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Laura Agulló, Javier Muriel, César Margarit, Mónica Escorial, Diana Garcia,
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Preface

Chronic pain is one of the most prevalent diseases worldwide that lead to suffering,

disability, and enormous social costs. Science has tremendously advanced our understanding of

the pathophysiology of chronic pain. Breakthrough findings include functional and structural

brain changes, neuro-inflammation, sensory changes, immune alterations, psychological problems,

neurocognitive disorders, stress intolerance, sleep impairments, and (epi)genetic changes found in

patients with chronic pain.

This Journal of Clinical Medicine Boutique Special Issue focuses on the exciting, broad field of

the biology of chronic pain in humans. It includes invited state-of-the-art papers addressing key

biological processes in patients with chronic pain and original research reports. The state-of-the-art

papers were written by leading experts and key opinion leaders in the field. Topics addressed

include biomarkers and mechanisms underlying acute to chronic pain transition across the pediatric

age spectrum, a real-life understanding of the altered functional behavior of the default mode

and salience network in chronic pain, central sensitization in cancer survivors and its clinical

implications, habituation to pain in patients with chronic pain, the biology of chronic pain and

its implications for pain neuroscience education, the biology of placebo and nocebo effects on

experimental and chronic pain, the biology of stress intolerance in patients with chronic pain, the

putative role of neuroinflammation in the interaction between traumatic brain injuries, sleep, pain,

and other neuropsychiatric outcomes, sex differences in opioid response linked to OPRM1 and COMT

genes, DNA methylation/genotypes changes in patients with chronic pain, and the role of back

muscle dysfunctions in chronic low back pain. This Special Issue contributes to an exciting area

of tremendous advancements and breakthrough research.

Andrea Polli and Jo Nijs

Editors
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Abstract: Sleep disturbances are widely prevalent following a traumatic brain injury (TBI) and have
the potential to contribute to numerous post-traumatic physiological, psychological, and cognitive
difficulties developing chronically, including chronic pain. An important pathophysiological mech-
anism involved in the recovery of TBI is neuroinflammation, which leads to many downstream
consequences. While neuroinflammation is a process that can be both beneficial and detrimental to
individuals’ recovery after sustaining a TBI, recent evidence suggests that neuroinflammation may
worsen outcomes in traumatically injured patients, as well as exacerbate the deleterious consequences
of sleep disturbances. Additionally, a bidirectional relationship between neuroinflammation and
sleep has been described, where neuroinflammation plays a role in sleep regulation and, in turn,
poor sleep promotes neuroinflammation. Given the complexity of this interplay, this review aims to
clarify the role of neuroinflammation in the relationship between sleep and TBI, with an emphasis
on long-term outcomes such as pain, mood disorders, cognitive dysfunctions, and elevated risk of
Alzheimer’s disease and dementia. In addition, some management strategies and novel treatment
targeting sleep and neuroinflammation will be discussed in order to establish an effective approach
to mitigate long-term outcomes after TBI.

Keywords: traumatic brain injury; headache; concussion; neuroinflammation; microglia; sleep; pain;
Alzheimer’s; dementia

1. Introduction

It has been reported that 69 million (95% CI 64–74 million) individuals are estimated
to suffer traumatic brain injuries (TBI) from all causes each year, and that such injuries
are associated with the development of consequences that may persist for years after the
injury, such as pain, psychiatric, neurological, motor, and neurobehavioral issues, as well
as with an increased risk of neurodegeneration [1–4]. Among the possible underlying
pathological mechanisms of these consequences is neuroinflammation, which is an inflam-
matory response within the central nervous system (CNS) thought to be mediated by the
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production of cytokines, chemokines, reactive oxygen species (ROS) and other secondary
messengers [5]. Although neuroinflammation is considered an adaptive and essential
response following acquired traumatic injuries, edema, demyelination, and cellular and
axonal damage were found to be associated with excessive neuroinflammation in chronic
TBI [6]. Furthermore, evidence suggests that neuroinflammation secondary to acquired
traumatic injuries, such as TBI, could play a central role in the development of chronic pain
and also several tauopathies [7,8], such as Alzheimer’s disease, Parkinson’s disease, and
chronic traumatic encephalopathy [6,9]. In this context, whether neuroinflammation could
potentially precipitate or even cause neurodegenerative processes requires special attention.

In parallel, an important factor associated with TBI is disrupted sleep [10–17]. A recent
meta-analysis showed that 50% of individuals with TBI report sleep disturbances, whereas
approximately one-third of these patients report a sleep disorder [14]. Some of the sleep
disturbances reported by those individuals include increased need for sleep even up to
6 months following the injury, obstructive sleep apnea, insomnia, narcolepsy-like symp-
toms, excessive daytime sleepiness, fatigue, and circadian-rhythm disturbances [16]. The
causes of sleep disturbances following a TBI vary considerably: some might occur because
of changes in patients’ lifestyle, comorbidities caused by the trauma such as pain and mood
changes, or CNS structural damage and pathophysiological mechanisms incurred following
a TBI [11]. In addition, one cannot exclude the possibility that premorbid sleep disturbances
were exacerbated by TBI. Given the known deleterious consequences of sleep disturbances
on alertness, concentration, and vigilance, individuals experiencing sleep disturbances
following traumatic injuries are also more prone to subsequent traumatic injuries [18].
Sleep disturbances are also associated with poor prognosis following TBI [14,16,19] as well
as declining overall health [20]. Understanding the complex interaction between sleep and
TBI is not only essential if we aim to design and implement new management strategies,
but it may also be instrumental in understanding their potential mediating role on the
development of TBI-prone chronic pain diseases and neuropsychiatric conditions. In that
context, and based on emerging research, there is reason to believe that neuroinflammation
could entail a promising mechanistic linkage underlying poor prognosis in TBI patients
experiencing sleep disturbances [21,22].

In this state-of-the-art review, the objective is to explore the putative role of neuroin-
flammation from fundamental and clinical perspectives into the relationship between sleep
and TBI, in particular to their complex interplay with TBI-prone chronic pain and other neu-
ropsychiatric outcomes. For that purpose, the information is organized and grouped into
three main sections: “State-of-the-art overview of mechanisms between TBI, neuroinflam-
mation, and sleep”, where a global perspective on mechanisms and outcomes (including
chronic pain) of the multifaceted relationship between these conditions is described; “Neu-
roinflammation and other neuropsychiatric outcomes in the context of sleep disturbances
and TBI”, namely mood disorders, cognitive dysfunctions and neurodegeneration; and
“Future directions for clinical practice: targeting neuroinflammation”, which include sleep
and neuroinflammation specific possible management options.

2. State-of-the-Art Overview of Mechanisms between TBI, Neuroinflammation,
and Sleep

2.1. Mechanisms of Neuroinflammation Following TBI

Following tissue or nerve injury caused by a fracture or a TBI, a series of reactions
generated by the body are triggered to allow the rapid return to homeostasis [23,24]. This
inflammatory process can, in some cases, lead to an excessive and prolonged immune
response, thus triggering a complex cascade of events such as chronic inflammation of the
CNS (i.e., neuroinflammation) [25–27].

