severity up to 2 years later [ 193 ]. Similarly, preoperative
nxiety correlates with heightened postoperative pain, and fear-
riven avoidance behaviors negatively shape recovery trajectories
 194 ]. Conversely, psychological flexibility, the ability to adapt to
ain-related thoughts and feelings while pursuing valued goals,
as been proposed as a key resilience factor among individuals
ith chronic pain [ 194, 195 ]. This highlights a spectrum of
sychological influence, where maladaptive processes exacerbate
ain chronicity, while adaptive processes can foster resilience. 

n synthesis, psychosocial factors are not peripheral contributors
ut are central to the etiology and trajectory of chronic pain.
rior pain history primes the nervous system for sensitization,
ife stressors disrupt neuroendocrine and neural homeostasis
o trigger or exacerbate pain states, and psychological factors
ontinuously modulate the perceptual and emotional experience
f pain. These elements interact synergistically, creating a self-
erpetuating cycle where, for instance, a history of childhood
dversity (stressor) may increase vulnerability to catastrophizing
psychological factor) following a new injury (prior pain event),
hereby dramatically elevating the risk of transition to a chronic,
ociplastic pain state. This integrated biopsychosocial model
4 of 65
necessitates that comprehensive assessment and effective inter-
vention for chronic pain must explicitly address these intertwined
psychosocial dimensions alongside biological pathology. 

In summary, chronic pain emerges from a complex, dynamic
interplay of intrinsic and extrinsic risk factors that operate across
the biopsychosocial spectrum. Intrinsic vulnerabilities, such as
genetic polymorphisms, female gender, and comorbid conditions
(e.g., diabetes, obesity, immune compromise), create a predis-
posed biological substrate. Extrinsic factors, including physical
injuries, surgical trauma, lifestyle elements (physical inactivity,
sleep disturbance), and profound psychosocial exposures (prior
pain history, life stressors, maladaptive psychological traits), act
as critical triggers and perpetuators (Figure 3 ). These domains
do not act in isolation; instead, they engage in synergistic
interactions. That is, a genetic predisposition, an environmental
injury (e.g., surgical trauma), and psychological distress can con-
verge and synergistically drive maladaptive neuroplasticity and
disrupt homeostatic systems, thereby facilitating the transition
from acute nociception to a persistent chronic pain state. This
comprehensive risk factor landscape underscores the necessity of
a holistic, personalized approach to prevention, assessment, and
management that simultaneously targets biological, psychologi-
cal, and social determinants to effectively mitigate the burden of
chronic pain. 

5 Diagnostic Frameworks and Emerging 
Biomarkers 

The accurate diagnosis of chronic pain, a prerequisite for effective
management, hinges on distinguishing its underlying patho-
physiological mechanisms, that is, nociceptive, neuropathic, and
nociplastic. This section systematically delineates the clinical
syndromes, screening questionnaires, and laboratory investiga-
tions that form the contemporary diagnostic armamentarium
for each pain type (Table 1 and Figure 4 ). For nociceptive pain,
characterized by well-localized symptoms linked to tissue injury,
we examine tools like the McGill Pain Questionnaire (MPQ)
and discuss biomarkers of inflammation. For neuropathic pain,
resulting from somatosensory system damage, we detail the use
of validated screening tools such as Douleur Neuropathique
4 (DN4), confirmatory neurophysiological tests such as laser-
evoked potentials (LEPs) and skin biopsy. Finally, for the complex
entity of nociplastic pain, defined by CNS sensitization in the
absence of clear neural or tissue damage, we review the char-
acteristic clinical phenotype, supportive questionnaires such as
Central Sensitization Inventory (CSI), and the challenges in
identifying objective biomarkers. This structured, mechanism-
based diagnostic framework is essential for moving beyond
symptomatic treatment toward personalized, pathophysiology-
targeted therapeutic strategies. 

5.1 Nociceptive Pain 

5.1.1 Clinical Syndromes 

Clinical manifestations of nociceptive pain vary according to the
origin and severity of tissue injury, and commonly include aching,
throbbing, burning, stabbing, cramping, gnawing, or pressure-
MedComm, 2026
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FIGURE 4 Primary diagnosis modalities for each type of chronic pain. Diagnosis of chronic pain is an integrated process of clinical syndromes, 
screening questionnaires, and laboratory tests to identify mixed pain and guide personalized treatment. Nociceptive pain is localized, with the pain 
intensity directly associated with the injury and movement; the sensory deficits of neuropathic pain follow neuroanatomical distribution; and nocisplastic 
pain is featured with diffuse widespread distribution, unpredictable and with nonpain syndromes such as depression, allergy, and even familial history. 
In addition to these clinical syndromes, nociceptive pain can be assessed using tools like MPQ and BPI, along with biomarkers, corneal confocal 
microscopy, and quantitative sensory testing. Neuropathic pain can be evaluated with DN4, LANSS, or painDETECT questionnaires, supported by 
clinical neurophysiology, functional neuroimaging, skin biopsy, and genetic testing to confirm nerve involvement. Nociplastic pain is challenging to 
diagnose solely via screening questionnaires and laboratory tests. However, it frequently coexists with nociceptive and neuropathic pain. Therefore, 
instruments primarily used for diagnosing the latter can also provide useful supportive information for identifying nociplastic components. 
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M

ike sensations [ 55 ]. Accompanying signs may include localized
umbness, weakness, tingling, erythema, warmth, or swelling
 219 ]. This type of pain is typically well localized, with the
ntensity often exacerbating with movement or mechanical stress
nd tending to diminish with the healing of the affected tissues. 

.1.2 Screening Questionnaires 

creening questionnaires provide valuable support in the clinical
dentification and characterization of nociceptive pain, especially
n cases where a mixed nociceptive–neuropathic presentation is
uspected. MPQ and the Brief Pain Inventory (BPI) have been
idely used to aid in distinguishing predominantly nociceptive
rom neuropathic mechanisms by systematically assessing pain
ualities, spatial distribution, temporal characteristics, and inten-
ity. While these tools cannot replace comprehensive clinical
valuations involving imaging or diagnostic blocks, they may
edComm, 2026
offer a standardized method to screen for nociceptive pain,
monitor its progression, and evaluate nociceptive contributions
within the mixed-pain conditions. 

The original MPQ was the first tool to enable multidimensional
pain assessment, capturing sensory and affective dimensions,
intensity, and subjective impact [ 197 ]. It was later succeeded
by the Short-Form MPQ (SF-MPQ) [ 201 ] and the SF-MPQ-2
[ 203, 220 ], which were both designed to enhance the usability,
sensitivity to change, and clinical applicability through improved
structure and scaling. For example, the original MPQ’s scoring
system could easily confound pain quality and quantity, as high
scores could result from either numerous mild descriptors or
a few severe ones. To address this, the SF-MPQ and SF-MPQ-
2 reduced the number of items and improving the numeric
scaling from a 4-point scale to an 11-point scale in the SF-MPQ-2
[ 221 ]. Furthermore, these revised versions refined the selection of
sensory descriptors. Specifically, the SF-MPQ-2 introduced three
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1

istinct sensory subscales while retaining the affective scale and
mplemented a structured response format [ 221 ]. As a result, these
hort revisions have demonstrated satisfactorily high reliability,
mproved discriminative validity across pain conditions, and
reater responsiveness in tracking the treatment outcomes as
ompared with the original MPQ [ 222 ]. 

he BPI, originally developed for assessing cancer pain, uses
umeric rating scales to evaluate both pain severity and its impact
n daily function and helps identify patterns suggestive of somatic
r visceral nociception such as localized aching or pressure-
ensitive pain exacerbated by the movement. The instrument
as initially based on a two-factor model encompassing “pain
ntensity” and “pain interference with daily functioning,” using
he patient’s experience over the preceding week as the reference
eriod. 

ubsequent refinements have expanded its conceptual frame-
ork, including a three-factor model distinguishing “pain inten-
ity,” “interference with activities,” and “interference with affec-
ivity” [ 223, 224 ], as well as a second-order “pain interference”
actor encompassing both activity- and emotion-related domains
 225 ]. The BPI is available in two formats, that is, a long form with
2 items and a short form with 15 items [ 226 ]. Both versions retain
dentical core items aligned with the factorial models, which
iffer primarily in the number of supplementary items and the
eference period (i.e., past week for the long form, past 24 h
or the short form) [ 226 ]. Although the long form allows more
omprehensive characterization of the pain experience, the short
orm has been more widely used in both academic and clinical
ractice due to its brevity and practicality [ 226, 227 ]. 

.1.3 Laboratory Tests 

eyond capturing subjective pain experiences through descriptor
ndorsement in the form of screening questionnaires, an implicit
bjective of pain diagnosis is to suggest the underlying pain
echanisms and, in particular, differentiate nociceptive from
europathic pain. Various targeted laboratory tests have been
stablished for this purpose, including, for example, biomarkers,
orneal confocal microscopy (CCM), and quantitative sensory
xamination. Clinical neurophysiology, functional neuroimag-
ng, skin biopsy and genetic testing may also be employed to help
ifferentiate nociceptive from neuropathic pain, which will be
iscussed in detail in the section Neuropathic Pain . 

.1.3.1 Biomarkers. The well-established link between
nflammation and pain, wherein proinflammatory cytokines
nduce and facilitate pain by acting on peripheral nociceptors,
as long positioned chronic pain as a clinical sign of
nflammation [ 228 ]. Although cytokines and chemokines
easured in experimental inflammatory models have shown
 great promise as biomarkers, their clinical utility has been
imited by inconsistent results across studies, likely due to
ariations in sample types (e.g., serum, skin biopsies) and
atient heterogeneity [ 229 ]. While no standalone biomarker
pecifically diagnoses nociceptive pain, commonly measured
ndicators of tissue damage, inflammation, or systemic conditions
ontributing to nociception include C-reactive protein (CRP),
rythrocyte sedimentation rate, proinflammatory cytokines (e.g.,
8 of 65
IL6, TNF- α), and creatine kinase. Other promising candidates
include the products of the PGE metabolic pathway, which may
reflect the activity of inflammatory pain [ 230 ]. For example,
serum lipids serving as substrates for PGE synthesis have been
correlated with pain intensity, though these are often confounded
by comorbidities and other factors [ 231 ]. Despite the theoretical
appeal of objective pain biomarkers [ 232–234 ], it is unlikely that
any single mediator will specifically indicate pain. A more viable
approach may involve developing integrated mediator profiles
within a systems-based framework [ 235, 236 ]. Furthermore,
biomarker results should always be interpreted in conjunction
with clinical evaluation, symptom-based questionnaires, and
other laboratory findings to support the identification of
nociceptive mechanisms, monitor disease progression, and
assess responses to anti-inflammatory or disease-modifying
treatments. 

5.1.3.2 Corneal Confocal Microscopy. CCM is a non-
invasive in vivo imaging technique that permits quantitative
assessment of corneal nerve fibers, consisting exclusively of thinly
myelinated A δ-fibers and small unmyelinated C-fibers, and is
used to evaluate small-fiber damages in systemic peripheral
neuropathies. By analyzing parameters such as corneal nerve
fiber length, density, and branching density, CCM has demon-
strated good correlations with peripheral neuropathy severity
in conditions such as diabetic neuropathy and sarcoidosis, as
confirmed by neurophysiological tests and skin biopsy. According
to a large study involving 998 diabetic patients, these parameters
have demonstrated moderate sensitivity (52–67%) and specificity
(60–68%) in detecting peripheral neuropathy, regardless of the
presence of neuropathic pain [ 237 ]. However, evidence regarding
the diagnostic accuracy of CCM specifically for painful small
fiber neuropathy remains limited and inconsistent. One study
involving 16 patients reported the sensitivity and specificity values
of CCM being 44 and 55%, respectively, as compared with skin
biopsy [ 238 ], whereas another found that the sensitivity and
specificity of these three main CCM parameters ranged between
60 and 80% [ 239 ]. Although CCM has demonstrated a great
promise as an objective tool for the assessment of small-fiber
integrity, its diagnostic utility has not yet been firmly estab-
lished and cannot be broadly generalized in the routine clinical
practice. 

5.1.3.3 Quantitative Sensory Examination. Quantitative
sensory testing (QST) is a psychophysiological diagnostic method
that uses standardized mechanical and thermal stimuli to
quantitatively evaluate both nociceptive and non-nociceptive
sensory pathways. By administering stimuli of graded intensities
and recording patient responses, via button press or verbal
report, regarding detection and pain thresholds, QST can detect
both negative (e.g., hypoesthesia, hypoalgesia) and positive
(e.g., allodynia, hyperalgesia, hyperpathia) sensory abnormal-
ities across multiple modalities [ 240 ]. This approach enables
the objective quantification of both sensory loss and gain of
function. 

A widely adopted standardized protocol, comprising 13 param-
eters that assess various dimensions of sensory processing, has
been frequently used to characterize detailed sensory profiles in
patients with chronic pain and to subgroup them according to
the mechanisms of action [ 241 ]. In the clinical practice, QST
MedComm, 2026
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ffers functional insights into small-fiber integrity, making it par-
icularly useful in conditions involving selective damages to a δ-
nd c-fibers, where conventional neurophysiological techniques
uch as nerve conduction studies (NCSs) and somatosensory
voked potentials often yield normal results [ 242 ]. Although
omprehensive data on its diagnostic sensitivity and specificity
or chronic pain remain limited, QST has evolved as an estab-
ished tool for the functional assessment of disorders affecting the
omatosensory system [ 206 ] 

.2 Neuropathic Pain 

.2.1 Clinical Syndromes 

europathic pain, resulting from a lesion or disease of the
omatosensory nervous system, is characterized by sensory
eficits and requires a comprehensive somatosensory examina-
ion to identify relevant signs and symptoms. Sensory deficits in
europathic pain typically follow a neuroanatomically plausible
istribution corresponding to peripheral nervous system or CNS
erritories. In contrast, pain, particularly evoked pain, may extend
eyond these anatomical boundaries, as often observed in painful
ononeuropathies where dynamic mechanical allodynia spreads
eyond the anatomical territory of the inflicted nerve [ 243 ]. A
rading system recommended by IASP provides a structured
iagnostic framework in the diagnosis of neuropathic pain [ 244 ].
pecifically, neuropathic pain is classified as “possible” when
he pain distribution is neuroanatomically consistent, considered
probable” if the pain is accompanied with confirmatory sensory
igns within the painful region, and deemed “definite” when
he evidence can be objectively supported by rigorous laboratory
xaminations. 

.2.2 Screening Questionnaires 

creening questionnaires are valuable tools in the clinical assess-
ent of suspected neuropathic pain, especially in patients with
ocalized rather than widespread symptoms [ 245–247 ]. These
ools assess characteristic neuropathic pain descriptors, includ-
ng burning, tingling, dynamic mechanical allodynia, electric
hock-like sensations, cold-evoked pain, and numbness, with a
inimum combination of such features indicating a possible neu-
opathic etiology. Widely used instruments include the DN4, the
eeds Assessment of Neuropathic Symptoms and Signs (LANSS),
long with their self-report versions (I-DN4 and S-LANSS), and
ainDETECT [ 205 ]. While DN4 and LANSS incorporate both
ymptom descriptors and a brief physical examination requir-
ng clinician administration, PainDETECT and the self-report
ariants rely exclusively on patient-reported verbal descriptors.
N4 and LANSS employ dichotomous cut-off scores to clas-
ify probable neuropathic pain, whereas PainDETECT utilizes
 graded scoring system, With scores ≥ 19 indicating probable
europathic pain and scores between 12–18 suggesting ambiguous
r mixed mechanisms [ 205 ]. Among these, the DN4 has been
idely regarded as the most diagnostically accurate instrument,
s evidenced by a meta-analysis of 27 studies involving 4774
atients, which reported a sensitivity of 0.89 (95% CI: 0.86–0.92)
nd a specificity of 0.88 (95% CI: 0.83–0.92) [ 206 ]. 
edComm, 2026
5.2.3 Laboratory Tests 

5.2.3.1 Clinical Neurophysiology. Clinical neurophysiol-
ogy is integral to the assessment of neuropathic pain, as it
enables the objective evaluation of functional disturbances in
the somatosensory nervous system and has become a stan-
dard component of clinical care. Established methods including
NCSs and somatosensory-evoked potentials have continued to
serve as cornerstone techniques for identifying and measuring
deficits in large myelinated sensory fibers within both peripheral
and central pathways [ 248 ]. Although these approaches do not
directly examine nociceptive transmission, they yield valuable
information about the structural and functional impairments that
are commonly associated with neuropathic pain. For evaluating
small-fiber dysfunction, a frequent contributor to neuropathic
pain, microneurography allows direct recording of unmyelinated
C-fiber activity and has been instrumental in detecting aberrant
nociceptor responses in painful neuropathies [ 249 ]. Nonetheless,
its clinical application is limited due to technical challenges,
a high degree of operator skill requirement, and a lack of
universally accepted diagnostic norms. As an alternative, the
Quantitative Sudomotor Axon Reflex Test serves as an indirect
measure of small-fiber function by assessing sudomotor activity,
which is mediated by autonomic C-fibers often compromised
in neuropathic disorders [ 250 ]. The RIII flexion reflex and
the corneal reflex have been primarily used as neurophysio-
logical tools to study the modulation of nociceptive pathways
under various physiological and pharmacological conditions
[ 251 ]. Additionally, LEPs and contact heat-evoked potentials,
which activate nociceptors through radiant and conductive heat,
respectively, have been increasingly utilized in the diagnosis of
neuropathic pain, especially in cases of small fiber neuropa-
thy. These techniques have demonstrated diagnostic sensitivities
ranging from 0.66 to 0.79 and specificities between 0.82 and
0.90, using skin biopsy as a reference standard [ 206, 252–
254 ]. Despite the expanding repertoire of neurophysiological
assessments, integrating ancillary approaches such as QST may
enhance the multidimensional characterization of mechanisms
driving neuropathic pain. 

5.2.3.2 Functional Neuroimaging. Functional
neuroimaging techniques, notably positron emission tomography
and functional magnetic resonance imaging (MRI), have
significantly advanced our understanding of the central
mechanisms underlying neuropathic pain, including both
spontaneous and provoked forms, although their use remains
limited to preclinical studies rather than clinical diagnosis [ 255 ].
It has been shown that spontaneous neuropathic pain is linked
to reduced thalamic activity contralateral to the side of pain,
manifested as decreased glucose metabolism and cerebral blood
flow [ 256 ]. This thalamic hypoactivity is further corroborated by
structural and metabolic evidence, such as gray matter volume
loss observed in voxel-based morphometry and reduced neuron-
specific metabolite peaks in magnetic resonance spectroscopy.
Importantly, these thalamic abnormalities appear to be unique to
neuropathic pain and may be reversible with successful analgesic
treatment. In contrast, provoked neuropathic pain, such as
dynamic mechanical allodynia, involves both quantitative
and qualitative functional reorganization. Quantitatively, non-
noxious stimuli evoke brain responses similar in intensity to those
triggered by normally painful stimuli. Qualitatively, changes
19 of 65
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nclude a transition from thalamic hypoactivity to hyperactivity,
 shift of activation from ventrolateral to medial thalamic nuclei,
aradoxical hyperactivation of the operculo–insular cortex, and
educed responsiveness in the ventromedial PFC [ 206, 255 ].
ollectively, these findings have underscored the importance of
entral neural reorganization in neuropathic pain and deepened
ur pathophysiological insights into both spontaneous and
voked symptoms of chronic pain. 

.2.3.3 Skin Biopsy. Skin biopsy is a widely employed diag-
ostic tool for staining and quantifying cutaneous nerve fibers
n peripheral neuropathies [ 257 ], offering a valuable alternative
or confirming small fiber neuropathy when other diagnostic
odalities yield inconclusive results. The procedure involves
terile collection under local anesthesia using a disposable punch,
ypically 3 mm in diameter, from distal (e.g., leg) and proxi-
al (e.g., thigh) sites to evaluate length-dependent pathology,
ithout the need for sutures. Thin sections (typically of 50 µm)
re immunostained to visualize intraepidermal nerve fibers,
redominantly unmyelinated C-fiber terminals and some small
yelinated A δ-fibers, as well as sweat glands, blood vessels, and
ellular infiltrates, with both bright-field immunohistochemistry
nd immunofluorescence exhibiting comparable diagnostic accu-
acy [ 258 ]. While intraepidermal nerve fiber density does not
onsistently distinguish between neuropathic and nociceptive
ain, it is correlated with specific pain phenotypes [ 259 ]. For
xample, partially preserved fiber density has been linked to
ynamic mechanical allodynia [ 260 ]. Furthermore, immunos-
aining patterns of peptidergic and regenerating fibers have
hown potential as pathological biomarkers in conditions such as
ainful diabetic neuropathy [ 261, 262 ]. A recent meta-analysis of
ix studies reported pooled sensitivity and specificity of 0.84 (95%
I: 0.75–0.90) and 0.86 (95% CI: 0.70–0.94), respectively [ 206 ],
upporting the utility of skin biopsy in diagnosing painful small
iber neuropathy. 

.2.3.4 Genetic Testing. Genetic testing, while not yet inte-
rated into routine clinical assessment for neuropathic pain,
lays a definitive diagnostic role in specific monogenic hereditary
isorders such as erythromelalgia and paroxysmal extreme pain
isorder. The most commonly implicated gene is SCN9A , which
ncodes the voltage-gated sodium channel Nav1.7. Biallelic loss-
f-function mutations in SCN9A resulted in congenital insensi-
ivity to pain, whereas more than 20 distinct rare gain-of-function
ariants have been associated with inherited erythromelalgia and
nother group of gain-of-function variants have been linked to
aroxysmal extreme pain disorder [ 263 ]. Additionally, several rare
athogenic variants in SCN9A have been identified in patients
arrying small fiber neuropathy [ 92 ], further underscoring the
ritical involvement of this gene in potentiating the mechanism
f neuropathic pain. 

.3 Nociplastic Pain 

.3.1 Clinical Syndromes 

ndividuals with nociplastic pain typically report a persistent,
iffuse discomfort that is widespread throughout the body and
isproportionate to any identifiable peripheral pathology [ 46,
09 ]. Nociplastic pain is often poorly localized, frequently affect-
0 of 65
ing regions such as the upper arms or legs, and is commonly
described as deep, dull, and aching in quality [ 264 ]. Its location
and intensity tend to fluctuate over time and may be accompanied
by dysesthesias or paresthesias [ 46, 264 ]. Nociplastic pain is
also notably variable and unpredictable, often exacerbated or
alleviated by nonspecific and multifactorial triggers [ 46 ]. 

Beyond pain, a constellation of nonpain symptoms supports the
diagnosis of nociplastic pain. These include intrusive fatigue,
nonrestorative sleep, depressed mood, deficits in concentration
and short-term memory, and heightened sensitivity to visual,
auditory, or tactile stimuli [ 46, 209, 265 ]. Additional supportive
features include the presence of multiple comorbid conditions or
sensitivities, sometimes labeled as “allergies,” as well as a docu-
mented lack of response to conventional analgesics or peripheral
interventions [ 46, 75, 218, 264 ]. A personal or family history of
chronic pain that is not localized to a specific anatomical site
may further suggest a nociplastic etiology. Finally, a pervasive
sense of being overwhelmed by the cumulative burden of these
multisystem symptoms can serve as a valuable clinical indicator
for nociplastic pain [ 12, 75 ]. 

5.3.2 Screening Questionnaires 

A range of standardized questionnaires are available to comple-
ment, though not replace, comprehensive clinical assessment in
the diagnosis of nociplastic pain. While screening tools such as
the CSI can help identify neurophysiological and symptomatic
features commonly associated with nociplastic pain [ 208, 209 ],
abnormal scores on neuropathic pain instruments such as
PainDETECT can aid in distinguishing between neuropathic and
nociplastic pain mechanisms [ 209, 211, 266, 267 ]. Furthermore,
the Fibromyalgia Survey Criteria provide a continuous measure
of nociplastic pain severity [ 46, 268 ] and have been used to predict
poor responsiveness to surgery and opioids in patients undergo-
ing procedures such as arthroplasty [ 269 ] and hysterectomy [ 270 ].

Several additional instruments are available to screen for com-
monly associated nonpain symptoms, including depression,
anxiety, and sleep disturbances. These include, for example, the
Patient Health Questionnaire-9 [ 213 ], the Generalized Anxiety
Disorder-7 Scale [ 214 ], the Insomnia Severity Index [ 216 ], and
Patient-Reported Outcomes Measurement Information System
from National Institutes of Health. 

Though there currently lacks questionnaires differentiating
mechanisms causing different subtypes of nociplastic pains (i.e.,
top-down or bottom-up) [ 12 ], ongoing efforts have been made
to establish and evaluate the types and combinations of features
effective in distinguishing nociplastic pains of different mech-
anisms [ 209, 218, 265, 271 ]. For example, the 2019 introduction
of a structured grading system for nociplastic pain affecting the
musculoskeletal system offered clinicians a more nuanced under-
standing of the underlying mechanisms, thereby supporting
better-informed treatment decisions [ 218 ]. 

In summary, the contemporary diagnosis of chronic pain
is a multifaceted process that integrates clinical assessment
with mechanism-specific tools. Nociceptive pain is identified
MedComm, 2026
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hrough localized pain descriptors, questionnaires assessing
ensory qualities, and laboratory markers of tissue injury or
nflammation. Neuropathic pain diagnosis is supported by
creening tools with high diagnostic accuracy, complemented by
bjective confirmatory tests such as neurophysiology, functional
euroimaging, and skin biopsy to verify somatosensory system
esions. The diagnosis of nociplastic pain remains primarily
linical, relying on the recognition of a characteristic syndrome,
idespread pain with associated somatic and cognitive symp-
oms, aided by questionnaires that capture central sensitization
eatures and comorbid conditions (Figure 4 ). A critical limitation
cross all types is the current lack of a single, definitive biomarker.
iagnosis therefore depends on a convergence of evidence from
istory, examination, and complementary investigations. This
igorous, stratified diagnostic approach is fundamental to
ifferentiating pain mechanisms, guiding appropriate and
argeted treatment, and advancing toward a more precise and
ersonalized model of pain medicine. 

 Therapeutics Strategies: From Symptom 

ontrol to Precision Medicine 

ffective management of chronic pain necessitates a tailored,
echanism-based strategy that fundamentally differs across its
hree primary subtypes, that is, nociceptive, neuropathic, and
ociplastic. This section systematically details the hierarchical,
ultimodal therapeutic frameworks for each subtype, with clini-
al trials summarized in Table 2 . For nociceptive pain, treatment
rogresses from foundational analgesics (e.g., NSAIDs, paraceta-
ol) to interventional procedures, emphasizing the mitigation of
issue injury and inflammation. Neuropathic pain management
s anchored by first-line neuromodulators (e.g., gabapentinoids,
ntidepressants), with advanced neuromodulation reserved for
efractory cases. In stark contrast, the management of noci-
lastic pain prioritizes nonpharmacological, biopsychosocial
nterventions, patient education, graded exercise, and cognitive-
ehavioral therapy (CBT), as first-line care, with pharmacother-
py playing a secondary, adjunctive role. Across all subtypes,
sychological approaches and emerging experimental treatments
re integral to addressing the multidimensional nature of chronic
ain and overcoming the limitations of current modalities. 

.1 Nociceptive Pain 

he management of nociceptive pain, which arises from the
ctivation of nociceptors in response to actual or potential
issue damage, follows a stepwise, multimodal framework.
his approach prioritizes safety and efficacy, beginning with
oundational pharmacological interventions and escalating in
omplexity based on the pain’s persistence, severity, and impact
n function. The therapeutic strategy integrates pharmacological
nd nonpharmacological modalities to target both peripheral
rivers and central processing of pain. 

.1.1 First-Line Pharmacological Options 

he cornerstone of acute and mild-to-moderate nociceptive
ain management is the use of simple analgesics and NSAIDs.
edComm, 2026
Paracetamol (acetaminophen) is widely recommended for its
analgesic and antipyretic effects, with a favorable safety profile
at recommended doses, though hepatotoxicity risks necessitate
dose caution. NSAIDs (e.g., ibuprofen, naproxen, diclofenac) are
first-line for inflammatory components of nociceptive pain (e.g.,
musculoskeletal injuries, OA) due to their peripheral inhibition of
cyclooxygenase (COX) enzymes, thereby reducing PGE-mediated
inflammation and sensitization. Topical NSAIDs (e.g., diclofenac
gel) offer a valuable option for localized pain (e.g., OA of the knee)
with minimal systemic exposure. For acute moderate-to-severe
pain, particularly postoperatively or posttrauma, short-term use
of opioid analgesics (e.g., codeine, tramadol, oxycodone) may
be considered [ 335 ]. They produce analgesia primarily through
agonism of μ-opioid receptors located at both presynaptic and
postsynaptic terminals within spinal cord circuits, resulting in
the inhibition of neurotransmitter release and the attenuation of
nociceptive transmission [ 336 ]. Among the three classical opioid
receptor types ( μ, δ, κ), the μ-receptor is particularly critical for
spinal and supraspinal analgesia, as evidenced by the absence of
opioid analgesia in μ-receptor knockout mice [ 337 ]. These recep-
tors are abundantly expressed in key pain-modulatory regions,
including the PAG, raphe magnus, hypothalamus, and hippocam-
pus, as well as in the dorsal horn of the spinal cord (Rexed
laminae I, II, and V) [ 337, 338 ]. Endogenous opioid peptides, such
as beta-endorphin, enkephalins, and dynorphins, also bind to
these receptors to inhibit the transmission of nociceptive signals,
including those involving substance P. Their mechanisms include
(1) inhibition of presynaptic calcium influx, reducing neurotrans-
mitter release and (2) enhancement of potassium efflux, leading
to neuronal hyperpolarization and suppression of action potential
generation [ 337 ]. Both exogenous opioids and endogenous ligands
act on peripheral and central terminals of nociceptors to elevate
the firing thresholds and activate descending inhibitory pathways
that block ascending pain signals. Beta-endorphin serves as the
principal endogenous ligand for μ-receptors [ 338, 339 ]. However,
the widespread distribution of opioid receptors also underlies
serious adverse effects. For example, activation of μ-receptors
in the brainstem pre-Bötzinger complex can disrupt respiratory
rhythm generation and cause respiratory depression [ 338, 339 ].
Their use must be time limited, at the lowest effective dose,
and with close monitoring. These risks, including respiratory
depression, physical dependence, and the potential for long-term
misuse, have highlighted the need for alternative analgesics with
improved safety profiles. 

6.1.2 Second-Line Therapies 

When first-line options provide insufficient relief or are poorly
tolerated, second-line agents target different pain pathways.
Weak opioid combinations (e.g., paracetamol with codeine or
tramadol) are commonly employed. For persistent inflamma-
tory or musculoskeletal pain, selective COX-2 inhibitors (e.g.,
celecoxib, etoricoxib) may be considered for patients at high
gastrointestinal risk, though cardiovascular risk profiles require
evaluation. In specific conditions like chronic low back pain
with a neuropathic component, 5-HT–norepinephrine reuptake
inhibitors (SNRIs) such as duloxetine have demonstrated efficacy,
likely by enhancing descending inhibitory pathways. Similarly,
the α2 δ ligands (gabapentinoids like gabapentin and pregabalin),
21 of 65
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al
in

 

im
pr
ov
ed

 
sl
ee
p 
co
nt
in
ui
ty
, w

hi
le
 

du
lo
xe
tin
e 
en
ha
nc
ed

 
da
yt
im
e 

al
er
tn
es
s a
nd

 
pe
rf
or
m
an
ce

 
de
sp
ite

 

re
du
ci
ng

 
to
ta
l s
le
ep

 
tim

e.
 
A
dv
er
se

 

ev
en
ts
 
w
er
e 
m
or
e 
fr
eq
ue
nt

 
w
ith

 

pr
eg
ab
al
in
, t
ho
ug
h 
no

 
m
aj
or

 
sa
fe
ty
 

co
nc
er
ns

 
em

er
ge
d.
 

[ 2
95

 ] 

N
or
tr
ip
ty
lin
e 

IS
RC

TN
- 

73
17
86
36
, 

co
m
pl
et
ed
, N

A
 

To
 
ev
al
ua
te
 
th
e 
an
al
ge
si
c 

ef
fic
ac
y 
an
d 
sa
fe
ty
 
of
 
a 

no
rt
rip
ty
lin
e–
m
or
ph
in
e 

co
m
bi
na
tio
n 
co
m
pa
re
d 
w
ith

 

ea
ch

 
dr
ug

 
as

 
m
on
ot
he
ra
py

 
in

 

pa
tie
nt
s w

ith
 
ne
ur
op
at
hi
c 

pa
in

 

Th
e 
no
rt
rip
ty
lin
e–
m
or
ph
in
e 

co
m
bi
na
tio
n 
de
m
on
st
ra
te
d 

su
pe
rio
r a
na
lg
es
ic
 
ef
fic
ac
y 
ov
er

 

ei
th
er

 
dr
ug

 
al
on
e.
 
It
s s
af
et
y 
pr
of
ile

 

re
fle
ct
ed

 
th
e 
co
m
bi
ne
d 
ad
ve
rs
e 

ef
fe
ct
s o
f b
ot
h 
co
m
po
ne
nt
s, 

pr
im
ar
ily

 
co
ns
tip
at
io
n 
an
d 
dr
y 

m
ou
th
. 