In acute and subacute neuroinflammation, microglia, which are the resident macrophages
of the CNS, actively monitor the brain microenvironment and react when they encounter
various elements of the CNS such as injured cells and pathogens, following TBI [5,28].
In response, microglia become activated and release cytokines (IL-1β, IL-6, TNF-a), ni-
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tric oxide (NO), and ROS, which are considered proinflammatory mediators [29]. This
release leads to an acute neuroinflammatory response that is postulated to be beneficial
to the CNS, in order to clear cellular debris via phagocytosis [28]. The resolution of the
neuroinflammatory process is mediated by anti-inflammatory cytokines and the release
of anti-inflammatory lipid mediators such as lipoxins, resolvins and neuroprotectins [28].
However, a neuroinflammatory response that persists over time may be detrimental and
ultimately lead to neuronal death [30].

A growing body of evidence suggests that microglial activation is associated with
synaptic dysfunction/dysregulation, mostly by altering long-term potentiation (LTP) [27].
These LTP, in turn, affect cognitive function, in particular long-term memory [9]. Synaptic
dysfunction was also found to precede neuronal pathology such as tauopathies [31], and
thus, such that neuroinflammation could be involved in both the onset and the progres-
sion of neurodegenerative diseases [6]. For instance, recent animal studies showed that
rather than simply activating microglia, neuroinflammation can induce an exaggerated mi-
croglial response within the CNS thus “priming”, the inflammatory system for an increased
vulnerability to a “second hit”, consequently favoring subsequent neuropsychiatric and
neurodegenerative complications [32,33]. This inappropriate neuroinflammatory response
activates several self-propagating cycles, causing apoptosis, synaptic dysfunction, impaired
regeneration and the production of amyloid-beta (Aβ) and phosphorylated tau, thereby
exacerbating behavioral and cognitive impairments [32].

2.2. TBI and Neuroinflammation

Brain damage related to the mechanical force applied to the brain in TBI is referred to
as the primary insult (i.e., skull fractures, intracranial hematoma, lacerations, and contu-
sions, diffuse axonal injury) [34]. The secondary insult refers to ischemia caused by various
mechanisms, including intracranial hypertension, that compromise the balance between
oxygen delivery to neurons and cerebral oxygen consumption [34]. It generates complex
and interrelated neurochemical changes, including an extracellular increase in excitatory
amino acids, ROS production, increased intracellular sodium and calcium concentration,
mitochondrial dysfunction, and a long-lasting inflammatory response that may ultimately
lead to cell death [34–36]. The significant activation of microglia, as part of the secondary
insult, leads to the release of cytokines responsible for neuroprotection (anti-inflammatory
process) and neurodestruction (toxic and pro-inflammatory process) [33,37,38]. The balance
between the neuroprotective and neurodestructive components is precarious. When a
misalignment between these two components occurs to the advantage of the latter, there is
an increased risk of progressive brain damage that may persist and progress into chronic
neurodegeneration [39]. Indeed, recent studies have found an increased levels of proteins
involved in pathological processes of neurodegeneration, such as α-synuclein, Aβ, and
tau in TBI patients, which play a major role in the development of neurodegenerative
diseases such as Parkinson’s and Alzheimer’s diseases [40–43]. Given the high prevalence
of TBI across the lifespan, understanding the complex interaction between neuroinflam-
mation and its associated neurodegenerative processes is essential to improve patients’
clinical outcomes.

Regarding polytrauma (i.e., the simultaneous traumatic injury of several regions of
the body), numerous studies have shown a high incidence of TBI in individuals who
have suffered orthopedic trauma, which is not surprising considering that they both share
similar causative events (accidental falls, motor vehicle accidents, and accidents in a recre-
ational setting) [44,45]. Therefore, the anatomical proximity of the upper extremities to
the head is such that these two types of acquired traumatic injuries inevitably share some-
what comparable biomechanical characteristics [46]. Consequently, the occurrence of a
polytrauma brings its share of challenges due to the overlapping pathophysiological mech-
anisms common to both injuries and their possible interactions. Indeed, the permeability
of the blood–brain barrier (BBB) following a TBI facilitates peripheral factors to invade
the CNS [47]. Thus, pro-inflammatory cytokines, such as IL-6, IL-1β, and TNF-α, released
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following a peripheral lesion lead to a significant increase in systemic inflammation [24,35].
Therefore, patients with a TBI and a concomitant peripheral injury are potentially at greater
risk for an exacerbation of the ongoing neuroinflammatory response than patients with an
isolated TBI or peripheral injury [48]. The latter becomes specially relevant in the context of
chronic pain development, as the risk of neural sensitization is increased by the possibility
of both peripheral and central neuroinflammation, which may be driving the onset of
post-traumatic conditions such as post-traumatic headache and complex regional pain
syndrome [49–51].

Importantly, attention needs to be directed toward pediatric populations as well,
as childhood and adolescence is a time of elevated risk for TBI [52], and prognosis and
treatment responses may differ from adults due to the neuronal and brain network develop-
mental status [53,54]. For instance, TBI can influence hippocampal neuro-genesis, which can
increase the risk of developing adult neurological and neurodegenerative diseases [55,56].
A recent large-scale study using diffusion-weighted imaging showed that children with
persistent post-concussive symptoms (more than 6 months following mild TBI) had more
white matter microstructural changes than those with less persistent symptoms or mild
orthopedic injury, suggesting more neuroinflammation and axonal swelling [57]. Hence,
future research on this population is encouraged, as one might suspect augmented risk for
neurocognitive alterations, especially in cases where neuroinflammation persists.

2.3. TBI and Sleep

Sleep–wake disturbances, including excessive daytime sleepiness, fatigue, and insom-
nia, are frequently reported by patients with TBI [58], and actually patients with TBI are
at higher risk of developing chronic sleep–wake disturbances [11,59]. These disturbances
can occur immediately after the TBI and tend to persist over time, as longitudinal studies
have reported these symptoms are presents 6 months, 12 months, and even 3 years after
the TBI [11,60–63]. For instance, a meta-analysis in patients with chronic TBI (>6 months
post-injury) showed that moderate-severe TBI was associated with elevated slow wave
sleep (SWS), reduced stage 2, and reduced sleep efficiency [15], and a recent retrospective
cohort study in war veterans, with a median follow-up rate of 8.4 years, showed that TBI
was associated with insomnia at follow-up when compared with patients without TBI (haz-
ard ratio = 2.07; 95%) [64]. Indeed, insomnia following mild TBI seems to be common and
perhaps among the main causes of disability in these patients [65,66], and relevant factors
such as female sex, black race, history of psychiatric illness, and intracranial injuries seem
to lead towards different insomnia trajectories [67]. Another sleep-related consequence
of TBI is increased sleepiness, especially in early stages, and research has highlighted the
damage of orexin/hypocretin neurons, whose activation involve wakefulness, as a possible
contributor of the association between this association [68]. For example, a study revealed
that TBI patients in the acute stage of severe TBI showed increased sleep duration and
earlier sleep onset, perhaps suggesting that in the short-term the injured brain enhances
sleep need and/or decreases the ability to maintain wakefulness [69]. Importantly, mood
disorders (e.g., anxiety and depression), which are also associated with neuroinflamma-
tion, have been suggested as potential mediators of this association, and as with many
other chronic conditions, it is very difficult to disentangle their role and their respective
contribution in sleep–wake disorders following TBI [58,70].