[ 2
96

 ] 

N
eu
ro
pa
th
ic
 

pa
in

 

Se
ro
to
nS
N
RI
s 

D
ul
ox
et
in
e 

D
ua
l i
nh
ib
iti
on

 

of
 
se
ro
to
ni
n 
an
d 

no
re
pi
ne
ph
rin

e 
re
up
ta
ke
, 

am
pl
ify
in
g 

br
ai
ns
te
m
-s
pi
na
l 

de
sc
en
di
ng

 
pa
in

 

in
hi
bi
to
ry

 
sy
st
em

s 

Pa
in
fu
l d
ia
be
tic

 

pe
rip
he
ra
l 

ne
ur
op
at
hy
, 

fib
ro
m
ya
l- 

gi
a;
 
ad
va
nt
ag
e 
ov
er

 

TC
A
s: 
be
tte
r 

to
le
ra
bi
lit
y, 
fe
w
er

 

an
tic
ho
lin
er
- 

gi
c/
ca
rd
ia
c 

ef
fe
ct
s 

N
C
T0
04
89
41
1, 

co
m
pl
et
ed
, 

Ph
as
e 
II
I 

To
 
ev
al
ua
te
 
th
e 
ef
fe
ct
 
of
 

du
lo
xe
tin
e 
(6
0 
m
g/
da
y)
 
on

 

pa
in
, f
un
ct
io
n,
 
an
d 
qu
al
ity

 
of
 

lif
e 
in

 
pa
tie
nt
s w

ith
 

ch
em

ot
he
ra
py
-in
du
ce
d 

pa
in
fu
l p
er
ip
he
ra
l 

ne
ur
op
at
hy

 

D
ul
ox
et
in
e 
pr
ov
id
ed

 
si
gn
ifi
ca
nt
ly
 

gr
ea
te
r p
ai
n 
re
lie
f t
ha
n 
pl
ac
eb
o,
 

w
ith

 
m
or
e 
pa
tie
nt
s r
ep
or
tin
g 
pa
in

 

re
du
ct
io
n.
 

[ 2
97

 ] 

(C
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tin
ue
s)
 

28 of 65 MedComm, 2026



TA
B
LE

 
2 

(C
on
tin
ue
d)

 

Pa
in

 

su
bt
yp
e 

Th
er
ap
eu
ti
c 

lin
e 

D
ru
g 
cl
as
s 

Ex
am

pl
e 

m
ed
ic
at
io
n 

M
ec
ha
ni
sm

 

Pr
im

ar
y 

in
di
ca
ti
on

 

N
C
T,
 
st
at
us
, 

ph
as
e 

O
bj
ec
ti
ve

 
Pr
el
im

in
ar
y 
fi
nd

in
g 

R
ef
er
en
ce
s 

Ve
nl
af
ax
in
e 

IR
C
T2
01
50
6-
 

09
22
63
2N
1, 

co
m
pl
et
ed
, N

A
 

To
 
co
m
pa
re
 
th
e 
ef
fe
ct
s o
f 

ve
nl
af
ax
in
e 
ve
rs
us

 
du
lo
xe
tin
e 

on
 
th
e 
sy
m
pt
om

s o
f 

ch
em

ot
he
ra
py
-in
du
ce
d 

pe
rip
he
ra
l n
eu
ro
pa
th
y 

D
ul
ox
et
in
e 
sh
ow

ed
 
gr
ea
te
r e
ffi
ca
cy

 

th
an

 
ve
nl
af
ax
in
e 
in

 
al
le
vi
at
in
g 

ch
em

ot
he
ra
py
-in
du
ce
d 
ne
ur
op
at
hy

 

sy
m
pt
om

s. 

[ 2
98

 ] 

N
eu
ro
pa
th
ic
 

pa
in

 

Se
co
nd
-li
ne

 
To
pi
ca
l 

ag
en
ts
 

Li
do
ca
in
e 
(5
%
 

pa
tc
h)

 

Li
do
ca
in
e:
 

bl
oc
ks

 
pe
rip
he
ra
l s
od
iu
m

 

ch
an
ne
ls
, r
ed
uc
in
g 
ne
rv
e 

fir
in
g;
 
ca
ps
ai
ci
n:
 
bi
nd
s 

an
d 
ac
tiv
at
es
/d
es
en
si
tiz
es

 

th
e 
TR

PV
1 r
ec
ep
to
r o
n 

no
ci
ce
pt
or
s, 
ca
us
in
g 

de
fu
nc
tio
na
liz
at
io
n 

Lo
ca
liz
ed

 

ne
ur
op
at
hi
c 
pa
in

 

(e
.g
., 
po
st
he
rp
et
ic
 

ne
ur
al
gi
a,
 
di
ab
et
ic
 

ne
ur
op
at
hy
); 
of
fe
r 

lo
ca
liz
ed

 
ef
fe
ct
 

w
ith

 
m
in
im
al
 

sy
st
em

ic
 
ex
po
su
re
 

N
CT

02
76
35
92
, 

co
m
pl
et
ed
, 

Ph
as
e 
II
 

To
 
ev
al
ua
te
 
th
e 
ef
fic
ac
y 
an
d 

sa
fe
ty
 
of
 
a 
5%

 
lid
oc
ai
ne

 

pl
as
te
r f
or

 
po
st
-k
ne
e 
su
rg
er
y 

ne
ur
op
at
hi
c 
pa
in
, f
oc
us
in
g 
on

 

al
lo
dy
ni
a,
 
hy
pe
ra
lg
es
ia
, a
nd

 

th
er
m
al
 
se
ns
iti
vi
ty
 

Th
e 
lid
oc
ai
ne

 
pl
as
te
r w

as
 
ef
fe
ct
iv
e 

in
 
al
le
vi
at
in
g 
al
lo
dy
ni
a 
an
d 

im
pr
ov
in
g 
pa
in

 
th
re
sh
ol
ds

 
in

 

pa
tie
nt
s w

ith
 
po
st
su
rg
ic
al
 

ne
ur
op
at
hi
c 
kn
ee

 
pa
in
. 

[ 2
99

 ] 

C
ap
sa
ic
in

 
(8
%
 

pa
tc
h,
 

cr
ea
m
s)
 

N
C
T0
22
28
92
8,
 

co
m
pl
et
ed
, 

Ph
as
e 
I/
II
 

To
 
co
m
pa
re
 
th
e 
ef
fic
ac
y 
an
d 

sa
fe
ty
 
of
 
to
pi
ca
l c
ap
sa
ic
in

 

pa
tc
he
s v
er
su
s c
re
am

 
an
d 

pl
ac
eb
o 
in

 
pe
rip
he
ra
l 

ne
ur
op
at
hi
c 
pa
in

 

Th
e 
0.
62
5%

 
ca
ps
ai
ci
n 
pa
tc
h 

pr
ov
id
ed

 
si
gn
ifi
ca
nt

 
pa
in

 
re
lie
f a
nd

 

fa
vo
ra
bl
e 
pa
tie
nt

 
fe
ed
ba
ck
, w

ith
 

lo
ca
liz
ed

 
sk
in

 
irr
ita
tio
n 
as

 
th
e 
m
ai
n 

si
de

 
ef
fe
ct
, p
os
iti
on
in
g 
it 
as

 
a 

po
te
nt
ia
lly

 
sa
fe
r a
lte
rn
at
iv
e 
to
 

hi
gh
-c
on
ce
nt
ra
tio
n 
(8
%
) p
at
ch
es
. 

[ 3
00

 ] 

N
eu
ro
pa
th
ic
 

pa
in

 

O
pi
oi
ds

 
Tr
am

ad
ol
 

D
ua
l m

ec
ha
ni
sm

: μ
-o
pi
oi
d 

re
ce
pt
or

 

ag
on
is
m

 
co
m
bi
ne
d 

w
ith

 
in
hi
bi
tio
n 
of
 

se
ro
to
ni
n/
no
re
pi
ne
ph
rin

e 
re
up
ta
ke

 

Re
fr
ac
to
ry

 

ne
ur
op
at
hi
c 
pa
in

 

(s
ho
rt
-te
rm

 

us
e)
; r
is
ks
: 

de
pe
nd
en
ce
, 

re
sp
ira
to
ry

 

de
pr
es
si
on
, a
bu
se
. 

Ef
fic
ac
y 
m
ay

 
be

 

re
du
ce
d 
in

 
ch
ro
ni
c 

pa
in

 
du
e 
to
 

ne
ur
oa
da
pt
iv
e 

ch
an
ge
s. 

N
CT

02
72
26
03
, 

te
rm

in
at
ed
, 

Ph
as
e 
II
I 

To
 
co
m
pa
re
 
th
e 
ef
fic
ac
y, 

sa
fe
ty
, a
nd

 
ph
ar
m
ac
ok
in
et
ic
s 

of
 
ga
ba
pe
nt
in

 
ve
rs
us

 

tr
am

ad
ol
 
in

 
pe
di
at
ric

 

ne
ur
op
at
hi
c/
m
ix
ed

 
pa
in

 

Fi
na
l o
ut
co
m
es

 
co
m
pa
rin

g 
ga
ba
pe
nt
in

 
to
 
tr
am

ad
ol
 
ar
e 

pe
nd
in
g;
 
pr
im
ar
y 
ou
tc
om

e 
is
 
th
e 

di
ffe
re
nc
e 
in

 
av
er
ag
e 
pa
in

 
sc
or
es

 
at
 

15
 
w
ee
ks
. 

[ 3
01

 ] 

Ta
pe
nt
ad
ol
 

N
C
T0
13
52
74
1, 

co
m
pl
et
ed
, 

Ph
as
e 
IV

 

To
 
ev
al
ua
te
 
ta
pe
nt
ad
ol
 
PR

 

m
on
ot
he
ra
py

 
ve
rs
us

 

co
m
bi
ne
d 
ta
pe
nt
ad
ol
 

PR
/p
re
ga
ba
lin

 
th
er
ap
y 
in

 

se
ve
re
 
ne
ur
op
at
hi
c 
lo
w
 
ba
ck

 

pa
in

 

Ta
pe
nt
ad
ol
 
PR

 
m
on
ot
he
ra
py

 

pr
ov
id
ed

 
co
m
pa
ra
bl
e 
pa
in

 
re
lie
f t
o 

th
e 
ta
pe
nt
ad
ol
-p
re
ga
ba
lin

 

co
m
bi
na
tio
n 
w
hi
le
 
de
m
on
st
ra
tin
g 

su
pe
rio
r C

N
S 
to
le
ra
bi
lit
y. 

[ 3
02

 ] 

(C
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tin
ue
s)
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TA
B
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(C
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tin
ue
d)

 

Pa
in

 

su
bt
yp
e 

Th
er
ap
eu
ti
c 

lin
e 

D
ru
g 
cl
as
s 

Ex
am

pl
e 

m
ed
ic
at
io
n 

M
ec
ha
ni
sm

 

Pr
im

ar
y 

in
di
ca
ti
on

 

N
C
T,
 
st
at
us
, 

ph
as
e 

O
bj
ec
ti
ve

 
Pr
el
im

in
ar
y 
fi
nd

in
g 

R
ef
er
en
ce
s 

N
eu
ro
pa
th
ic
 

pa
in

 

Bo
N
T-
A
 

O
na
bo
tu
li-

 

nu
m
to
xi
nA

 

Pr
ot
eo
ly
tic
al
ly
 

cl
ea
ve
s S
N
A
P-
25
, 

in
hi
bi
tin
g 
ve
si
cl
e 
fu
si
on

 

an
d 
re
le
as
e 
of
 
pa
in

 

m
ed
ia
to
rs
 
(g
lu
ta
m
at
e,
 

su
bs
ta
nc
e 
P,
 
CG

RP
) f
ro
m

 

no
ci
ce
pt
or
s 

Po
st
he
rp
et
ic
 

ne
ur
al
gi
a,
 
di
ab
et
ic
 

ne
ur
op
at
hy
, 

tr
ig
em

in
al
 

ne
ur
al
gi
a;
 

ad
m
in
is
te
re
d 
vi
a 

lo
ca
liz
ed

 
in
je
c-
 

tio
n;
 
lim

ita
tio
ns
: 

re
qu
ire
s 

sp
ec
ia
liz
ed

 

tr
ai
ni
ng
, r
ep
ea
te
d 

ap
pl
ic
at
io
ns
, c
os
t 

N
CT

00
33
63
49
, 

co
m
pl
et
ed
, N

A
 

To
 
as
se
ss
 
th
e 
ef
fe
ct
 
of
 

on
ab
ot
ul
in
um

to
xi
nA

 
on

 

se
ns
or
y 
fu
nc
tio
n 
in

 
pa
in
fu
l 

di
ab
et
ic
 
po
ly
ne
ur
op
at
hy

 

O
na
bo
tu
lin
um

to
xi
nA

 
si
gn
ifi
ca
nt
ly
 

an
d 
su
st
ai
na
bl
y 
im
pr
ov
ed

 
bo
th

 

ta
ct
ile

 
an
d 
pa
in

 
se
ns
iti
vi
ty
 
in

 

di
ab
et
ic
 
ne
ur
op
at
hy

 
pa
tie
nt
s o
ve
r 

12
 
w
ee
ks
. 

[ 3
03

 ] 

N
eu
ro
pa
th
ic
 

pa
in

 

Th
ird
-li
ne

 
N
M
D
A
 

re
ce
pt
or

 

an
ta
go
ni
st
s 

K
et
am

in
e 

(I
V
) 

A
nt
ag
on
iz
e 
N
M
D
A
 

re
ce
pt
or
s, 
bl
oc
ki
ng

 

gl
ut
am

at
e-
dr
iv
en

 
ca
lc
iu
m

 

in
flu
x 
an
d 
re
du
ci
ng

 

ce
nt
ra
l s
en
si
tiz
at
io
n 
an
d 

sy
na
pt
ic
 
hy
pe
re
xc
ita
bi
lit
y 

Re
fr
ac
to
ry

 

co
nd
iti
on
s (
e.
g.
, 

co
m
pl
ex

 
re
gi
on
al
 

pa
in

 
sy
nd
ro
m
e,
 

di
ab
et
ic
 
ne
ur
op
a-
 

th
y)
; l
im
ita
tio
ns
: 

ke
ta
m
in
e 
ha
s 

ps
yc
ho
to
m
im
et
ic
 

ris
ks
; 

de
xt
ro
m
et
ho
rp
ha
n 

ha
s v
ar
ia
bl
e 

ef
fic
ac
y 
an
d 
si
de

 

ef
fe
ct
s 

(d
ro
w
si
ne
ss
). 

N
C
T0
24
67
51
7,
 

N
A
, P
ha
se

 
II
 

To
 
as
se
ss
 
th
e 
5-
w
ee
k 

an
al
ge
si
c 
an
d 

co
gn
iti
ve
-e
m
ot
io
na
l e
ffe
ct
s o
f 

in
tr
av
en
ou
s k
et
am

in
e 
al
on
e 

an
d 
co
m
bi
ne
d 
w
ith

 

m
ag
ne
si
um

 
ve
rs
us

 
pl
ac
eb
o 
in

 

re
fr
ac
to
ry

 
ne
ur
op
at
hi
c 
pa
in

 

Th
e 
st
ud
y 
fo
un
d 
no

 
si
gn
ifi
ca
nt

 

be
ne
fit

 
of
 
ke
ta
m
in
e 
(w
ith

 
or

 

w
ith
ou
t m

ag
ne
si
um

) o
ve
r p
la
ce
bo

 

ac
ro
ss
 
al
l m

ea
su
re
d 
ou
tc
om

es
, w

ith
 

ad
ve
rs
e 
ev
en
ts
 
be
in
g 
m
os
t c
om

m
on

 

in
 
th
e 
co
m
bi
na
tio
n 
gr
ou
p.
 

[ 3
04

 ] 

D
ex
tr
om

e-
 

th
or
ph
an

 

(o
ra
l) 

N
CT

02
27
18
93
, 

te
rm

in
at
ed
, 

Ph
as
e 
II
 

To
 
ev
al
ua
te
 

de
xt
ro
m
et
ho
rp
ha
n’
s e
ffe
ct
s 

on
 
pa
in
, c
og
ni
tio
n,
 
an
d 

qu
al
ity

 
of
 
lif
e 
in

 
br
ea
st
 
ca
nc
er

 

pa
tie
nt
s w

ith
 
C
IP
N
, a
nd

 
th
e 

ro
le
 
of
 
ge
ne
tic

 
po
ly
m
or
ph
is
m

 

in
 
its

 
an
al
ge
si
c 
re
sp
on
se

 

Th
is
 
is
 
a 
pr
ot
oc
ol
 
hy
po
th
es
iz
in
g 

de
xt
ro
m
et
ho
rp
ha
n 
m
ay

 
be

 
ef
fe
ct
iv
e 

fo
r C

IP
N
, w

ith
 
ph
ar
m
ac
og
en
et
ic
s 

in
flu
en
ci
ng

 
re
sp
on
se
. R
es
ul
ts
 
ar
e 

pe
nd
in
g.
 

[ 3
05

 ] 

(C
on
tin
ue
s)
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su
bt
yp
e 

Th
er
ap
eu
ti
c 

lin
e 

D
ru
g 
cl
as
s 

Ex
am

pl
e 

m
ed
ic
at
io
n 

M
ec
ha
ni
sm

 

Pr
im

ar
y 

in
di
ca
ti
on

 

N
C
T,
 
st
at
us
, 

ph
as
e 

O
bj
ec
ti
ve

 
Pr
el
im

in
ar
y 
fi
nd

in
g 

R
ef
er
en
ce
s 

N
eu
ro
pa
th
ic
 

pa
in

 

C
an
na
bi
no
id
s 

Pl
an
t- 

de
riv
ed
- 

/s
yn
th
et
ic
 

TH
C
/C
BD

 

fo
rm

ul
at
io
ns

 

A
ct
iv
at
e 
ca
nn
ab
in
oi
d 

re
ce
pt
or
s (
C
B1
/C
B2
); 

m
od
ul
at
e 

ne
ur
ot
ra
ns
m
itt
er

 
re
le
as
e 

an
d 
ne
ur
on
al
 
ex
ci
ta
bi
lit
y 

Re
fr
ac
to
ry

 

ne
ur
op
at
hi
c 

pa
in
; e
vi
de
nc
e:
 

m
od
es
t a
ve
ra
ge

 

pa
in

 
re
du
ct
io
n 
vs
. 

pl
ac
eb
o;
 
co
ns
id
er
a-
 

tio
ns
: p
sy
ch
oa
ct
iv
e 

po
te
nt
ia
l, 
va
ria
bl
e 

ef
fic
ac
y;
 
ge
ne
ra
lly

 

re
se
rv
ed

 
fo
r 

re
fr
ac
to
ry

 
ca
se
s 

N
C
T0
07
10
55
4,
 

co
m
pl
et
ed
, 

Ph
as
e 
II
I 

To
 
as
se
ss
 
th
e 
ef
fic
ac
y 
an
d 

sa
fe
ty
 
of
 
TH

C
/C
BD

 

or
om

uc
os
al
 
sp
ra
y 
as

 
ad
d-
on

 

th
er
ap
y 
fo
r 

tr
ea
tm
en
t-r
es
is
ta
nt

 

pe
rip
he
ra
l n
eu
ro
pa
th
ic
 
pa
in

 

w
ith

 
al
lo
dy
ni
a 

TH
C
/C
BD

 
sp
ra
y 
w
as

 
su
pe
rio
r t
o 

pl
ac
eb
o 
in

 
th
e 
pr
op
or
tio
n 
of
 

pa
tie
nt
s a
ch
ie
vi
ng

 
m
ea
ni
ng
fu
l p
ai
n 

re
lie
f (

 ≥
 30
%
 
re
du
ct
io
n)

 
an
d 

im
pr
ov
ed

 
sl
ee
p 
qu
al
ity
, t
ho
ug
h 
th
e 

re
du
ct
io
n 
in

 
m
ea
n 
pa
in

 
sc
or
es

 
w
as

 

no
t s
ig
ni
fic
an
t. 
Th
e 
tr
ea
tm
en
t w

as
 

w
el
l t
ol
er
at
ed
. 

[ 3
06

 ] 

N
eu
ro
pa
th
ic
 

pa
in

 

In
te
rv
en
t- 

io
na
l 

pr
oc
ed
ur
es

 

In
je
ct
io
ns
- 

/b
lo
ck
s 

Ep
id
ur
al
 

st
er
oi
d 

in
je
ct
io
ns

 

Ph
ar
m
ac
ol
og
ic
al
 

bl
oc
ka
de

 
(s
te
ro
id
s r
ed
uc
e 

in
fla
m
m
at
io
n;
 
lo
ca
l 

an
es
th
et
ic
s b
lo
ck

 
ne
rv
e 

co
nd
uc
tio
n)

 
to
 
in
te
rr
up
t 

pa
in

 
si
gn
al
in
g 

Ra
di
cu
la
r p
ai
n 

(e
.g
., 
sc
ia
tic
a)
, 

co
m
pl
ex

 
re
gi
on
al
 

pa
in

 
sy
nd
ro
m
e;
 

us
ed

 
fo
r d
ia
gn
os
tic

 

an
d 
th
er
ap
eu
tic

 

re
lie
f 

N
C
T0
39
95
56
3,
 

co
m
pl
et
ed
, 

Ph
as
e 
IV

 

To
 
co
m
pa
re
 
th
e 
ef
fic
ac
y 
an
d 

sa
fe
ty
 
of
 
si
ng
le
-d
os
e 
ve
rs
us

 

in
te
rm

itt
en
t r
ep
ea
te
d 

ep
id
ur
al
 
de
xa
m
et
ha
so
ne

 

(w
ith

 
lo
ca
l a
ne
st
he
tic
) i
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hough primarily indicated for neuropathic pain, show utility
n perioperative settings and certain chronic nociceptive states
e.g., fibromyalgia) by modulating calcium channels and cen-
ral sensitization. Cannabinoid-based medications have garnered
ncreasing interest in pain management owing to their potential
tility across diverse clinical conditions and a more favorable
dverse effect profile compared with opioids [ 340–342 ]. These
ompounds modulate both central and peripheral pain signaling
rimarily via interactions with cannabinoid receptors CB1 and
B2. CB1 receptors are predominantly located in the CNS; their
ctivation inhibits presynaptic calcium influx and suppresses the
elease of excitatory neurotransmitters such as glutamate and
ubstance P, thereby reducing central sensitization [ 343 ]. CB2
eceptors are mainly expressed on immune cells and in peripheral
issues; their activation helps regulate immune responses and
euroinflammation, the criticality of which has been gaining
ncremental recognition in the development and maintenance of
europathic pain [ 343 ]. The analgesic mechanisms of cannabi-
oids involve both direct suppression of excitatory and inhibitory
eurotransmitter release via synaptic vesicle modulation, and
ndirect modulation of neuronal excitability through inhibition
f voltage-gated ion channels [ 344 ]. The two primary active con-
tituents, tetrahydrocannabinol (THC) and cannabidiol (CBD),
ct largely through CB1 and CB2 receptors, respectively [ 345 ].
urrent consensus has been reached in initiating treatment with
BD-predominant oral formulations, starting at 5 mg twice daily
nd titrating cautiously up to 40 mg daily, while maintaining a
HC : CBD ratio not exceeding 1 : 10 to minimize psychoactive
nd other side effects [ 346 ]. Although evidence regarding the
ong-term efficacy of cannabinoids remains limited [ 340–342 ],
heir unique mechanisms of action have positioned them as
romising adjuncts to conventional analgesics. For instance,
annabinoids have demonstrated utility as adjuvants to first-line
reatments in diabetic neuropathy and multiple sclerosis-related
europathic pain [ 347 ]. A meta-analysis reported that cannabi-
oids provided a small but significant reduction in pain compared
ith opioid therapy [ 348 ]. Further supporting their clinical
elevance, a double-blind, randomized, placebo-controlled trial
howed that a Δ9-THC/CBD oromucosal spray significantly
mproved pain scores and sleep quality compared with placebo
 306 ]. Such a novel cannabinoid formulation has subsequently
een approved in several countries for treating cancer-related
ain and pain associated with multiple sclerosis [ 340 ]. 

or well-localized, refractory nociceptive pain, targeted interven-
ional procedures can provide significant diagnostic and thera-
eutic benefit. Corticosteroid injections (epidural, intra-articular,
ursal, or peri-tendinous) are mainstays for inflammatory foci,
uch as in radicular pain, OA, or tendinopathies, providing potent
ocal anti-inflammatory effects. Nerve blockswith local anes-
hetics (e.g., facet joint injections, peripheral nerve blocks) can
nterrupt pain signal transmission for both acute analgesia and
s part of a diagnostic workup. For chronic joint pain, radiofre-
uency ablation of the sensory nerves innervating the joint (e.g.,
enicular nerves for the knee) can provide medium-to-long-term
elief by thermocoagulation of nociceptive fibers, with evidence
rom randomized controlled trials supporting its efficacy for
hort-term relief and benefits lasting beyond 6 months in a subset
f patients [ 349–351 ]. Vertebroplasty or kyphoplasty are spe-
ialized procedures for painful vertebral compression fractures.
or patients with refractory symptoms, surgical intervention
edComm, 2026
(e.g., outpatient spine surgery) can provide sustained functional
improvements [ 352 ]. For those who remain inadequately man-
aged, advanced spinal cord stimulation (SCS) has emerged as a
promising option. By epidurally stimulating A β fibers, SCS mod-
ulates nociceptive transmission via mechanisms rooted in the
gate control theory, including enhanced GABAergic inhibition
and activation of descending pathways, without engaging opioid
receptors [ 353–355 ]. SCS has demonstrated efficacy in reducing
pain and improving function in refractory conditions such as
failed back surgery syndrome and diabetic neuropathy [ 356, 357 ].

6.1.3 Psychological Approaches 

Given the significant biopsychosocial interplay in all chronic
pain, including nociceptive pain, psychological therapies are
integral, not adjunctive. CBT is the most empirically supported
approach, helping patients identify and modify maladaptive
pain-related thoughts (catastrophizing), behaviors (avoidance),
and emotional responses (fear, anxiety) to improve coping and
function. Acceptance and commitment therapy (ACT) focuses
on enhancing psychological flexibility, accepting pain sensations
while committing to value-driven actions. Mindfulness-based
stress reduction (MBSR) trains patients in nonjudgmental aware-
ness of present-moment sensations, including pain, which can
reduce suffering and emotional reactivity. These approaches
effectively reduce perceived pain intensity, disability, and distress.

6.1.4 Experimental Treatments 

Experimental efforts for treating nociceptive pain have been
devoted to explore a range of novel targets beyond traditional
pharmacology, with NGF inhibitors being a prominent example.
For instance, the monoclonal antibody tanezumab can selectively
bind and inhibit NGF, a key driver of peripheral and central
sensitization that is upregulated in conditions like OA to induce
pain; substantial Phase III clinical trials have demonstrated
its significant efficacy in reducing OA pain by blocking the
interaction between NGF and the tropomyosin receptor kinase
A [ 358, 359 ]; however, significant safety concerns regarding joint
safety have emerged from these trials, where composite joint
safety events (such as rapidly progressive OA Type 1) occurred
at a dose-dependent, statistically higher rate with tanezumab
compared with NSAIDs, though adverse events like abnormal
peripheral sensation were typically mild and transient [ 359 ]. 

Another molecular-targeting approach involves the development
of selective sodium channel blockers. For example, small-
molecule inhibitors can target the tetrodotoxin-resistant channels
Nav1.8 and Nav1.7 highly expressed in nociceptors; preclinical
studies have shown that compounds like A-803467 could potent
inhibition of Nav1.8-dependent action potentials in models of
inflammatory pain [ 360 ]. However, a key translational challenge
highlighted the concept of degeneracy in nociceptor excitability,
where neurons can achieve similar firing patterns using different
combinations of sodium channel subtypes (NaV1.3, NaV1.7,
NaV1.8), and the dominant subtype can shift over time or after
inflammation, potentially compromising the reliable efficacy of
any single subtype-selective inhibitor [ 361, 362 ]. 
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ene therapy and regenerative medicine represent another fron-
ier aiming for long-term disease modification. Strategies of this
amily include the use of viral vectors to deliver genes for endoge-
ous opioids (e.g., preproenkephalin) or anti-inflammatory
ytokines (e.g., IL-10) to the spinal cord or peripheral tissues
o dampen pain signaling and inflammation [ 363 ], while others
mployed viral vectors to introduce designer receptors into
pecific spinal cord neuron subsets (e.g., those expressing CCK
r PKC) that can be orally activated by a synthetic ligand to
lock pain signals for potentially 5–10 years [ 364 ]. Concurrently,
egenerative approaches like platelet-rich plasma (PRP) and
esenchymal stem cells (MSCs) aim to promote tissue healing.
wo 2024 preclinical studies demonstrated that PRP-derived
xosomes boosted bone marrow MSCs which synergistically
romoted peripheral nerve regeneration [ 365, 366 ]. 

inally, noninvasive neuromodulation techniques, including
ranscranial magnetic stimulation (TMS) and transcranial direct
urrent stimulation (tDCS), are being investigated for broader
hronic pain applications by targeting cortical areas like the
rimary motor cortex or dorsolateral PFC to modulate excitability
nd potentially reverse maladaptive neuroplasticity associated
ith chronic pain [ 367 ]. A 2025 umbrella review of meta-analyses
oted that while excitatory protocols like high-frequency TMS
nd anodal tDCS have shown promise in reducing neuropathic
ain intensity, the overall quality of evidence remains low due to
eterogeneity, underscoring their experimental status [ 367 ]. 

aken together, effective management of nociceptive pain
equires a patient-centered, hierarchical strategy. Treatment
nitiation with first-line analgesics (paracetamol, NSAIDs) is stan-
ard, escalating to second-line agents (including cautious opioid
r cannabinoid use) and interventional procedures (from injec-
ions to advanced neuromodulation like SCS) for refractory cases.
rucially, psychological approaches should be introduced early in
he course of chronic pain to address its multidimensional impact.
he future of nociceptive pain therapy lies in the refinement
f targeted biological agents and the personalized integration of
harmacological, interventional, and behavioral modalities based
n individual pain mechanisms and psychosocial contexts. 

.2 Neuropathic Pain 

he management of neuropathic pain, resulting from a lesion
r disease of the somatosensory nervous system, is guided by
nternational guidelines and follows a structured, mechanism-
nformed approach. Treatment is often challenging due to the
omplexity of underlying pathophysiology, and a multimodal
trategy is typically required [ 368 ]. This framework outlines the
rogression from foundational pharmacotherapy to advanced
nterventions, with the overarching goals of alleviating suffering
nd improving organ functionality [ 368 ]. 

.2.1 First-Line Pharmacological Options 

he management of neuropathic pain differs fundamentally from
hat of nociceptive pain, relying primarily on antidepressant
nd anticonvulsant medications as first-line options with the
verarching goals being alleviated suffering and improved organ
8 of 65
functionality [ 368 ]. First-line agents include gabapentinoids, tri-
cyclic antidepressants (TCAs), and SNRIs, all of which modulate
neuropathic signaling through two principal mechanisms, i.e., (1)
inhibiting the reuptake of 5-HT and norepinephrine to enhance
descending inhibitory pathways, and (2) potentiating GABAergic
inhibition in the spinal cord [ 336, 369 ]. 

Gabapentinoids, a cornerstone of neuropathic pain treatment, act
by binding to the α2 δ subunit of voltage-gated calcium channels,
thereby reducing neuronal hyperexcitability and attenuating the
release of excitatory neurotransmitters [ 370 ]. This mechanism
underlies their efficacy in conditions such as diabetic neuropathy,
PHN, and spinal cord injury-related pain. As anticonvulsant
GABA analogs, both gabapentin and pregabalin promote the
internalization of presynaptic calcium channels, disrupt calcium-
mediated signaling, and ultimately decrease synaptic excitation,
leading to suppressed abnormal pain signal transmission [ 369,
371, 372 ]. Gabapentin, with a half-life of 5–7 h, is typically admin-
istered in divided daily doses up to 1800 mg. Extended-release
formulations such as GRALISE and the prodrug gabapentin
enacarbil (HORIZANT) offer improved tolerability and once-
daily dosing. Pregabalin, which features more predictable phar-
macokinetics and a faster onset of action, is commonly prescribed
at 300–600 mg daily and is also available in a controlled-release
formulation (Lyrica CR) [ 370 ]. The efficacy of both drugs in
treating PHN and diabetic neuropathy has been validated in
randomized controlled trials and approved by the FDA [ 370 ].
However, immediate-release gabapentinoids are associated with
notable adverse effects including sedation, dizziness, fatigue,
weight gain, cognitive impairment, depression, suicidal ideation,
and potential risks of misuse, abuse, and respiratory depression
[ 370 ]. Agent selection should therefore be individualized based
on comorbidities and prior treatment responses [ 45, 370 ], and
combination therapy may be considered when monotherapy
yields insufficient pain relief [ 370 ]. 