2.4. Inflammation and Neuroinflammation Regulates Sleep

In the healthy brain, experimental studies have shown that inflammatory levels,
whether peripheral or within the CNS, affect sleep regulation [71,72]. Cytokines are thought
to be among the main effectors linking sleep and inflammation: in fact, IL-1β and TNF-α
are sleep regulatory cytokines known to promote longer and deeper sleep. Overexpression
of IL-1β and TNF-α following TBI is therefore thought to at least partially contribute to the
heightened need for sleep following an injury [73]. Although their effects are smaller, other
cytokines and prostaglandins also display sleep regulatory properties [71]. In the daytime,
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inflammatory levels are associated with fatigue and sleepiness [74]. However, some of
these effects seem to be level dependent, where an inverse relation can be observed at
higher levels, with high pro-inflammatory cytokines levels being associated with disrupted
and fragmented sleep [75]. This observation might partly explain why many chronic
inflammatory diseases are associated with sleep disturbances [71]. For instance, in a
population with high inflammation and depression, the administration of a TNF blockade
significantly improved sleep consolidation [76].

Recent studies show that microglia could play a key mediating role on sleep regulation
through their production of sleep regulatory cytokines [77]. Moreover, microglia morphol-
ogy, phagocytosis activity, and their gene expression were also shown to follow circadian
variations [78,79]. Therefore, the normal circadian release of cytokines might contribute to
sleep regulation. However, in a study that administered minocycline to attenuate microglial
activation in mice that underwent sleep deprivation, a suppression of the normal increase
in sleep depth was observed, which did not seem to be mediated by changes in cytokines
transcription [80]. These findings suggest that microglial activation play a role in sleep reg-
ulation following acute sleep deprivation. Interestingly, animal research has suggested that
the duration of post-traumatic sleep is a period that may define vulnerability for a repeated
brain injury, which could be more related to glial activation rather than orexin neurons
damage [81]. Although it remains unclear as to how exactly neuroinflammation regulates
sleep, particularly in clinical populations, current hypotheses include the modulation of
synaptic transmission affecting sleep [82,83], and damage to sleep regulatory structures in
the brain, such as the thalamus, pituitary, hypothalamus, and brainstem, leading to sleep
disturbances and disorders [84]. Alternatively, activated microglia might affect sleep–wake
cycles through alterations of hypothalamic neurons that produces hypocretin [77], leading
to narcolepsy-like symptoms such as excessive sleepiness, heightened sleep propensity,
and disrupted nocturnal sleep. Taken together, current evidence suggest that microglial
function regulates sleep, identifying neuroinflammatory processes as potential causes of
sleep disturbances in TBI [85]. Furthermore, it seems that the characterization of sleep
after TBI is essential to understand better the development of different neuropsychiatric
outcomes [86,87].

2.5. Sleep Affects Inflammatory and Neuroinflammatory Processes

Sleep occupies approximately one-third of our lives and plays a central role in main-
taining physiological homeostasis. Sleep is also crucial to TBI recovery as it is involved
in metabolic and autonomic regulation [72,88–90], synaptic plasticity [91,92], memory
consolidation [93] and other cognitive functions [94,95], mood regulation [96], as well as
glymphatic clearance of metabolites from the brain [97,98]. In addition, sleep is an impor-
tant regulator of the immune system [71,72]. It comes as no surprise that disturbed sleep has
been shown to affect inflammation [71,72,99]. However, the inflammatory response to sleep
loss can change depending on the chronicity: acute sleep deprivation results in lower IL-6,
IL-1β, and TNF-α levels, whereas prolonged sleep restriction leads to elevated cytokines
levels and increased inflammatory gene expression [71]. Sleep disturbances as well as short
sleep duration have been associated with elevated inflammatory markers [100]. In patients
with insomnia, the presence of short sleep, sleep fragmentation, and reduced slow-wave
sleep were associated with higher inflammasome levels [101]. Sleep loss has also been
shown to impact neuroinflammation and microglia. In many animal models, acute and
chronic sleep loss generally affects microglial morphology, gene expression, activation [78].
After both chronic sleep loss and/or restriction in mice, microglial activation as well as
microglial and astrocytic phagocytosis of synaptic components were observed, which may
be a response to higher synaptic activity associated with prolonged wakefulness [102]. The
authors suggested that sleep loss promotes “housekeeping” of heavily used synapses to
downscale them, but these processes might also result in enhanced susceptibility to brain
damage. Furthermore, it has been postulated that stress and poor sleep can trigger glial
overactivation and a subsequent low-grade neuroinflammatory state, characterized by high
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levels of IL-1β and TNF-α, which, in turn, increases the excitability of CNS neurons through
mechanisms such as long-term potentiation and increased synaptic efficiency [103].

Peripheral inflammation can also lead to neuroinflammation in the context of poor
sleep [104,105]. Chronic sleep loss and sleep disorders such as obstructive sleep apnea have
been associated with compromised BBB [106,107], and could result in an increased invasion
of peripheral immune cells and cytokines into the CNS, thus contributing to neuroinflam-
mation. One study used a 3-day sleep deprivation protocol in rats, and observed that sleep
loss was associated with a cascade of pathological mechanisms, including exacerbated
cortisol levels suggestive of a hypothalamic–pituitary–adrenal (HPA) response, altered
circadian oscillations of clock genes expression, disrupted BBB integrity and microglial
activation with elevated pro-inflammatory cytokines levels (IL-6, IL-1β, and TNF-α) [108].

Overall, sleep disturbances may contribute to poor health outcomes partly through
detrimental chronic inflammation that can perpetuate tissue damage [84], which could
exacerbate TBI-related inflammation and neuronal damage. Taken together, these recent
findings highlight the bidirectional relationship between sleep–wake cycles and neuroin-
flammation. In the context of TBI, we hypothesize that the occurrence of sleep disturbances
could be caused in part by neuroinflammatory processes following the trauma, which then,
in turn, could synergically promotes neuroinflammatory-related tissue damage.