TCAs, such as amitriptyline and nortriptyline, represent another
foundational first-line pharmacological class for neuropathic
pain. Their primary mechanism of action involves the potent
inhibition of presynaptic reuptake pumps for both 5-HT and
norepinephrine within the CNS. This blockade leads to increased
synaptic concentrations of these monoamines, which in turn
enhances the activity of descending inhibitory pathways origi-
nating from the brainstem, particularly the RVM. This enhanced
descending noradrenergic and serotonergic tone acts on α2-
adrenergic and 5-HT receptors in the spinal dorsal horn to
suppress the transmission of nociceptive signals from primary
afferent neurons to second-order projection neurons. Beyond this
monoaminergic effect, TCAs exert secondary analgesic proper-
ties through additional mechanisms, including sodium channel
blockade, which stabilizes hyperexcitable neuronal membranes,
and antagonism of NMDA receptors, which modulates central
sensitization. Clinically, TCAs have demonstrated robust efficacy
in various neuropathic pain conditions, most notably PHN and
painful diabetic neuropathy. Treatment is typically initiated at
very low nocturnal doses (e.g., 10–25 mg of amitriptyline) to
capitalize on their sedative side effects for improving comor-
bid sleep disturbance, with gradual upward titration based
on analgesic response and tolerability. However, their use is
significantly constrained by a broad profile of anticholinergic
side effects (e.g., dry mouth, constipation, urinary retention,
MedComm, 2026



b  

a  

q  

t  

a  

e  

c

S  

t  

m  

T  

5  

i  

T  

a  

D  

t  

n  

p  

i  

a  

a  

e  

t  

a  

T  

a  

t  

i  

r  

i  

i  

s  

S  

f  

d  

t  

s  

s  

a

6

F  

s  

b

A  

i  

b  

c  

s  

r  

e  

d

O  

a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M

lurred vision), antihistaminergic effects (sedation), and anti- α1-
drenergic effects (orthostatic hypotension). Furthermore, their
uinidine-like effect on cardiac conduction, which can prolong
he QTc interval, necessitates careful cardiovascular screening
nd often precludes their use in elderly patients or those with pre-
xisting heart disease, frequently positioning them as a secondary
hoice after SNRIs or gabapentinoids [ 45, 336, 368, 369 ]. 

NRIs, including duloxetine and venlafaxine, are equally posi-
ioned as first-line pharmacological agents, offering a potentially
ore favorable tolerability profile compared with TCAs. Like
CAs, their core mechanism hinges on the dual inhibition of
-HT and norepinephrine reuptake, thereby amplifying the activ-
ty of the brainstem-spinal descending pain inhibitory system.
his action is particularly crucial for attenuating the central
mplification of pain signals characteristic of neuropathic states.
uloxetine has garnered the strongest evidence base and regula-
ory approval for the management of painful diabetic peripheral
europathy and fibromyalgia (which often features a neuropathic
ain component). Its efficacy is attributed to this dual reuptake
nhibition, with a higher relative potency for 5-HT at lower doses
nd a more balanced effect on both monoamines at therapeutic
nalgesic doses (typically 60 mg daily). Venlafaxine, while also
ffective, requires dosing at higher levels (typically ≥ 150 mg/day)
o engage meaningful norepinephrine reuptake inhibition for
nalgesic purposes. The primary advantages of SNRIs over
CAs include a markedly reduced burden of anticholinergic and
ntihistaminergic side effects, as well as a lower risk of cardiac
oxicity, making them suitable for a broader patient population,
ncluding many older adults. Common side effects are instead
elated to their serotonergic and noradrenergic activity and may
nclude nausea, insomnia, headache, sweating, and a modest
ncrease in blood pressure (particularly with venlafaxine), neces-
itating routine monitoring. The clinical decision between an
NRI and a gabapentinoid often depends on comorbidity pro-
iles; SNRIs are frequently preferred in patients with coexisting
epression or anxiety, while gabapentinoids might be chosen for
hose with prominent sleep initiation problems or anxiety where
edation is desired. Both classes require slow titration from a low
tarting dose to manage initial side effects and optimize long-term
dherence [ 45, 336, 368, 369 ]. 

.2.2 Second-Line Therapies 

or patients with inadequate response to first-line treatments,
econd-line therapies including topical agents, opioids and
otulinum toxin type A (BoNT-A) offer important alternatives. 

mong these options, topical agents constitute a notable category,
ncluding lidocaine and capsaicin. While 5% lidocaine patches act
y blocking sodium channels to reduce peripheral nerve firing, 8%
apsaicin patches induce nociceptor defunctionalization through
ustained activation and subsequent desensitization of the TRPV1
eceptor [ 370 ]. Capsaicin creams, applied at intervals such as
very 3 months, have also demonstrated efficacy in conditions like
iabetic neuropathy. 

pioids such as tramadol and tapentadol are also classified
s second-line agents due to risks of developing dependence,
edComm, 2026
respiratory depression, and potential abuse [ 336, 373 ]. Their
limited application is further warranted by several neuroadaptive
changes in chronic pain states, including downregulation of
opioid receptors, increased A β-fiber-mediated allodynia, CCK-
mediated antagonism of opioid signaling, and NMDA receptor-
mediated hyperexcitability in the dorsal horn, all of which
contribute to reduced opioid efficacy and elevated analgesic
thresholds [ 374, 375 ]. These agents are occasionally preferred in
refractory neuropathic pain due to their dual mechanisms, that
is, μ-opioid receptor agonism coupled with monoamine reup-
take inhibition (5-HT and norepinephrine), which may provide
broader symptomatic relief [ 41, 370 ]. 

BoNT-A provides a targeted peripheral intervention via prote-
olytic cleavage of SNAP-25, a SNARE protein required for synaptic
vesicle fusion. This inhibits the release of pain mediators such
as glutamate, substance P, and CGRP from nociceptors, thereby
reducing peripheral sensitization and potentially attenuating cen-
tral amplification [ 376 ]. Administered via localized subcutaneous
or intradermal injections, BoNT-A has demonstrated its efficacy
in treating conditions including PHN, diabetic neuropathy, and
trigeminal neuralgia [ 376 ]. Although adverse effects such as
injection site pain, erythema, and mild muscle weakness are
typically transient and localized [ 377 ], its use is limited by
the need for specialized training, repeated administrations, and
considerable cost [ 368 ]. 

6.2.3 Third-Line and Adjunct Therapies 

Third-line treatments for neuropathic pain are reserved for
patients who remain unresponsive to or intolerant of first- and
second-line therapies. These options, primarily including NMDA
receptor antagonists and cannabinoids, often have more limited
evidence, narrower mechanisms of action, or higher side effect
burdens. Nevertheless, they can offer meaningful symptom relief
in carefully selected patients through distinct neuromodulatory
pathways. 

NMDA receptor antagonists, such as ketamine and dextromethor-
phan, target central sensitization mediated by glutamate-driven
calcium influx and synaptic hyperexcitability [ 375 ]. Intravenous
ketamine administered in sub-anesthetic doses (e.g., 75–475 mg)
under close monitoring can provide rapid though often short-
lived (less than 1 month) analgesia in conditions like complex
regional pain syndrome or diabetic neuropathy [ 378 ]. However, its
use is limited by risks of psychotomimetic effects, hypertension,
hepatotoxicity, and sedation [ 379 ]. Dextromethorphan, an oral
alternative with additional activity at sigma-1 and nicotinic
receptors, has shown antiallodynic and antihyperalgesic effects
in preclinical models. Clinically, its utility is constrained by
unpredictable bioavailability, variable response, and side effects
such as drowsiness and dizziness [ 379 ]. It is most often used
adjunctively with gabapentin or opioids to enhance antiallodynic
outcomes [ 368 ]. 

Cannabinoids, including both plant-derived and synthetic for-
mulations, represent another third-line option. Meta-analyses
suggest a modest analgesic effect, with an average reduction of
0.67 points on a 10-point pain scale compared with placebo [ 345 ].
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lthough side effects such as dry mouth, fatigue, and cognitive
hanges are usually mild and transient [ 345 ], cannabinoids are
enerally reserved for refractory cases due to their psychoactive
otential and variable efficacy [ 368 ]. 

.2.4 Interventional Procedures 

or patients with severe neuropathic pain refractory to first-
hrough third-line pharmacological therapies, a hierarchy of
nterventional and surgical options may be considered, pro-
ressing from less invasive diagnostic/therapeutic procedures
o definitive implantable neuromodulation. Initial interventions
or well localized or sympathetically maintained pain include
pidural steroid injections or selective nerve root blocks for
adicular pain (e.g., sciatica), and sympathetic nerve blocks (e.g.,
tellate ganglion, lumbar sympathetic) for conditions like com-
lex regional pain syndrome, which can provide both diagnostic
nformation and therapeutic relief [ 41 ]. For refractory cases, the
efinitive interventional treatment is advanced neuromodula-
ion. This includes SCS, which involves the surgical implantation
f electrodes in the epidural space to deliver electrical pulses
o the dorsal columns, masking pain signals through mecha-
isms such as enhanced GABAergic inhibition [ 368, 370 ], and
eripheral nerve stimulation (PNS), which involves implanting
lectrodes along specific peripheral nerves [ 41, 45 ]. A more tar-
eted form of neuromodulation, DRG stimulation, offers precise
argeting for focal limb pain. For patients seeking a noninvasive
lternative, transcutaneous electrical nerve stimulation (TENS)
pplies low-voltage electrical currents through surface electrodes
o modulate superficial nerve activity [ 41, 45 ]. Finally, in care-
ully selected cases where a clear anatomic nerve compression
s identified (e.g., in some entrapment neuropathies), surgical
ecompression may be a viable option to address the underlying
tructural pathology [ 41 ]. 

.2.5 Psychological Approaches 

iven the high comorbidity of mood disorders and pain-related
isability, psychological therapies are fundamental. CBT is the
ornerstone, helping patients restructure catastrophic thinking
nd reduce fear-avoidance behaviors. MBSR and ACT focus on
onjudgmental acceptance of pain and engagement in valued
ctivities. These approaches, along with pain reprocessing ther-
py and structured physical exercise, do not abolish pain but
ignificantly reduce suffering, improve function, and enhance the
ffectiveness of other treatments [ 370 ]. 

.2.6 Experimental Treatments 

xperimental treatments for neuropathic pain have been pursu-
ng highly targeted mechanisms to address the complex patho-
hysiology, with significant focus on selective ion channel modu-
ation, where sodium channel blockers targeting the pain-specific
soforms Nav1.7 and Nav1.8 aim to precisely inhibit hyperexcitable
ociceptors without disrupting motor or autonomic function
 380–382 ]. As mentioned before, a critical limitation of these
0 of 65
strategies lies in the degeneracy of dominant nociceptor subtypes
that may dynamically shift following nerve injury or over time,
diminishing the efficacy of highly selective monotherapies [ 361,
362 ]. 

In the realm of gene therapy, innovative approaches are in
early clinical and advanced preclinical stages, such as using
viral vectors (e.g., adeno-associated viruses) to deliver genes for
endogenous opioid peptides like enkephalin or endorphin pre-
cursors directly to DRG or the spinal cord dorsal horn, promoting
sustained, local analgesic production [ 383, 384 ]. Complementary
strategies involve using CRISPR-based systems or small interfer-
ing RNA (siRNA) to silence the expression of pain-promoting
genes, such as those encoding sodium channels (e.g., SCN9A for
Nav1.7) or proinflammatory mediators, with preclinical models
of neuropathic pain demonstrating long-term pain relief from a
single intervention [ 385 ]. 

Immunomodulation represents another frontier, shifting the
focus from neurons to the neuroimmune interface, with therapies
actively investigating monoclonal antibodies and small molecules
to neutralize key proinflammatory cytokines like TNF- α and
IL-6, which are elevated in conditions such as painful diabetic
neuropathy and PHN and drive both peripheral and central
sensitization [ 386, 387 ]. Concurrently, there is a growing interest
in targeting activated spinal microglia and astrocytes, the CNS’s
resident immune cells, using inhibitors of specific signaling path-
ways such as the purinergic 2 ×7 (P2 ×7) receptor or p38-MAPK
to suppress the release of neuroexcitatory and proinflammatory
substances that maintain neuropathic pain states [ 388, 389 ]. 

Novel neuromodulation technologies are evolving beyond tra-
ditional open-loop systems, with closed-loop SCS systems rep-
resenting a significant advance. These devices use real-time
algorithms to analyze recorded neural signals (e.g., evoked com-
pound action potentials) and automatically adjust stimulation
parameters in response to the patient’s position and activity, aim-
ing to provide more consistent and personalized pain relief while
potentially reducing energy use and paresthesia, as evidenced by
emerging clinical trial data [ 390 ]. Meanwhile, noninvasive TMS,
particularly TMS targeting the primary motor cortex (M1) or
dorsolateral PFC, is being rigorously studied for its ability to
induce neuroplastic changes that modulate the pain matrix,
with systematic reviews and meta-analyses indicating it can
produce statistically significant, though often modest, reductions
in neuropathic pain intensity, positioning it as a promising
adjunctive or alternative therapy for refractory cases [ 391–395 ]. 

Collectively, neuropathic pain management requires a sequential,
patient-tailored strategy. First-line treatment with gabapenti-
noids, TCAs, or SNRIs forms the foundation. Second-line topical
agents, opioids, and BoNT-A offer alternatives. Third-line options
like NMDA receptor antagonists or cannabinoids are reserved for
refractory cases. For severe, drug-resistant pain, interventional
procedures, particularly advanced neuromodulation, provide
powerful options. Psychological support and physical modali-
ties should be integrated throughout. The future lies in more
precise, disease-modifying therapies targeting specific molecular
pathways and neural circuits. 
MedComm, 2026
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.3 Nociplastic Pain 

he management of nociplastic pain, a condition characterized
y altered nociception and CNS sensitization without clear tissue
r nerve damage, demands a distinct and comprehensive strategy.
nlike nociceptive or neuropathic pain, pharmacotherapy often
ields modest effects and significant adverse effects [ 46, 396–
98 ], necessitating a primary focus on nonpharmacological,
echanism-based interventions that target central dysregula-
ion, dysfunctional pain processing, and associated psychosocial
omorbidities [ 46, 264, 398, 399 ]. The therapeutic approach is
nherently multimodal and patient centered. 

.3.1 First-Line Pharmacological Options 

he foundational management of nociplastic pain conditions,
uch as fibromyalgia and chronic widespread pain, is decisively
onpharmacological. This approach centers on active patient
ngagement through structured education and prescribed phys-
cal activity, forming the essential dual pillars of first-line care. 

atient education constitutes the indispensable cornerstone of
his strategy. Its primary objective is to empower individuals
y demystifying their condition within a clear biopsychosocial
ramework. Effective education provides a scientifically grounded
xplanation of central sensitization, which validates the patient’s
ften-disputed experience, reduces catastrophic fear associated
ith pain, and shifts the perspective from one of structural dam-
ge to one of functional nervous system dysregulation [ 46, 400,
01 ]. This educational process extends beyond conceptual under-
tanding to deliver practical self-management skills. Patients
re taught critical techniques for stress management, optimized
leep hygiene, and activity pacing. Pacing, in particular, is a
ey behavioral intervention that teaches individuals to balance
ctivity and rest to avoid the debilitating “boom-bust” cycles that
erpetuate pain and disability, thereby promoting sustainable
ncreases in function [ 46, 400, 401 ]. 

oncurrently, prescribed aerobic and mind–body exercise forms
he second critical pillar, representing one of the most evidence-
upported interventions for reducing pain severity and improving
hysical function [ 402 ]. The prescription emphasizes graded,
ow-impact aerobic activities such as walking, swimming, or
tationary cycling, which are initiated at a tolerable level and
rogressively increased. Mindful movement practices like Tai
hi and Yoga are equally endorsed, as they uniquely integrate
entle physical movement with breath regulation, meditative
ocus, and enhanced interoceptive awareness. The therapeutic
enefits of these exercises are multifactorial. Physiologically, reg-
lar participation strengthens descending inhibitory pain path-
ays, increases parasympathetic nervous system tone (promoting
elaxation), and can reduce markers of systemic inflammation.
ehaviorally, they directly counteract fear-avoidance and build
elf-efficacy. Collectively, these effects work to reduce widespread
yperalgesia and support adaptive neuroplasticity, effectively
recalibrating” the hypersensitive CNS [ 402 ]. It is important to
ote, however, that while essential, physical activity alone may
ield constrained benefits for individuals with moderate to severe
ymptoms, who typically require integration within a broader
ultimodal treatment plan [ 403 ]. 
edComm, 2026
CBT for pain (CBT-P) is positioned with equal importance as
a first-line psychological intervention. CBT-P is a structured,
goal-oriented psychotherapy predicated on the understanding
that cognitive appraisals and behavioral responses profoundly
shape the pain experience and functional outcomes. The therapy
involves cognitive restructuring to identify and challenge mal-
adaptive, catastrophic thoughts about pain, and behavioral activa-
tion to gradually and systematically re-engage patients in avoided
but valued activities. A standard CBT-P protocol integrates
pain neuroscience education, relaxation training, activity pacing,
attentional diversion techniques, and sleep hygiene instruction.
By enhancing self-efficacy and reducing pervasive fear-avoidance
behaviors, CBT-P successfully decreases the perceived threat and
burden of pain, leading to significant improvements in daily
function and quality of life [ 46 ]. Beyond traditional CBT-P, other
validated psychological modalities play a crucial role. ACT fosters
psychological flexibility, teaching patients to accept unavoidable
pain sensations while committing to actions aligned with their
personal values. MBSR cultivates a stance of nonreactive, present-
moment awareness toward sensory and emotional experiences,
thereby reducing the emotional suffering and reactivity that
amplify pain [ 46 ]. For a subset of patients, particularly those
with a history of underlying trauma, modalities such as emo-
tional awareness and exposure therapy or neural reprocessing
techniques may offer additional benefit by addressing the psy-
chological drivers that can maintain a sensitized state [ 46, 398,
404 ]. 

6.3.2 Second-Line Therapies 

The management of nociplastic pain prioritizes nonpharmaco-
logical strategies, positioning pharmacological agents as second-
line or adjunctive treatments aimed at symptom modulation
rather than cure [ 402 ]. Antidepressants form the pharmacological
cornerstone, with SNRIs such as duloxetine and milnacipran
possessing the most robust evidence for efficacy. Their primary
mechanism involves enhancing descending inhibitory path-
ways from the brainstem to the spinal cord. TCAs, notably
amitriptyline, are typically used at low doses, primarily leveraging
their sedative and neuromodulatory properties to improve sleep
quality and indirectly attenuate central sensitization. Anticonvul-
sants or gabapentinoids, including pregabalin and gabapentin,
may provide benefit by attenuating neuronal hyperexcitability
through modulation of voltage-gated calcium channels, although
their therapeutic effects in nociplastic conditions are frequently
modest and inconsistent. In contrast, conventional analgesics
such as selective COX-2 inhibitors and acetaminophen demon-
strate negligible efficacy against the core central sensitization
pathophysiology. Critically, opioids are contraindicated in the
long-term management of nociplastic pain due to a profound
lack of analgesic efficacy, coupled with a high risk of inducing
opioid-induced hyperalgesia, physical dependence, respiratory
depression, and overdose [ 402 ]. 

Physical modalities such as acupuncture, acupressure, and chi-
ropractic manipulation have been frequently incorporated into
a multimodal treatment plan as adjunctive therapies, though
their evidence base and proposed mechanisms of action differ
considerably [ 404 ]. Acupuncture, involving the insertion of fine
41 of 65
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eedles at specific anatomical sites, is postulated to alleviate pain
hrough a multifactorial mechanism. This includes the activation
f A δ- and C-fibers, which triggers the release of endogenous
pioids (e.g., endorphins, enkephalins) and monoamines (5-
T, norepinephrine) within the CNS. Additionally, functional
euroimaging studies suggest acupuncture can modulate activity
n limbic brain regions, such as the ACC and amygdala, which
re critically involved in the affective and emotional dimen-
ions of pain processing [ 405–407 ]. These combined actions
re believed to collectively reduce central sensitization. Beyond
euromodulation, emerging translational evidence points to a
ole for acupuncture in restoring systemic oxidative homeosta-
is. A prospective clinical study involving female fibromyalgia
atients found elevated baseline levels of oxidative stress markers
glutathione species) compared with healthy controls. Following
 course of acupuncture treatment, these patients exhibited a sig-
ificant increase in intracellular antioxidant activity, suggesting
 novel mechanism contributing to symptom relief [ 408 ]. 

cupressure shares the foundational principles of acupuncture,
pplying manual pressure rather than needles to stimulate
pecific anatomical points in a noninvasive manner. It is consid-
red a more accessible and patient-administered option, though
igh-quality evidence for its specific efficacy in nociplastic
ain requires further substantiation [ 409, 410 ]. Chiropractic
anipulation, particularly spinal adjustment techniques, seeks
o improve spinal joint mobility and biomechanical function.
he proposed analgesic mechanism involves reducing aberrant
eripheral nociceptive input from spinal structures, thereby
otentially diminishing the facilitatory drive to already sensitized
entral pain pathways [ 411–413 ]. However, the application of
igh-velocity, low-amplitude thrust techniques in this patient
opulation warrants extreme caution. In individuals with estab-
ished central sensitization, such forceful manipulations carry a
ignificant risk of provoking widespread symptom exacerbation,
uscle guarding, and increased pain, highlighting the necessity
or gentler, nonthrust approaches [ 414 ]. 

he integration of these diverse physical interventions must occur
ithin a comprehensive, biopsychosocial treatment framework.
his approach emphasizes that their utility is not standalone
ut as components of a personalized plan that simultaneously
ddresses psychological factors (e.g., through CBT), promotes
raded exercise, and improves sleep hygiene. For patients with
oderate-to-severe nociplastic pain, a unimodal approach focus-
ng solely on physical activity or a single modality is typically
nsufficient [ 414 ]. Effective management requires a coordinated,
ultimodal strategy that concurrently targets the biological,
sychological, and social dimensions of this complex condition,
ith physical therapies playing a supportive, adjunctive role
ailored to individual patient tolerance and response. 

.3.3 Interventional Procedures 

or patients with symptoms refractory to conventional pharma-
ological and physical therapies, neurostimulatory techniques
resent a promising avenue by modulating neural activity across
entral, autonomic, and peripheral pathways [ 415–418 ]. The tDCS
nd TMS target cortical regions such as the primary motor
2 of 65
cortex and dorsolateral PFC to normalize cortical excitability
and reinforce impaired descending inhibitory control. Vagus
nerve stimulation, delivered either invasively or noninvasively via
transcutaneous devices, may reduce central sensitization through
parasympathetic activation and suppression of proinflammatory
neuroimmune signaling. TENS applies low-intensity electrical
currents peripherally to elicit segmental inhibition in the spinal
dorsal horn via gate-control mechanisms, with potential engage-
ment of supraspinal modulatory networks. While the robustness
and consistency of evidence for these modalities continue to
evolve, they represent an expanding therapeutic arsenal for
refractory nociplastic pain. 

6.3.4 Experimental Treatments 

Experimental treatments for nociplastic pain have been distinctly
focused on directly correcting the CNS dysregulation that defines
the condition, with noninvasive brain stimulation being a leading
investigational area where techniques like TMS [ 419 ] and tDCS
[ 420 ] aim to recalibrate maladaptive cortical excitability. For
instance, a meta-analysis of TMS for fibromyalgia concluded
that high-frequency stimulation (typically 10 Hz) applied to the
M1 yielded a significant, though moderate, reduction in pain
intensity compared with sham stimulation, with the analgesic
effect believed to stem from the induction of neuroplasticity that
strengthens descending inhibitory controls, while anodal tDCS
applied to the same region has shown promise in modulating pain
perception and improving conditioned pain modulation, a key
measure of endogenous pain inhibition that is often impaired in
nociplastic conditions [ 419, 420 ]. 

The search for novel pharmacological targets is moving beyond
traditional neurotransmitter systems to address the underly-
ing neuroimmune and molecular pathology, with significant
research into drugs that inhibit the activation of spinal and
brain microglia, such as small-molecule antagonists of the
purinergic P2 ×7 receptor or p38–MAPK inhibitors, which in
preclinical models of widespread pain can attenuate the release of
proinflammatory cytokines (e.g., IL-1 β, TNF- α) and reduce pain-
like behaviors [ 421 ]. Simultaneously, there is growing interest
in refining modulation of the endocannabinoid system beyond
plant-derived cannabinoids, focusing on developing compounds
that selectively target the cannabinoid Type 2 (CB2) receptor to
potentially dampen neuroinflammation [ 422 ] or those that inhibit
fatty acid amide hydrolase to boost levels of the endogenous
cannabinoid anandamide [ 423 ], aiming for analgesic efficacy
with a reduced psychoactive burden. 

Digital therapeutics and virtual reality (VR) represent a paradigm
shift in delivering behavioral interventions, where immersive VR
environments are being studied not only for acute pain distraction
through engaging, multisensory experiences but also for graded
exposure therapy, helping patients with high fear-avoidance
to safely re-engage with feared movements in a controlled
virtual setting, thereby reducing catastrophizing and disabil-
ity [ 424–427 ]. Concurrently, validated app-based programs that
deliver core components of CBT, mindfulness meditation, and
activity pacing are demonstrating efficacy in randomized trials
(NCT04523714) for improving pain interference and self-efficacy
MedComm, 2026
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n fibromyalgia, with the advantage of increasing accessibility and
nabling consistent, personalized self-management [ 428, 429 ]. 

inally, research into lifestyle and dietary interventions is exam-
ning their foundational role in modulating systemic inflamma-
ion and the gut–brain axis. While clinical studies have been
nvestigating specific anti-inflammatory dietary patterns (e.g.,
mega-3 supplementation) for their potential to reduce pain
everity and improve quality of life in conditions like IBS [ 430 ]
nd fibromyalgia [ 431 ], mind–body practices, such as meditation,
oga, and tai chi that integrate gentle movement with breath
egulation and meditative focus, have got support from evidence
howing that they can lower circulating inflammatory markers,
mprove heart rate variability, and reduce widespread hyperalge-
ia, effectively targeting multiple pillars of the nociplastic pain
henotype through nonpharmacological means [ 320, 432, 433 ]. 

n summary, the management of nociplastic pain represents a
aradigm shift from a biomedical to a biopsychosocial model.
he foundation is a sustained commitment to first-line non-
harmacological strategies, that is, comprehensive education,
raduated mind–body exercise, and CBT. Pharmacological agents
nd select physical modalities play a secondary, supportive role.
nterventional procedures have minimal indication. Advanced
sychological therapies and emerging neurostimulation are cen-
ral for refractory cases. Future treatments will likely focus
n sophisticated neuromodulation and pharmacotherapies that
irectly target the dysregulated central pain processing pathways
haracteristic of this complex condition. 

onclusively, the therapeutic landscape for chronic pain is
efined by distinct, mechanism-guided paradigms. Nociceptive
ain is managed through a stepwise escalation from simple
nalgesics to interventional procedures aimed at the periph-
ral site of injury. Neuropathic pain relies on a foundation of
euromodulating drugs, with interventional neuromodulation
erving as a definitive option for drug-resistant cases. Most
istinctively, nociplastic pain management inverts the traditional
ierarchy, placing nonpharmacological, brain-targeting strategies
t its core, while relegating pharmacotherapy to a supportive
ole. A unifying principle across all subtypes is the necessity of
 multimodal, patient-centered approach that integrates pharma-
ological, interventional, physical, and psychological modalities.
he future of pain therapy lies in refining these frameworks
hrough identifying the causative pain source especially for
ociplastic pain and establishing multimodal therapeutics for
ore effective and personalized relief. 

 Emerging Concepts: CAP for Therapeutics and 

ippocampus for Sensing 

his section introduces and critically evaluates two promising
onceptual frontiers in chronic pain research and therapy. The
irst is the application of CAP, an ionized gas generating a
egulated flux of reactive oxygen and nitrogen species (RONS),
s a novel therapeutic modality. CAP’s potential stems from its
emonstrated, multimodal biological effects, promoting tissue
nd nerve healing, modulating comorbidities like cancer and
besity, and interacting with hormonal pathways, which col-
ectively address diverse mechanisms underpinning nociceptive,
edComm, 2026
neuropathic, and nociplastic pain. The second frontier proposes
an original neurobiological model, positing the hippocampus as
a putative central “sensor” for nociplastic pain. This hypothe-
sis suggests the hippocampus may interface with maladaptive
central information processing, analogous to how peripheral
nociceptors interface with physical injury, with the hypothalamus
serving as a decoding hub. While both concepts are supported
by scientific evidence and offer transformative potential to revo-
lutionize diagnostic and therapeutic strategies, their translation
from theory to clinic still requires rigorous experimental and
clinical validations. 

7.1 CAP as an Emerging Therapeutics for 
Chronic Pain 

CAP is an innovative technology that generates a regulated flux
of RONS at near-ambient temperatures. This cocktail includes
short-lived reactive species such as hydroxyl radicals (∙OH) and
superoxide (O2 ∙

− ), as well as long-lived species like singlet oxygen
and nitric oxide, hydrogen peroxide, ozone, nitrogen dioxide,
and nitric acid [ 18–22 ]. The precise spatiotemporal delivery of
this specific RONS profile underpins its therapeutic selectivity
[ 434, 435 ]. By enabling dosage-controlled modulation of redox
signaling pathways, CAP selectively induced programmed cell
death in pathological cells [ 21, 436–439 ] or, conversely, stimulated
regenerative and proliferative processes in healthy tissues [ 440 ].
This mechanistic precision allows CAP to spare surrounding
healthy tissue, offering a targeted and adaptable strategy to
harness the biological effects of RONS for diversified therapeutic
purposes. 

As a result, CAP has demonstrated considerable promise across
multiple biomedical domains, including wound healing [ 441–
446 ] and microbial disinfection [ 447–449 ]. Its application has
been extended to the management of complex pathologies such
as cancer [ 22, 450–452 ], psoriasis [ 453 ], and neurodegenerative
disorders [ 454 ]. Although not yet formally adopted in pain man-
agement, a growing body of clinical and preclinical evidence have
supported its feasibility for treating analgesia through distinct,
pathology-specific mechanistic pathways. It has been indicated
CAP can alleviate nociceptive pain by modulating tissue-level
inflammatory and damage healing signaling [ 455–460 ], improve
neuropathic pain via targeting neuroinflammatory and neurore-
generative pathways [ 461–467 ], and alleviate cancer-related pain
through the targeted resolution of the tumor comorbidity itself
[ 468, 469 ]. Furthermore, evidence suggests potential in resolv-
ing obesity-associated pain by modulating inflammatory and
metabolic dysregulation [ 470–473 ] and in enhancing treatment
efficacy among female patients via interactions with estrogen
and growth factor signaling pathways [ 21, 436, 438, 439, 474,
475 ]. This spectrum of actions has highlighted CAP’s potential
as a multimodal therapeutic agent whose effects are dictated
by its precise, mechanism-driven application to specific disease
pathophysiology. 