2.6. Neuroinflammation and Chronic Pain in the Context of Sleep Disturbances
and TBI Chronic Pain

A common consequence of both TBI and poor sleep is chronic pain (i.e., pain lasting
longer than 6 months). The interaction between sleep and pain problems is complex and
likely bidirectional [109], and the most common pain condition after TBI appears in the
form of headache, nowadays named persistent headache attributed to traumatic injury
to the head [110,111]. The prevalence of persistent post-traumatic headache is as high
as 57.8% (95% confidence interval [CI], 55.5–60.2%) across different time points [112]. In
addition to headache, the onset of pain after TBI has also been reported in the neck, in
the shoulders, or in the upper limbs [113]. In fact, TBI is accompanied by another pain
diagnosis in more than 40% of cases [45], and in moderate-to-severe TBI, musculoskeletal
complaints (stiffness and aching in joints) are present in 79% of patients assessed, more
than 15 years after trauma [114]. While different potential underlying mechanisms have
been identified, a possible underlying mechanism to the sleep and pain interaction relates
to inflammatory processes (low grade inflammation or neuroinflammation) [71,115–117].
Accordingly, a recent study highlighted the role of IL-6 in the development of pathological
pain, whose receptors seemed to be elevated in the spinal cord and nerve root ganglia in
chronic pain states [118]. In addition, prostaglandins, other cytokines such as IL-1 as well
as TNF are considered important pronociceptive factors that could mediate the association
between sleep loss and increased pain in the context a chronic pain condition, such as
post-traumatic headache. Moreover, it seems that melatonin, an endogenous substance
produced in the pineal gland that is mainly associated with sleep–wake circadian regulation,
is also linked with suppressing pain and inflammation [119]. Indeed, low melatonin has
been postulated as a potential moderator for the association between chronic pain, sleep
architecture, and immunometabolic traffic, as it can downregulate inflammatory mediators
including prostaglandins and cytokines [119]. A recent review also highlighted the lower
levels of melatonin on neuroinflammation and oxidative stress resulting from TBI [120],
and a pre-clinical study among severe TBI patients found lower serum melatonin levels in
the surviving patients [121]. It has also been shown that individuals with pain and mild
TBI may need more time to sleep, and the authors concluded that pain could be associated
with more pronounced sleep need in these individuals [122].

Additionally, yet not specifically related to trauma populations, other clinical stud-
ies have also found peripheral deficiencies compatible with neuroinflammation in pain
syndromes such as fibromyalgia [123], where sleep disturbances are present in most of the

6



J. Clin. Med. 2023, 12, 1793

cases [103]. Hence, the activation of microglia and astrocytes seems to be critical in the
development of most chronic pain conditions [103,124].

3. Neuroinflammation and Other Neuropsychiatric Outcomes in the Context of Sleep
Disturbances and TBI

3.1. Mood

TBI, sleep and pain are all major risk factors for mental health disorders such as anxiety
or depression [125,126]. Interestingly, these frequent long-term consequences of traumatic
injuries share neuroinflammation among key pathophysiological mechanisms [58,127–129].
According to a recent systematic review [130], the presence of depressive and/or anxiety
symptoms in TBI samples was found to be associated with higher concentrations of serum
and CSF, CRP, CSF-derived markers of sVCAM-1, sICAM-1, and sFAS, and IL-10, IL-8, IL-6,
and TNF-α. Acute measures of some of these biomarkers predicted the onset of depression
at 6 and 12 months post-injury.

Robust animal evidence has linked sleep deprivation to depression and anxiety-like
behaviors partly through neuroinflammatory processes [21,108,131,132]. Following sleep
deprivation in mice that underwent a TBI, lower corticosterone, enhanced neuroinflamma-
tion, exacerbated evidence of neuronal injury, and anxiety-like behaviors were observed as
compared to brain-injured mice without sleep deprivation [21].

Taken together, traumatic injuries seem to interact with sleep disturbances in the
installation of persistent trauma-related sequelae affecting mood, potentially through
shared neuroinflammatory processes.

3.2. Cognitive Dysfunctions and Neurodegeneration

Neuroinflammation is now recognized as a key pathological mechanism to cognitive
aging, neurodegeneration and Alzheimer’s disease [133]. Meta-analyses have concluded
that both sleep disturbances and TBI are risk factors for cognitive decline and incident de-
mentia [7,134,135]. There is increasing evidence suggesting that sleep disturbances interact
and/or contributes to peripheral inflammation as well as neuroinflammation to predict
cognitive dysfunctions and dementia risk. For instance, inflammatory levels have been
shown to moderate the association between sleep disturbances and obstructive sleep apnea
with dementia risk [136,137]. In animal models, sleep deprivation or fragmentation lead to
cognitive dysfunctions and neurodegenerative processes, at least partly through its effect
on neuroinflammation (microglial activation, cytokines production, complement activa-
tion) [104,132,138,139]. In mice, one group used a 2-month chronic sleep fragmentation
protocol, which resulted in the activation of microglia, endosome-autophagosome-lysosome
pathway dysfunction, cortical and hippocampal Aβ accumulation, spatial learning and
memory impairments, and anxiety-like behaviors [132]. In sleep deprived rats, inhibiting
microglial activation mitigated spatial memory impairments, reduced deleterious effects on
neurogenesis and gliosis in the hippocampus, and promoted anti-inflammatory cytokines
over pro-inflammatory cytokines [139], supporting the causal role of microglial activation
in sleep deprivation-induced cognitive dysfunction. Alternatively, sleep disturbances can
also directly promote neurodegenerative processes through other mechanisms, such as a
lower metabolic clearance of Aβ via the glymphatic system [97]. Interestingly, convincing
evidence indicates that neuroinflammation could effectively modulate neurogenesis at
different stages, including proliferation, differentiation, migration, survival of newborn neu-
rons, maturation, synaptogenesis, and neuritogenesis among others [140]. Finally, a recent
TBI study concluded that post-injury sleep fragmentation engages the dysfunctional post-
injury HPA axis, enhances inflammation, and compromises hippocampal function [141].
The latter study suggested that external stressors that disrupt sleep have an integral role in
mediating outcome after brain injury. Thus, both systemic inflammation and neuroinflam-
mation can alter adult hippocampal neurogenesis in neurodegenerative disorders. For a
more detailed an extensive review in The Dialogue Between Neuroinflammation and Adult
Neurogenesis, please see [140].
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Following a TBI, accumulating evidence is showing that neuroinflammation con-
tributes to initial neuronal damage and cognitive dysfunction, but also long-term cognitive
impairments, neurodegeneration, and risk of developing dementia [8,84,142]. After a single
TBI, patients show evidence of white matter degeneration and persistent neuroinflamma-
tion up to 18 years post-injury [143]. In a mouse model of TBI, the neuroinflammatory
response was found to drive synaptic degeneration and cognitive decline, which was
abolished by complement inhibition, suggesting causality [144]. In humans, concomitant
tau aggregation and neuroinflammation was observed using neuroimaging in mild TBI
patients [41]. Moreover, it has been reported that TBI can also augment the formation of
amyloid-b plaques and tau neurofibrillary tangles (NFTs) through inflammation-dependent
gene expression and transcription factor activation, which could, in turn, produce sleep
disturbances. Importantly, NFTs are another crucial feature of Alzheimer’s disease [84].

Taken together, these findings suggest that the feedback positive loop between TBI,
sleep disturbances and neuroinflammation can result in further cognitive dysfunctions and
even neurodegeneration.

A summary of the abovementioned interactions and mechanisms can be observed
in Figure 1.