7.1.1 Therapeutic Opportunities 

7.1.1.1 Modulation of Tissue Inflammatory and Dam-
age Healing Pathways. While not exhaustively studied for pain
43 of 65
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FIGURE 5 Cold atmospheric plasma as a promising approach for 
chronic pain relief. Schematic illustration of CAP as a multitarget 
therapeutic for chronic pain, delineating its distinct, mechanism-driven 
actions across diverse pain types and comorbidities. The figure depicts 
the possible mechanisms that CAP can help treat chronic pain. Key 
therapeutic opportunities include: (1) modulation of tissue inflammatory 
and damage healing pathways, where CAP suppresses proinflammatory 
cytokines like IL6 and TNF α to alleviate nociceptive pain; (2) modulation 
of neuroinflammatory and neuroregenerative pathways, where CAP 
activates the Trk/Ras/ERK signaling cascade to promote neuron regenera- 
tion, targeting neuropathic pain; (3) targeted resolution of pain-associated 
comorbidity, where CAP’s antitumor actions (e.g., targeting cancer hall- 
marks) directly ablate cancer lesions to resolve cancer-related pain; (4) 
modulation of obesity-associated inflammatory and metabolic pathways, 
where CAP inhibits FTO and dampens systemic inflammation/oxidative 
stress to mitigate obesity-driven pain; and (5) modulation of estrogen 
signaling, where CAP interacts with estrogen receptors (ERs) signaling 
to influence gender-biased pain mechanisms. While “physical injury 
healing,” “nerve damage restoration,” and “comorbidity targeting” (the 
lower three panels) represent the impact of CAP on the sources of pain 
through canonical mechanisms, “obesity management” and “estrogen 
crosstalk” (the two upper panels) implicate the innovative mechanism of 
action underscoring the efficacy of CAP in resolving chronic pain. Note 
that the axes of ER and FTO interact, where FTO plays the dominant 
role in promoting obesity and ER facilitates this process by assisting its 
entry into the nucleus. CAP can effectively block their interaction, thereby 
inhibiting the nuclear localization of both FTO and ER. Together, these 
multifaceted actions may position CAP as a multimodal option targeting 
all three major types of chronic pain. 
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elief as a primary endpoint, CAP has demonstrated promis-
ng effectiveness in reducing nociceptive pain through specific,
echanism-driven actions that promote tissue repair and mod-
late inflammation, particularly in the context of refractory
hronic wounds and bacterial infections. This analgesic effect
s not a general byproduct but is intrinsically linked to CAP’s
argeted biological activity on damaged tissue. Specifically, the
echanisms by which CAP achieves pain relief in these contexts
re multifaceted and directly address the pathophysiological
ources of nociceptive pain. The primary pathways involve the
irect suppression of proinflammatory cytokines at the wound
ite, coupled with the stimulation of cellular proliferation and
ngiogenesis. By reducing the inflammatory load, a key driver
f pain in wounds and infections, and accelerating the tissue
epair process, CAP addresses the underlying causes of noci-
eption rather than merely masking the symptom (Figure 5 ).
ubstantial clinical evidence has underscored this mechanism
f action. In a randomized clinical pilot study of 37 individuals,
2 weeks of once-weekly CAP treatment significantly reduced
ain associated with refractory chronic wounds [ 455 ]. Another
ilot study involving 10 patients reported that CAP treatment
educed the pain sensation from chronic wounds to one-tenth
f the original score after only four applications [ 456 ]. Further
upporting this, a case study utilizing the PlasmaDerm VU-
010 device demonstrated that CAP, as an add-on therapy, not
nly promoted complete ulcer healing after 7 weeks but also
educed pain from chronic venous leg ulcers (NCT01415622) [ 457 ].
dditionally, a prospective pilot study with 10 participants found
hat a novel CAP wound dressing significantly outperformed
onventional therapy in improving tissue parameters like deep
issue oxygen saturation and, critically, in reducing pain levels
t split-thickness skin graft donor sites [ 458 ]. Beyond wounds,
AP’s analgesic potential extended to infections, as evidenced
y a marked reduction in severe pain for a patient with a com-
lex auditory canal infection following cholesteatoma surgery
 459 ]. The ongoing clinical investigation into CAP’s wound-
ealing efficacy, which inherently encompasses pain outcomes,
urther validates its therapeutic role. Completed trials include
 multicenter, noninferiority study comparing the Cold Plasma
et kINPen to best-practice wound dressings for chronic wound
reatment (NCT04965805), and another assessing the Plasma
are device versus placebo (NCT07050667). Currently recruiting
rials include a study on plasma therapy for chronic, nonhealing
ounds (NCT05855499) and a planned pilot study for chronic
enous leg and diabetic foot ulcers (NCT06964048). Collectively,
his body of work have demonstrated that CAP’s effectiveness
gainst nociceptive pain is grounded in specific, interacting
echanisms, ranging from molecular anti-inflammatory and
roregenerative actions to physical modulation of skin permeabil-
ty, which collectively resolve the tissue pathology responsible for
ain generation. 

urthermore, CAP exhibits a distinct physical mechanism for
ain reduction through enhanced transdermal drug delivery,
hich minimizes procedural injury. For instance, a pretreatment
ith CAP for 5 min prior to applying topical anesthetic cream
ignificantly decreased pain during subsequent CO2 laser proce-
ures for postacne scars. The primary mechanism identified for
his analgesic effect was CAP’s ability to increase transdermal
gent transportation, thereby improving the efficacy of local anes-
hetics and reducing noxious stimulation (CHiCTR2000029063)
4 of 65
[ 460 ]. This highlights a precise, technology-enabled mechanism
for pain control. 

7.1.1.2 Modulation of Neuroinflammatory and Neu-
roregenerative Pathways. The acute pain associated with
herpes zoster infection is a recognized clinical sign of underlying
nerve injury and a precursor to the development of PHN, a
chronic neuropathic pain condition [ 461, 462 ]. CAP has demon-
strated significant potential in alleviating such neuropathic
MedComm, 2026



FIGURE 6 Hippocampus as a sensor of nociplastic pain. In this 
proposed pain-sensing model, peripheral nociceptors act as sensors for 
nociceptive pain by detecting tissue injury, while neuropathic pain 
involves aberrant signaling through A δ- and C-fibers due to nerve 
damage within the somatosensory system. In contrast, the hippocam- 
pus is proposed to function as a central sensor for nociplastic pain, 
receiving information from putative higher-dimensional fields, beyond 
conventional three-dimensional bodily structures, thereby contributing 
to pain perception in the absence of tissue injury or neural lesions 
detectable by our three-dimensional body device. All three types of pain 
signals converge within the hypothalamus, where they are integrated into 
coherent interoceptive-affective representations before being relayed to 
higher-order cortical regions for conscious experience. This framework 
encourages future studies to identify biomarkers (molecular or genetic) 
of hippocampal dysfunction for improved diagnosis of nociplastic pain 
and to develop targeted interventions modulating the hippocampal–
hypothalamic circuit for more precise treatment strategies. Accordingly, 
the three types of pain can be reorganized into two large categories, that 
is, “abnormal sensor” and “abnormal transduction.” That is, both noci- 
ceptive and nociplastic pain can be understood as conditions arising from 

dysfunctional sensory mechanisms. While nociceptors act as receivers 
encoding information from physical three-dimensional space, hippocam- 
pus may serve a analogous role in connecting us with higher-dimensional, 
metaphysically oriented experiences. In contrast, neuropathic pain can be 
viewed primarily as a pathology of abnormal signal transduction within 
the nervous system. Building on this framework, pain can be reclassified 
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pain through specific biological mechanisms that directly target
the pathological processes of nerve damage and inflammation
(Figure 5 ). This represents a targeted therapeutic strategy, moving
beyond general analgesia to address the root causes of neu-
ropathic pain. There exist several clinical evidence to support
this mechanism. In a prospective randomized placebo-controlled
Phase II study involving 37 herpes zoster patients, a 5-min
CAP treatment effectively relieved acute pain [ 463 ]. Similarly,
a randomized, parallel, positive-controlled, noninferiority mul-
ticenter clinical trial (ChiCTR2300069993) demonstrated that
CAP achieved comparable results to helium–neon (He–Ne) laser
therapy in promoting acute pain relief and wound healing
in patients with herpes zoster infection [ 464 ]. Furthermore,
a translational study in domestic cats showed that combining
CAP with a multimodal pharmacologic regimen (ketamine,
gabapentin, amitriptyline, and prednisone) led to significant
improvement in both chronically infected skin lesions and post-
surgical neuropathic pain [ 465 ]. These outcomes have suggested
that CAP’s effect is integral to a comprehensive neuropathic pain
management strategy. 

The therapeutic efficacy is underpinned by direct and specific
actions on neural tissue (Figure 6 ). Crucially, CAP has been
shown to stimulate neuron regeneration in vitro, proposing its
feasibility for treating neurological disorders [ 466, 467, 476 ]. More
specifically, it has been elucidated that CAP enhanced neural cell
differentiation into functional neurons through the precise acti-
vation of the Trk/Ras/ERK signaling cascade, a pathway critically
involved in neuronal growth and survival. This effect has been
validated both in vitro and in vivo, highlighting CAP’s potential
for treating traumatic injuries of the CNS [ 466, 467, 476 ]. These
findings have directly implicated that CAP contributes to pain
relief not merely through a general anti-inflammatory effect, but
through a targeted proregenerative mechanism that promotes the
repair of injured nerves, thereby addressing a fundamental source
of neuropathic pain. This capacity to modulate specific cellular
differentiation pathways has distinguished CAP’s mechanism
from nonspecific physical therapies. 

7.1.1.3 Targeted Resolution of Pain-Associated Comor-
bidity. CAP has demonstrated significant potential for the tar-
geted resolution of cancer-related pain by directly addressing
the underlying tumor pathology, a complex comorbidity that
drives nociception [ 468, 469 ]. This approach moves beyond
symptomatic pain management to modulate the pain source itself
(Figure 5 ). In a retrospective review of 12 patients with advanced
head and neck squamous cell carcinoma, CAP treatment was
associated with reduced demand for pain medication, diminished
into two broad categories, that is, “abnormal sensing” and “abnormal 
transmission.” While nociceptive and nociplastic pain both fall under 
the first category reflecting dysfunction in sensory encoding structures, 
neuropathic pain constitutes a distinct class defined by faulty neural 
signal conduction along pain pathways. Nociceptive and nociplastic pain 
differ fundamentally in the origin of the signals they process. While 
nociceptive pain arises from stimuli detected in the physical three- 
dimensional environment by nociceptors, nociplastic pain may involve 
the hippocampus as a receiver of percepts situated in higher-dimensional, 
metaphysically framed experiences. 
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etid odor related to microbial load, and superficial partial tumor
emission [ 469 ]. Similarly, in another study using the kINPen
ED plasma source (Greifswald, Germany), six patients with

ocally advanced (pT4) oropharyngeal squamous cell carcinoma
nd infected open ulcerations received CAP applications three
imes per week at a dosage of 1 min/cm2 spaced at 1-week
ntervals. The results showed a noticeable reduction in odor,
ecreased use of pain medication, tumor remission, and a
esmoplastic reaction in connective tissue [ 468 ]. These clinical
utcomes suggest that CAP-mediated tumor reduction and tissue
ormalization directly contribute to pain alleviation. 

he foundation for this therapeutic effect lies in CAP’s estab-
ished and multifaceted antitumor efficacy, supported by exten-
ive preclinical and clinical evidence indicating it as a promising
pproach for selective cancer ablation [ 22, 450–452 ]. Preclinically,
he anticancer mechanisms of CAP are highly specific and multi-
ronged, directly contributing to the ablation of pain-generating
umors. These mechanisms include attenuating cancer stemness
 22 ], halting metastasis [ 477 ], and potentiating various pro-
rammed cell death pathways such as apoptosis [ 438 ], ferroptosis
 21 ], and critically, immunogenic cell death (ICD) [ 478 ]. The
nduction of ICD is particularly relevant as it stimulates immune
ells involved in innate immunity, such as macrophages [ 475,
79 ] and dendritic cells [ 4 80, 4 81 ], and subsequently activates the
daptive immune response [ 482 ]. This immunomodulatory effect
an enhance systemic antitumor responses, further contributing
o tumor control and the resolution of associated comorbidities
ike pain. 

linically, the translation of these mechanisms is underway.
he first Phase I clinical trial examining the efficacy and safety
f CAP as an onco-therapy (NCT04267575) was conducted in
he United States from March 2020 to April 2021. The study
emonstrated a 75% local nonrecurrence rate at a 28-month
ollow-up with no adverse events reported among the 20 recruited
atients with metastatic or recurrent solid tumors, underscor-
ng its safety and potential durability. Several other trials are
urther evaluating CAP’s role. A completed trial sponsored by
he University Hospital Tuebingen assessed the feasibility of
sing physical CAP for treating cervical intraepithelial neoplasia,
ith pathological remission after 3–6 months as the primary
ndpoint (NCT03218436). Among ongoing trials, a study by the
niversity Hospital Tübingen is recruiting to evaluate CAP for
ervical HPV infections (NCT06291311), while the University
ospital Ghent is investigating CAP’s effects in patients with
eritoneal metastases (NCT06796634). Additionally, a trial spon-
ored by Universitätsklinikum Hamburg-Eppendorf is enrolling
o examine CAP for treating precancerous duodenal polyps
NCT06435533). Collectively, these studies highlight the growing
linical focus on utilizing CAP’s precisely targeted antineoplastic
ctions to ablate tumors and, by extension, resolve associated
orbidities including cancer-related pain. 

.1.1.4 Modulation of Obesity-Associated Inflamma-
ory and Metabolic Pathways. The contribution of obesity
o chronic pain, particularly neuropathic and nociplastic types,
s mediated through a state of persistent, low-grade systemic
nflammation. Adipose tissue in obesity functions as an active
ndocrine organ, releasing excessive proinflammatory cytokines
e.g., TNF- α, IL-6). This adipokine dysregulation stimulates
6 of 65
hepatic production of acute-phase proteins like CRP, perpetuating
a inflammatory milieu that exacerbates peripheral and central
sensitization pathways involved in pain disorders [ 4 83, 4 84 ].
CAP has emerged as a potential modulator of these intercon-
nected metabolic and inflammatory circuits (Figure 5 ). A key
proposed mechanism involves the direct targeting of FTO, a
critical regulator of RNA methylation and metabolic homeostasis.
Preclinical evidence identified CAP as an innovative inhibitor of
FTO activity both in vitro and in vivo, suggesting its utility in
mitigating obesity and related metabolic syndromes [ 470 ]. This is
substantiated by preclinical findings in plasma oncology, where
CAP downregulated FTO transcription in triple-negative breast
cancer cells, underscoring a mechanistic link between metabolic
regulation and oncological effects that might be extended to pain
modulation [ 471 ]. 

Beyond FTO inhibition, CAP exerts broader modulatory effects
on the metabolic dysfunction characteristic of obesity. It has
been shown to improve glycemic control by reducing levels
of glycated proteins and mitigating systemic oxidative stress
[ 472, 473 ]. Furthermore, CAP treatment decreased circulating
proinflammatory cytokines, including TNF- α, IL-1, and IL-6,
while concurrently restoring the activity of key endogenous
antioxidant enzymes such as superoxide dismutase, catalase, and
glutathione peroxidase in experimental and animal models [ 472,
473 ]. These actions collectively help rebalance redox homeostasis
and quench the chronic inflammatory drive. Therefore, CAP
may alleviate obesity-associated pain through a multimodal
pharmacological strategy. That is, it may take actions primarily
by inhibiting FTO to correct upstream metabolic dysregulation,
and concomitantly by dampening the downstream inflammatory
cascade and oxidative stress that directly fuel nociceptive and
neuropathic signaling pathways. This has positioned CAP not
merely as a generic anti-inflammatory agent, but as a targeted
intervention capable of addressing specific molecular hubs within
the complex pathophysiology linking obesity to chronic pain. 

7.1.1.5 Modulation of Estrogen and Growth Factor Sig-
naling. The well-documented gender disparity in the prevalence
of chronic pain disorders strongly implicates sex hormones,
particularly estrogen, as key modulators of nociceptive signal-
ing. Beyond epidemiological associations, extensive preclinical
evidence confirms that estrogen significantly influences the
excitability of both peripheral and central sensory neurons [ 485 ].
For instance, ovariectomized rodents developed mechanical and
thermal hyperalgesia, a state that was reversible upon estrogen
supplementation [ 4 86, 4 87 ]. Conversely, administration of 17-
β estradiol has been shown to alleviate neuropathic pain in
male rats following nerve injury [ 488 ]. The ubiquity of estrogen
receptors expressed on nociceptive neurons provides a direct
anatomical substrate for these effects, although estrogen’s actions
can also occur via nongenomic, ER-independent pathways [ 489–
491 ]. 

Emerging evidence suggests that CAP may interact with these
hormonal pain-regulatory systems. A compelling line of inquiry
arises from oncology research, where CAP demonstrates differ-
ential cytotoxicity based on cellular ER status. While effective
against both ER-positive and ER-negative breast cancer cells,
preclinical studies consistently reported that triple-negative (ER-
negative) cells required a lower effective dose of CAP compared
MedComm, 2026



w  

4  

b  

M  

i  

o  

c  

m  

n  

p
l  

i

T  

w  

g  

e  

h  

O  

p  

p  

t  

t  

4  

b  

t  

k  

p

F  

g  

l  

b  

c  

c  

d  

T  

C  

w  

b
m  

a  

e  

m  

u  

7

D  

p  

s  

T  

r  

p  

s

F  

i  

t  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M

ith luminal (ER-positive) subtypes in vitro and in vivo [ 21, 436,
38, 439, 475 ]. This dose-dependent disparity implies an intrinsic
iological interplay between CAP and ER signaling pathways.
ore direct mechanistic insight came from in vitro studies show-

ng that CAP treatment could alter the subcellular distribution
f ER α in VERO-E6 and human mammary epithelial MCF10A
ells [ 474 ]. Given that ERs dynamically shuttled between the
embrane, cytoplasm, and nucleus to orchestrate both rapid
ongenomic and long-term genomic signaling cascades using
reclinical models [ 492 ], CAP-induced modulation of ER α
ocalization represents a plausible and specific mechanism to
nfluence estrogen-sensitive nociceptive circuits (Figure 5 ). 

he signaling crosstalk extends beyond classical hormonal path-
ays to include growth factor receptors, notably the epidermal
rowth factor receptor (EGFR). In vitro evidence indicated that
xtracellular signals like EGF can transactivate ERs [ 490, 493 ],
ighlighting the interconnectedness of these signaling networks.
ur previous preclinical work has demonstrated that CAP could
recisely modulate EGFR activation, sensitizing distinct phos-
horylation sites to different programmed cell death pathways,
hat is, phosphorylation at Y992/1173 was associated with apop-
osis, while Y1068 phosphorylation was linked to ferroptosis [ 21,
38 ]. This precise, site-specific modulation of EGFR signaling
y CAP suggests it may function as a paralogous modulator
o estrogen, capable of fine-tuning complex receptor tyrosine
inase–hormone receptor interactions that are implicated in both
ain perception and tissue pathology. 

urthermore, the intersection of gender, obesity, and pain sug-
ests a convergent pathophysiological node. The higher preva-
ence of obesity among women [ 494 ] may be partially driven
y hormonal influences, as experimental data showed estrogen
an promote the nuclear localization of FTO in vitro, thereby
ontributing to adipogenesis [ 495 ] (Figure 5 ). As previously
iscussed, CAP exhibited inhibitory activity against FTO [ 470 ].
herefore, a multifaceted mechanistic model emerges. That is,
AP may alleviate pain not only through direct interaction
ith ER signaling and crosstalk with EGFR but also indirectly
y targeting FTO, a downstream effector in the estrogen–
etabolic axis. This positions CAP’s analgesic potential within
 sophisticated framework of interlocking pathways, where its
ffects on hormonal receptors, growth factor signaling, and
etabolic regulators converge to modulate the complex biological
nderpinnings of gender-biased and obesity-related chronic pain.