Figure 1. The putative role of neuroinflammation in the acquired traumatic injuries and related sleep
disturbances. Traumatic brain injuries (TBI) and orthopedic traumas (OT) both lead to a downstream
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pathophysiological cascade that includes peripheral inflammation, blood–brain barrier (BBB) dysfunc-
tion, and neuroinflammation. In turn, chronic neuroinflammation plays a role into the development
of poor long-term outcomes. At each step of the way, sleep and sleep disturbances interact bidirec-
tionally with traumatic pathological mechanisms and neuroinflammation. Poorer sleep exacerbates
peripheral inflammation, BBB dysfunction, neuroinflammation, and worsen long-term outcomes.
On the other hand, the trauma itself, its comorbidities, or neuroinflammation affect sleep regulation,
which leads to a positive feedback loop, where neuroinflammation and sleep interact together to
affect long-term outcomes following an injury.

4. Future Directions for Clinical Practice: Targeting Neuroinflammation

4.1. Sleep as a Therapeutic Target to Inhibit Neuroinflammation

Many sleep disturbances and disorders are treatable, often using non-pharmaceutical
therapeutic strategies, thereby make it an appealing treatment target in order to reduce
trauma-related neuroinflammation and improve patients’ lives [115]. Cognitive behavioral
therapy (CBT), the gold-standard treatment for insomnia, has proven to be an efficient
way of improving sleep quality and restoring inflammatory levels [145–147]. CBT has also
proven effective in TBI patients and show promise for mitigating patients’ inflammation-
related symptoms such as depression, anxiety and pain [148], along with other non-
pharmaceutical strategies such as blue light therapy, problem solving treatment, and
combined sleep hygiene interventions [149]. Moreover, in addition to sleep, CBT can also
be directed towards pain and other associated disorders such as depression and anxiety in
a hybrid approach. Hybrid CBT has shown promising results and it can also be carried out
online to improve treatment compliance [150–152].

Although sleep medications, such as benzodiazepines, hypnotics, and sedating an-
tidepressants, could help treat sleep disturbances, especially in the short term, and thereby
have the potential to reduce neuroinflammation and TBI’s related consequences linked to
poor sleep [153], this remains to be investigated thoroughly and cautiously. Although still
controversial, usage of sleeping pills has been associated with elevated risk of incident de-
mentia [154,155], Moreover, sleeping medications generally perform worse than behavioral
techniques such as CBT in treating sleep disturbances in the long term [156].

Nonetheless, a sleep aid with interesting potential is melatonin, as it has been as-
sociated with the inhibition of excessive microglial activation [157]. In addition to its
endogenous secretion at night promoting adequate sleep–wake cycles, melatonin is also
available as a dietary supplement. Among the proposed mechanisms underlying mela-
tonin’s downregulating action on microglial activation is through its role as an antioxidant,
therefore reducing ROS [157]. It is also possible that melatonin supplementation could help
reduce neuroinflammation through its effect on sleep regulation, although this remains to
be confirmed. Interestingly, animal models showed that melatonin administration increased
bone fracture healing [158], reduced neuroinflammation and promoted neuroprotection
following a TBI [159,160]. In patients that sustained a TBI, a meta-analysis showed that
melatonin has a positive effect on pathological findings, neurological status, neurobehav-
ioral outcomes, and cognition [161]. However, it needs to be highlighted that the majority
of the included studies were in animal models (i.e., 15 studies in animal models and two
in human populations), and that the included human studies were considered to have
low quality and were of uncertain significance. Furthermore, a recent randomized clinical
trial in a pediatric population with mild TBI (n = 99) showed no significant difference in
post-concussive symptoms between the use of melatonin at two different dosages (i.e.,
3 and 10 mg) and placebo [162], yet a secondary analysis as per protocol of these data
showed some improvements in sleep symptoms with melatonin [163]. Therefore, although
there is evidence supporting the use of melatonin treatment after TBI to improve different
behavioral and pathological outcomes based on animal models, data remain equivocal in
human clinical populations.
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4.2. Specifically Targeting Neuroinflammation to Improve Sleep and Trauma-Related Outcomes

Given its relevance and repercussions in different ambits of health, treating neu-
roinflammation emerges as a critical goal in the management of traumatically injured
patients. Whereas peripheral neuroinflammation might be initially targeted with common
anti-inflammatory medications, aiming to act on neuroinflammatory processes is much
more complex, as some anti-inflammatories can disturb sleep as well, microglia appears
as a primary treatment target for novel therapeutics aiming to tackle neuroinflammatory
processes, including its selective abolition in animal models [164,165], or being targeted
by nanoparticles [166]. Moreover, there are already several inhibitors of TNF-α and IL-
1β that are available for clinical use, yet none of them are exempt of potentially serious
side effects [167,168]. In addition, the use of psychedelics is receiving again a lot of at-
tention in recent years due to its powerful properties to treat pain and mood disorders,
as they have shown potential neuro-restorative effects and anti-neuroinflammatory and
pro-immunomodulatory actions [169,170]. Indeed, the effects of some of these compounds
is currently being studied in sleep as well [171]. Nonetheless, more development in this
line of investigation is needed in the future. For a more detailed summary of pharmaco-
logical therapies on TBI, please refer to a recent review of phase 3 clinical trials on this
population [172], which highlights key targets for future research.

An important non-pharmacological treatment option is exercise, given that exercise
increases astrocytic activation, more specifically glial fibrillary acidic protein expression
in hippocampal astrocytes in the stratum radiatum, a region that contains numerous as-
trocytes and is relevant for learning and memory [103,173]. Exercise is known to become
anti-inflammatory or neuroprotective in several neuroinflammatory diseases. It is possible
that exercise also reduces gliosis and glial proliferation [103]. Moreover, via its action on
CNS glial cells, regular aerobic exercise has been shown to provide an adaptive advantage
against perturbations to homeostasis, such as immunological challenge or ageing in animal
models [174]. A systematic review and meta-analysis involving 13 RCTs and 514 partici-
pants, revealed that physical activity had positive effects on decreasing TNF-α and CRP
(pro-inflammatory), while significantly improving BDNF and IGF-1 (neuroprotective) [175].
Furthermore, exercise is a great option for several sleep disorders including insomnia
or sleep apnea [176,177], as it can regular cortisol, release endorphins, and decrease fat
among others.

Non-pharmacological integrative approaches including mind/body therapies such
as yoga, breathing exercises, meditation, all of them being associated with sleep quality
improvement as well, have also been demonstrated to reduce pro-inflammatory cytokines
and have proved some positive effects on depression, anxiety, cognition, and pain [178].
Moreover, several plant-based interventions (herbs/spices) currently under investiga-
tion [179]. While their non-invasiveness and harmless nature make them appealing as
supportive therapy, more research is needed before obtaining any firm conclusion regarding
their efficacy.

Other emerging techniques that can be used to target pain and sleep disorders, and
specifically neuroinflammation, are non-invasive brain stimulation techniques, such as
repetitive transcranial magnetic stimulation (rTMS) [180,181]. In different animal studies,
rTMS reduced neuroinflammation by modulating astrocytes and microglia activity, reduc-
ing TNF-α, and increasing GABA, which can control excitotoxicity [182–185]. Additionally,
clinical rTMS studies showed increases in serum GABA and BDNF in patients with chronic
insomnia [186]. Thus, rTMS could be used not only to manage chronic pain patients but
also to reduce their transition to chronicity by tackling the underlying neuroinflammatory
mechanisms [115,185], which becomes especially relevant when applied to traumatically
injured patients. While other techniques such as transcranial direct current stimulation,
transcranial alternating current stimulation or vagal nerve stimulation hold potential in
treating neuroinflammation [181,187], research is still lacking.
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5. Conclusions

While the innate immune response following a TBI is necessary for recovery, its
often prolonged and excessive nature contributes, paradoxically, to worsen outcomes.
In that way, TBI leads to a state of peripheral/central neuroinflammation, which can be
associated with sleep disturbances. Additionally, TBI and sleep disturbances also exacerbate
the neuroinflammatory state, complicating these deleterious interactions even more, and
potentially all leading to mood disorders, pain, cognitive deficits and neurodegeneration
states. Importantly, finding treatment strategies, such as treating sleep disturbances or using
non-invasive brain stimulation to reduce or modulate pro-inflammatory processes, can be
useful in order to help TBI patients’ physiological, psychological and cognitive health.
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Abstract: Stress has been consistently linked to negative impacts on physical and mental health.
More specifically, patients with chronic pain experience stress intolerance, which is an exacerbation
or occurrence of symptoms in response to any type of stress. The pathophysiological mechanisms
underlying this phenomenon remain unsolved. In this state-of-the-art paper, we summarised the
role of the autonomic nervous system (ANS) and hypothalamus-pituitary-adrenal (HPA) axis, the
two major stress response systems in stress intolerance. We provided insights into such mechanisms
based on evidence from clinical studies in both patients with chronic pain, showing dysregulated
stress systems, and healthy controls supported by preclinical studies, highlighting the link between
these systems and symptoms of stress intolerance. Furthermore, we explored the possible regulating
role for (epi)genetic mechanisms influencing the ANS and HPA axis. The link between stress
and chronic pain has become an important area of research as it has the potential to inform the
development of interventions to improve the quality of life for individuals living with chronic pain.
As stress has become a prevalent concern in modern society, understanding the connection between
stress, HPA axis, ANS, and chronic health conditions such as chronic pain is crucial to improve public
health and well-being.

Keywords: chronic pain; stress intolerance; autonomic nervous system; hypothalamus-pituitary-
adrenal axis; genetics; epigenetics

1. Stress Intolerance Plays a Major Role in Chronic Widespread Pain

Chronic pain affects approximately 20% of the global population and is associated
with a significant burden for the individual and their significant others [1]. It is moreover
influenced by several cognitive, emotional, and social factors [2]. Stress is one such factor
that is able to influence pain symptoms and has long been proposed as relevant in the pain
experience [3]. The World Health Organization (WHO) defines stress as any type of change
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that causes physical, emotional, or psychological strain [4]. The stress response is the
physiological and biological response of the body to any situation causing such strains [5].

Stress is highly subjective. Different individuals might respond differently to the same
stressful situation. The stress response, therefore, depends on the perceived amount of stress
as well as on the nature, duration, and intensity of the stress stimulus [6–8]. In patients with
chronic pain, stress is generally associated with a worsening of pain symptoms and stress-
induced hyperalgesia. In fact, stress and pain are highly comorbid, and show significant
overlap in both conceptual and biological processes [9]. On the one hand, experiencing
stressful events in life puts individuals at risk to develop chronic musculoskeletal pain
and patients with symptoms of post-traumatic stress disorder report higher pain severity
levels [3,10]. On the other hand, dealing with chronic pain increases the risk to develop
stress-related conditions such as depression and anxiety [11]. Furthermore, a recent review
showed that a blunted acute stress response predicted chronic pain and poor health at a
long-term follow-up (1 year) [12].

However, the impact of stress in patients with chronic pain goes beyond pain mod-
ulation. Other symptoms such as fatigue and cognitive symptoms can also be triggered
or worsened because of stress [13,14]. Here, we define the exacerbation or occurrence of
symptoms in response to stress as stress intolerance.

2. Objectives

This state-of-the-art paper aims to provide an overview of the biological mechanisms
that may explain stress intolerance in patients with chronic pain, focussing on the two major
stress systems—the autonomic nervous system (ANS) and the hypothalamic pituitary axis
(HPA). Although stress intolerance can be induced by physical and mental stress, this state-
of-the-art paper focuses on evidence originating from studies investigating mental stress.

Of note, other biological systems should not be ignored when aiming to unravel the
pathophysiology of stress intolerance in patients with chronic pain. Considering that stress
intolerance comprises various symptoms within different domains, it probably stems from
a multisystemic pathophysiology. Other systems showing intricate links with the ANS,
the HPA, nociceptive mechanisms, and the stress response are thus likely, collaboratively
with the ANS and HPA axis, involved in explaining stress intolerance in chronic pain.
The immune system, as well as mechanisms related to the opioid and endocannabinoid
system, can all potentially influence and be influenced by pain and stress. We acknowl-
edge the complexity of the aforementioned systems and their interactions. However,
a detailed description of such systems is beyond the scope of this review and can be
found elsewhere [15–19].

3. Methodology

A search exploring stress system dysregulations in chronic pain was queried on
PubMed and Web of Science up to December 2022 using following keywords such as chronic
pain, stress physiology, autonomic nervous system, SAM axis, HPA axis, hyperalgesia,
(nor)adrenaline, catecholamine, cortisol, glucocorticoids, stress hormone, stress response,
(epi)genetics, immunology. Inclusion criteria for relevant articles were: (1) address one
of the scopes within this review; (2) describe a rationale for the state-of-the-art aspect;
(3) written in English or Dutch; (4) human studies or animal studies if necessary.

4. Two Major Stress Systems: The Autonomic Nervous System and the
Hypothala-Mus-Pituitary-Adrenal Axis

The stress response is an evolutionary conserved, complex, and efficient system with
modulation in associated neural (CNS), endocrinological, and immunological systems [20].
Perception of a stressor activates several neuronal circuits involving the limbic forebrain,
the brainstem, and nuclei of the hypothalamus, which on their part release stress-mediating
molecules, initiating a stress response [21]. Physical and psychological stressors activate
different neural networks, resulting in a specified stress response [20]. Physiological and
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behavioural mechanisms simultaneously aim to restore body homeostasis and promote
stress adaptation [22]. The two main neural circuits through which our body adapts to stress
are the autonomic nervous system (ANS) and the Hypothalamus-Pituitary-Adrenal (HPA)
axis (see Figure 1 for a schematic overview). These systems usually work in synchrony and
influence each other through mutual, positive feedback loops [23].

Figure 1. Visual representation of the major stress pathways, together with common dysregu-
lations in chronic pain and their possible pathophysiological implications in stress intolerance.
↑, Increased; ↓, Decreased; ACh, Acetylcholine; Adr, Adrenaline; ACTH, Adrenocorticotropic
hormone; COMT, Catechol-O-methyltransferase; CNS, Central nervous system; CWP, Chronic
widespread pain; CRH, Corticotropin-releasing hormone; mDNA, DNA methylation; GR, Glu-
cocorticoid receptor; HRV, Heart rate variability; HPA axis, Hypothalamic-pituitary-adrenal axis;
MAO-A&B, Monoamine oxidase A&B; NA, Noradrenaline. Created with BioRender.com (Accessed
on 9 February 2023).