.1.2 Translational Challenges 

espite the aforementioned multifaceted potential of CAP for
ain management, most evidence remains at the preclinical
tage except for injury healing and nerve damage restoration.
hus, translating this potential into the clinical practice not only
equires large-scale, multicohort clinical trials to validate the
roposed mechanisms of action, but also requires the conquer of
everal challenges. 

irst, though CAP can be administered via direct device ejection,
ts limited penetration depth (about 2 mm [ 496–498 ]) substan-
ially constrains its therapeutic applicability, as many clinical
edComm, 2026
pain syndromes originate from deep-seated locations. Current
research has focused primarily on enhancing its delivery efficacy
through methods such as microneedles and micro-sized tube
[ 499–502 ]. As the future endeavor, one could overcome this
limitation by developing formulations suitable for subcutaneous
injection, leveraging CAP’s ability to deliver reactive species
in alternative states such as liquids or hydrogels. Alternatively,
materials engineered to preserve CAP’s reactive species could be
established to further expand its utility to topical applications.
Additionally, CAP could be formulated as a nasal spray to enable
delivery to the brain through intranasal administration. 

Second, the efficacy of CAP is highly dose dependent [ 434 ];
consequently, tailoring dosages to individual patient conditions
and achieving precise control over treatment dosing to ensure
desirable outcomes present significant challenges. While this
challenge is widely acknowledged, current studies still rely
on empirical experience for dosage selection across different
medical contexts. This reliance stems partly from the absence
of a standardized dosage definition and partly from a limited
understanding of the dynamic cellular redox profiles during both
the pathogenesis and treatment of relevant diseases, including
pain. A potential solution involves identifying key biomarkers or
evaluation indices that reflect the redox status and pathogenic
state of a particular disease and developing corresponding detec-
tion technologies that are rapid, user-friendly, and capable of
dynamic monitoring. 

7.2 Hippocampus as a Potential Sensor for 
Nociplastic Pain 

7.2.1 Conceptual Framework 

While nociceptors, specialized sensory endings of first-order neu-
rons, serve as the sensors of nociceptive pain by detecting actual
or potential tissue damage, and neuropathetic pain originates
from malfunctioning nerve fibers themselves due to lesions or
diseases within the somatosensory system, nociplastic pain arises
from maladaptive CNS processing, characterized by amplified
pain perception without clear tissue or neural pathology. Thus,
while nociceptive pain depends on peripheral sensor activation,
both neuropathic and nociplastic pain reflect pathophysiological
changes beyond nociceptor function. 

The hippocampus and hypothalamus, deeply intertwined neural
structures, govern essential functions from memory consolida-
tion to physiological homeostasis. Scientifically, the hippocampus
encodes high-dimensional cognitive maps and episodic expe-
riences, while the hypothalamus translates these signals into
adaptive neuroendocrine and autonomic responses. Some the-
oretical frameworks, inspired by concepts like the Akashic
Records, speculatively propose that such brain systems might
interface with higher-dimensional information fields, where
past, present, and potential experiences exist as accessible data
structures. In this metaphor, the hippocampus may act as a
nociplastic receiver of experiential traces, the hypothalamus
as a modulator of embodied meaning of signals received (not
limited to nociplastic pain), and consciousness itself as a process
navigating a vast, implicit order of information, far beyond con-
ventional spacetime descriptions. Thus, can we add hippocampus
47 of 65
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4

nto the primary pain framework as the sensor of nociplastic
ain, where nonciceptors sense signals from our known three-
imensional space and hippocampus detect information from
igher dimensional space? These multimodal signals converge on
he hypothalamus, which functions as a central decoding hub for
nteroceptive and affective-relevance assessment. This integrated
nformation is then relayed via third-order neurons to higher
ortical regions, where it culminates in the conscious experiences
ncluding chronic pain. From this perspective, both nociceptive
nd nociplastic pain can be understood as conditions arising from
ysfunctional sensory mechanisms. While nociceptors act as
eceivers encoding information from physical three-dimensional
pace, hippocampus may serve a analogous role in connecting
s with higher-dimensional, metaphysically oriented experiences
Figure 6 ). In contrast, neuropathic pain can be viewed primarily
s a pathology of abnormal signal transduction within the
ervous system. 

his, once holds true, may have transformative clinical potential.
or instance, it may guide our future investigations on markers
imaging, molecular, or genetic biomarkers) characteristic of
ippocampus structural or functional abnormalities for diagnos-
ng nociplastic pain, as well as innovative therapeutic strategies
irectly targeting altered hippocampus and disrupted signal
ransduction between hippocampus and hypothalamus. 

.2.2 Supportive Evidence 

n support of this hypothesis, current research on nociplastic
ain has increasingly recognized its CNS system origins and
he involvement of higher brain regions like the hippocam-
us and hypothalamus, with the contemporary research status
eing characterized by several convergent findings and persis-
ent gaps. First, there is robust evidence linking hippocampal
bnormalities to chronic and nociplastic pain states. It has been
emonstrated that chronic pain may lead to structural and
unctional alterations in the hippocampus, including neuronal
trophy in the CA1 and CA3 regions, reduced synaptic plas-
icity, and decreased functional connectivity [ 503 ]. Specifically,
n chronic pain models, the ventral hippocampal CA1 exhib-
ted dysfunctional neuronal excitability and altered molecular
ignaling, such as the downregulation of hyperpolarization acti-
ated cyclic nucleotide gated potassium and sodium channel 2
HCN2), which was implicated in pain chronicity [ 504 ]. These
hanges have been directly associated with the cognitive and
ffective comorbidities of pain, such as Alzheimer’s disease [ 505 ].
econd, the hypothalamus has been established as a critical
ntegrator for the physiological and affective dimensions of pain.
ts role in coordinating autonomic responses, such as cardiovas-
ular changes, to different types of nociceptive input through
ntricate circuits involving the PAG has been confirmed [ 506–
09 ]. These functions have positioned the hypothalamus as a key
ode in translating noxious signals into holistic homeostatic and
motional responses. Third, the quest for objective biomarkers
or pain, especially nociplastic pain, has become a major research
rontier. Innovations are being developed, focusing on composite,
ultimodal strategies that integrate neuroimaging (like MRI to
etect hippocampal volume changes), molecular biomarkers (like
ytokines or metabolites), neurophysiological data, and genetic
8 of 65
profiling to improve diagnosis and enable personalized therapy
[ 510–513 ]. 

7.2.3 Translational Challenges 

Despite the much evidence in support of this hypothesis, sub-
stantial limitations exist that may preclude the formal adoption
of the hippocampus as a “sensor of nociplastic pain” analogous
to peripheral nociceptors. The primary limitation is the lack
of direct causal evidence. While hippocampal alterations are
consistently correlated with chronic pain, it is not definitively
established whether these changes are the cause of nociplastic
pain generation or a consequence of prolonged nociceptive input,
stress, or other comorbid factors. On the other hand, the field
lacks specific biomarkers that can reliably distinguish nociplastic
pain from other central sensitivity syndromes or from pain with
mixed mechanisms, rendering the theoretical proposition of the
hippocampus accessing “higher-dimensional” information fields
falling outside the scope of testable scientific hypotheses with
current available methodologies. Finally, translating these con-
cepts into targeted therapies is challenging. Although modulating
hippocampal plasticity or hypothalamus-linked pathways is a
promising research direction, developing precise, effective, and
safe interventions based on this specific framework requires a
much deeper understanding of the causal pathways and their
human applicability, which current research has not yet achieved.

In conclusion, the exploration of CAP and the hippocampus-
as-sensor model represents a bold departure from conventional
pain paradigms. CAP emerges as a uniquely versatile physical
agent with preclinical and early clinical evidence supporting its
efficacy across pain-related mechanisms, from wound healing
and neuroinhibition to comorbidity management (Figure 5 ).
Concurrently, the hippocampal hypothesis provides a provoca-
tive, mechanism-driven framework for understanding nociplastic
pain, shifting the focus from the periphery to central cognitive-
affective processing. Despite the supportive scientific evidence
provided, the substantial clinical promise is, however, tempered
by several translational barriers that must be surmounted before
either can achieve routine clinical adoption. For CAP, key
challenges include overcoming its limited tissue penetration,
establishing precise and personalized dosing protocols, and
validating efficacy through large-scale clinical trials. For the
hippocampal model, the primary obstacles are establishing direct
causal evidence for its role in pain generation and developing
testable biomarkers and interventions based on this framework.
Despite these challenges, rigorously investigating these innova-
tive concepts is crucial, as they hold the potential to catalyze
the development of entirely new, personalized, and mechanism-
based therapeutic avenues for the most refractory forms of
chronic pain. 

8 Limitations 

This review synthesizes current knowledge on the epidemiology,
mechanisms, risk factors, diagnosis, and management of the
three principal mechanistic categories of chronic pain, noci-
ceptive, neuropathic, and nociplastic, and proposes two novel
conceptual frameworks: CAP as a multifactorial therapeutic
MedComm, 2026
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pproach and the hippocampus as a putative central sensor for
ociplastic pain. By adopting a mechanism-oriented perspective,
he discussion underscores the necessity of moving beyond purely
yndromic diagnoses toward a more nuanced understanding that
nforms targeted, personalized treatment strategies. 

owever, several critical limitations of the present review must
e acknowledged. First and foremost, this is a narrative review,
ot a systematic review or meta-analysis. While it provides a
omprehensive synthesis, its findings are inherently influenced
y the authors’ selection and interpretation of the literature,
ntroducing the potential for selection bias. Certain areas
ay have been emphasized over others based on the authors’
erspective and the overarching goal of introducing the CAP
nd hippocampus frameworks. Thus, though we advocated
AP, it does not mean that CAP necessarily outweighs more
stablished therapeutics and exclude the existence of other
romising therapeutic avenues. Instead, CAP may serve as an
deal adjuvant, enhancing therapeutic efficacy and mitigating
dverse effects when combined with other modalities. Also,
lthough we proposed the hippocampus model, it does not
egate the functional importance of other brain regions. Areas
uch as the PFC (involved in cognitive regulation), the amygdala
contributing to emotional processing), and the default mode net-
ork (integrating self-referential information) may collectively
upport hippocampal functionality, forming a dynamic network
hat synthesizes sensory, affective, and cognitive signals to fully
epresent the multidimensional nature of the pain experience. 

econd, the review’s structure, which categorizes pain into three
istinct types, risks oversimplifying the clinical reality. In prac-
ice, many patients present with overlapping or mixed pain mech-
nisms, and the boundaries between nociceptive, neuropathic,
nd nociplastic pain are often blurred. While the review acknowl-
dges this continuum, the segregated discussion of mechanisms,
isk factors, and treatments might inadvertently reinforce a
ompartmentalized view. Future work may be needed to further
ntegrate these models to better reflect the clinical complexity. 

n conclusion, the landscape of chronic pain management is
volving from a symptom-focused approach to a mechanism-
nformed strategy. This review highlights the distinct yet inter-
onnected pathways of nociceptive, neuropathic, and nociplastic
ain and explores innovative therapeutic and conceptual fron-
iers. The limitations inherent in its narrative nature and the
reliminary status of its key proposals underscore the need
or continued research. Future efforts should prioritize system-
tic, mechanistic studies in well-phenotyped patient cohorts,
he development of objective diagnostic tools to differentiate
ain types, and rigorous clinical testing of novel interventions
ike CAP. Validating integrative models, such as the proposed
ippocampal role in nociplastic pain, could ultimately pave the
ay for a more profound understanding and more effective, per-
onalized treatment of this debilitating global health challenge. 

 Conclusion and Prospects 

he modern understanding of chronic pain has undergone a
rofound transformation, shifting from a monolithic view of per-
istent symptoms to a sophisticated, mechanism-based taxonomy
edComm, 2026
of nociceptive, neuropathic, and nociplastic subtypes. This review
has synthesized the distinct yet often overlapping pathophysio-
logical landscapes of these conditions, spanning from peripheral
sensitization and central hyperexcitability to profound brain
circuit remodeling and dysregulated stress axes. Concurrently, we
have detailed the corresponding evolution in the clinical prac-
tice, where diagnostic frameworks increasingly integrate clinical
phenotyping with advanced biomarkers and where therapeutic
strategies have moved decisively from a one-size-fits-all approach
to multimodal, personalized regimens tailored to the dominant
pain mechanism. This paradigm shift, while foundational, has
exposed the persistent limitations of our current tools, that is,
diagnostic imprecision, therapies with modest long-term efficacy
and significant side-effect burdens, and a frequent inability to
address root causes, particularly in nociplastic pain, highlighting
an urgent need for transformative innovation. 

To address these gaps, this review has introduced and critically
evaluated two forward-looking conceptual frontiers. First, CAP
has emerged as a uniquely versatile physical modality. Its ther-
apeutic potential is presented as particularly promising due to
its apparent capacity to interact with several key pathophysio-
logical pathways across different pain types. That is, instead of
being confined to a single pathway, it possesses a multimodal
action profile capable of promoting tissue healing, attenuating
neuroinflammation, modulating key comorbidities like obesity
and cancer, and interacting with endocrine signaling. This has
positioned CAP as a potential therapeutic platform that could
simultaneously target several risk factors and mechanisms across
different chronic pain subtypes. Second, we proposed a novel
neurobiological framework that posits the hippocampus as a
putative central “sensor” for nociplastic pain. This hypothesis
reframes nociplastic pain not merely as a failure of modulation
but as a dysfunction of a higher-order sensory system, where the
hippocampus potentially interfaces with maladaptive cognitive-
emotional information streams, and the hypothalamus acts as
a hub for interoceptive and affective decoding. This model
provides a compelling, albeit hypothetical, mechanism to explain
the diffuse, affective, and memory-laden nature of nociplastic
pain, offering new targets for intervention. Additionally, by
offering a fresh neuroanatomical and functional model to explain
the pervasive somatic and affective symptoms that characterize
nociplastic pain, it shifts the focus from a purely “bottom-up”
sensitization model to one incorporating “top-down” cognitive-
emotional valuation of bodily states, potentially explaining the
high comorbidity with psychological distress and cognitive
dysfunction. 

However, the journey from promising concept to clinical reality
is paved with significant translational challenges. For CAP, the
path forward requires overcoming key technological and bio-
logical hurdles, that is, enhancing its limited tissue penetration
through novel delivery systems (e.g., injectable hydrogels), estab-
lishing precise, biomarker-guided dosing protocols to navigate
its biphasic (pro- vs. antioxidant) effects, and most critically,
validating its efficacy and safety through rigorous, large-scale
randomized controlled trials across defined pain populations.
For the hippocampal model, the primary obstacle is moving
beyond correlation to causation. Future research must employ
advanced causal interrogation techniques (e.g., optogenetics in
animal models, longitudinal neuroimaging in prodromal human
49 of 65
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ohorts) to definitively establish whether hippocampal dysfunc-
ion drives nociplastic pain initiation or is merely a secondary
onsequence. This work must be coupled with the develop-
ent of objective, hippocampus-based diagnostic biomarkers to
ranslate the theory into a clinically actionable tool. 

ltimately, the future of chronic pain management lies at
he convergence of precision medicine and paradigm-shifting
nnovation. The integration of deep phenotypic profiling with
ultiomics data will be crucial for refining our mechanistic
lassifications and predicting treatment response. Within this
efined framework, disruptive approaches like CAP and novel
ircuit-targeted therapies informed by models such as the hip-
ocampal sensor hypothesis hold the potential to move beyond
ymptomatic management. The goal must evolve from merely
uppressing pain to actively rectifying the dysregulated neural,
mmune, and endocrine processes that sustain it. By embracing
hese integrative and innovative strategies, the field can progress
oward truly effective, durable, and personalized solutions, fun-
amentally altering the prognosis for millions living with chronic
ain. 
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