Under normal circumstances, acute physical or psychological stressors activate the
ANS inducing a short-lasting increase in sympathetic nervous system (SNS) activity. Stress
activates brainstem catecholaminergic neurons and efferent spinal cord neurons of the dor-
sal intermediolateral column, which converge in pre-ganglionic sympathetic neurons [24].
These neurons synapse directly to chromaffin cells in the adrenal medulla, which secretes
adrenaline and noradrenaline in the circulation. In addition, other pre-ganglionic neurons
project to several post-ganglionic sympathetic neurons in paravertebral ganglia, using
acetylcholine (ACh) as neurotransmitter. Consequent activation of nicotinic receptors on
these post-ganglionic neurons results in noradrenaline secretion at the target tissue [25].
Adrenaline and noradrenaline have diverse physiological functions, depending on the
adrenergic receptor (AR) they bind to. ARs are G-protein-coupled receptors and can be
divided in α1-, α2- and α1-, β2-, and β3-ARs. The overall effect of α1- and α2-ARs ac-
tivation is increased heart rate (HR) and blood pressure (BP), and decreased heart rate
variability (HRV). Blood flow is increased to the skeletal muscles and decreased towards
the abdominal organs, metabolic activity such as glycogenolysis in skeletal muscle and
lipolysis in adipocytes are promoted to increase energy availability [24]. On the contrary,
β1- and β2-ARs stimulation foster vasodilation, decrease blood pressure and increase HRV,
though can either increase or decrease HR [26–28]. Several organs, as well as immune
cells, express both α- and β-ARs, allowing fine regulation of their functions. Decreased
expression of β-ARs have been associated with several inflammatory conditions such as
rheumatic diseases and obesity [29,30]. β2-ARs show potent anti-inflammatory effects [23],
and their down-regulation or desensitisation can help explain pain symptoms.

The HPA axis provides a protracted response, yet its activation is delayed compared
to the SNS. This response originates when the hypothalamus, the paraventricular nucleus
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(PVN) in particular, is triggered by stressors. The PVN releases several neurochemicals,
such as oxytocin, vasopressin, and corticotrophin-releasing hormone (CRH) [31,32]. CRH
reaches the anterior pituitary (adenohypophysis) and stimulates it to synthesise and secrete
adrenocorticotrophic hormone (ACTH) [32]. ACTH, on its part, stimulates the cortex of
the adrenal gland to produce and release glucocorticoids, mostly cortisol [33]. Cortisol in
turn also exerts an effect on the PVN and anterior pituitary, by limiting synaptic plasticity
and suppressing neural excitability, thus creating a long and short negative feedback
loop [22]. Glucocorticoid secretion in humans follows a general ultradian and circadian
rhythm with basal peak cortisol levels around weaking-up time [34]. Cortisol exerts its
functions through binding mineralocorticoid receptors (MR) or glucocorticoid receptors
(GR), both ligand-activated transcription factors [35]. These receptors are widely expressed
throughout the body. Not surprisingly, cortisol affects several organs and systems [36].
The HPA axis regulates blood pressure and vascular tone homeostasis, as well as raises
blood glucose levels through gluconeogenesis in the liver during the stress response [37].
Moreover, it is widely known that cortisol signalling in most immune cells generally leads
to an immunosuppressive phenotype, which will be discussed later [38].

Both systems convert physical and psychological stressors in the appropriate and situ-
ational stress response and are vital for several, if not most, processes in body homeostasis.
Dysregulations in these systems may lead to severe disorders, such as a dysfunctional stress
response, i.e., stress intolerance. Both the SNS and the HPA axis have been found to be
disturbed in several disorders, including chronic pain syndrome [39–42]. In the following
parts, we will discuss the role of both systems in stress intolerance in chronic pain disorders.
In addition, we briefly touch upon dysregulations in epigenetic modifications and the
immune response, in relation to stress intolerance.

5. Sympathetic and Adrenergic Activity Have a Role in Stress Intolerance

Sympathetic dominance as a result of decreased parasympathetic and increased sympa-
thetic activity at baseline has been observed in patients with chronic pain [43–47]. However,
the strength of the evidence depends on the clinical aetiology of chronic pain. A meta-
analysis by Koenig et al. demonstrated that HRV was consistently decreased only in
patients with fibromyalgia and other chronic pain conditions such as pelvic pain, whiplash-
associated disorder, and neck-and-shoulder pain [43]. On the contrary, results were con-
flicting for primary headache or irritable bowel syndrome (IBS) [43]. In addition, the
sympathetic stress response in patients with chronic pain is blunted, especially in chronic
widespread pain (CWP) syndromes such as fibromyalgia [45,48–53]. In other conditions,
such as localised chronic muscle pain and chronic whiplash-associated disorder, hypo-
reactivity is less pronounced or absent, respectively [48,54].

Biological measures (e.g., catecholamine levels) point in the same direction. On the
one hand, noradrenaline levels at baseline have been found to be elevated in patients
with fibromyalgia, which is consistent with an increased sympathetic activity [55–59]. On
the other hand, changes in noradrenaline and adrenaline in response to different types of
stressors are less pronounced, which is consistent with the blunted stress response [58,60,61].
However, results on catecholamine levels in patients with chronic pain remain conflicting
as some studies report no or opposite differences at baseline or in response to stress [61–64].

Autonomic activity has also been associated with various symptoms of stress intol-
erance [65,66]. Recent systematic reviews concluded that parasympathetic activity was
positively associated with self-regulation and pain inhibition capacities, and that cognitive
performance is positively associated with HRV [65,66]. Additionally, pain severity showed
to be inversely correlated with HRV in an occupational sample comprising people with and
without chronic pain. However, this correlation was only significant in the entire sample
and in the group without chronic pain, but not in the group with chronic pain, implicating
that the autonomic activity of patients with chronic pain relates differently to pain than
in those without chronic pain [47]. This is contradicting to the results of Zamunér et al.
who demonstrated that pain intensity in fibromyalgia is in fact correlated with sympathetic
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activity, which is in turn inversely correlated with HRV [67]. Taken together, these results
show that sympathetic dominance is associated with symptoms of stress intolerance. Sym-
pathetic dominance might be due to reduced parasympathetic reactivation during recovery
from stress, as is the case during recovery from exercise [26].

Preclinical studies also support autonomic involvement in stress intolerance and
provide us with deeper insights. Khasar et al. were able to induce hyperalgesia in rats
by injection of adrenaline [68]. The hyperalgesia was further enhanced by unexpected
sound stress. In addition, removing the adrenal medulla before stress exposure prevented
stress-induced enhancement of hyperalgesia [68]. As the adrenal medulla is an important
site of adrenaline production, these results indicate that elevated levels of catecholamines
are required for the induction of stress-induced hyperalgesia. Their follow-up study
later revealed that catecholamines are also pivotal for the maintenance of stress-induced
hyperalgesia. Removal of the adrenal medulla after exposure to sound stress reversed the
stress-induced hyperalgesia that had occurred in response to stress. Finally, administration
of adrenaline in these rats reconstituted the stress-induced hyperalgesia again [69]. These
results are in line with another animal study that focussed on the role of α2 ARs, which
tightly control noradrenaline release by autoinhibition upon activation. Animals in which
the α2 ARs were blocked (through injection of receptor antagonists or knock-out) developed
hyperalgesia in response to stress. This stress-induced hyperalgesia was prevented when
sympathetic activity was blocked, again showing that sympathetic activity is required for
the induction of stress-induced hyperalgesia [70]. Finally, inhibition of the catechol-O-
methyltransferase (COMT) enzyme, which prevents the degradation of catecholamines,
has been found to increase pain sensitivity through activation of β-ARs [71]. Although
some contradictory findings exist [72], accumulating evidence suggests that sympathetic
and adrenergic activity may be involved in stress intolerance (see Figure 1).

6. The HPA Axis Is Deregulated in Chronic Pain Syndromes

The HPA axis also plays an important role in stress intolerance (see Figure 1 for a
summary of findings). Activation of the HPA axis results in an increased concentration of
circulating corticosteroids, especially cortisol. Deregulation of adrenal steroid secretion
has been reported in several chronic pathological conditions, including chronic stress and
dysfunctional chronic pain conditions [73,74]. Alteration of corticosteroid expression can
give rise to two opposite phenomena, namely hyper- and hypocortisolism [75].

Hypercortisolism is characterised by basal hypercortisolism and/or hyper-reactivity.
Basal hypercortisolism is defined as a permanently increased cortisol level and decreased
negative feedback of the HPA axis, whereas hyperreactivity refers to normal cortisol levels
with exaggerated behavioural and cortisol responses to stressful events [76]. Hypercor-
tisolism has been reported in several chronic pain conditions, including myofascial pain
and burning mouth syndrome [77,78]. Similarly, hypocortisolism includes basal hypocor-
tisolism and hypo-reactivity to stressful events [74]. Tops et al. found that hypocorti-
solism occurs after a prolonged period of repetitive stimulation of the HPA axis result-
ing in excessive cortisol release, suggesting that hypocortisolism chronologically follows
hypercortisolism [79]. Hypocortisolism has been reported in patients with myalgic en-
cephalomyelitis/chronic fatigue syndrome (ME/CFS), IBS, and chronic pelvic pain [80–82].
Interestingly, lower cortisol levels have been associated with lowered pain thresholds and
increased pain sensitivity, and a blunted cortisol-awakening response with decreased cog-
nitive function [83–86]. In CWP and fibromyalgia, contradicting results have been found.
Although most findings report hypocortisolism, several studies also reported increased
cortisol levels [87–91]. These contradictory results might be partially explained by the
fact that the HPA axis can respond differently depending on previous unknown repetitive
stressors that have been present in the lives of the participants [92]. One study by Coppens
et al., found a blunted cortisol response and a higher subjective stress rating in response to
psychological stress in fibromyalgia patients compared to healthy controls [93]. Concern-
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ing these inconsistencies, more research is needed to elucidate whether a true causal link
between corticosteroid mechanisms and the pathogenesis of chronic pain exists.

Though research has mostly focused on cortisol as measure of the HPA axis function,
other components of the axis have also been investigated. CRH is released from the hy-
pothalamus in response to physical and psychological stressors. It interacts with CRH
receptors 1 and 2 [94]. CRH exerts actions in both the periphery and stress-related regions in
the brain, i.e., the hypothalamus, amygdala, locus coeruleus, and hippocampus. Preclinical
research using rat models demonstrated the involvement of CRH in stress-induced hyperal-
gesia and stress intolerance [95]. Peripheral administration of a CRH receptor 1 antagonist
before water avoidance stress inhibited the development of stress-induced visceral hyperal-
gesia [96,97]. Additionally, in mice exposed to a forced swim test, administration of the
CRH receptor 2 antagonist attenuated the development of stress-induced musculoskeletal
hyperalgesia [98]. In patients with IBS, administration of the CRH antagonist alpha-helical
CRH reduced electrical stimulation-induced abdominal pain [99,100]. Another study found
increased pain intensity and decreased pain thresholds as result of rectal distention in
healthy volunteers when CRH was peripherally administered [99,100]. Consistent with the
preclinical findings, these results strengthen the evidence that CRH and its receptors are
involved in stress-induced hyperalgesia and stress intolerance.

7. A Key Regulatory Role for Genetics and Epigenetics in Stress Intolerance

Despite accumulating evidence implicating the relevance of the abovementioned
systems in stress intolerance in patients with chronic pain, stress responses and pain are
variable among and within individuals. For instance, the effect of stress on pain (i.e., hypo-
or hyperalgesia in response to stress) depends on the magnitude of the individual stress
response [101]. Part of the variability in pain and stress among individuals can be explained
by genetics. Genetic polymorphisms affecting the activity of COMT or monoamine oxi-
dase A and B (MAO-A/B), which are both catecholamine-degrading enzymes and thus
influence catecholamine levels and ANS functioning, have been associated with increased
stress responsiveness and pain sensitivity in both animals and humans [102–111]. Typi-
cally, polymorphisms that lower enzymatic activity and thus elevate catecholamine levels
are associated with higher pain sensitivity [112]. Although some conflicting evidence
exists [61–64], these findings are in line with the higher catecholamine levels that have been
found in patients with chronic pain.

Genetic polymorphisms of the corticosteroid receptor gene found in chronic pain are
also worth mentioning. Macedo et al. found reduced GR expression in combination with the
increased prevalence of the MR rs5522 (I180 V) polymorphism in fibromyalgia patients [75].
Other polymorphisms that alter the stress response have also been described. For example,
Wüst et al. found that carriers of the GR N363S polymorphism showed increased salivary
cortisol response to psychological stimuli, and that the GR BclI RFLP polymorphism was
associated with a diminished cortisol stress response upon psychological stress in healthy
individuals [113]. Recently, a study by Linnstaedt et al. found a functional polymorphism
in the 3′-UTR of the FKBP5 gene (rs3800373), a key regulator for glucocorticoid receptor
sensitivity, which was associated with a higher chance to develop chronic post-traumatic
pain [114]. Finally, the same group found a polymorphism in the corticotropin-releasing
hormone binding protein (CRHBP) gene (rs7718461) to be highly associated with the FKBP5
gene, and to be predictive of chronic musculoskeletal pain after a motor vehicle crash [115].

Although genetic polymorphisms can explain at least part of between-subject variabil-
ity in stress responses and pain [116,117], they cannot explain within-subject variability.
Epigenetic changes are strong candidates to explain both variability among individuals and
within the same individual as they are dynamic mechanisms, responsive to environmental
changes and the context [118]. Only few clinical studies investigated epigenetic changes in
relation to chronic pain [119]. The role of epigenetics in the context of stress intolerance in
chronic pain has never been investigated in humans, even though epigenetic mechanisms
are clearly influenced by acute stress [120,121]. Stress has been reported to influence epige-
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netic regulation of genes involved in the abovementioned systems. Clinical studies found
that DNA methylation—the best-known epigenetic modification—of genes involved in
catecholamine degradation (COMT, MAOA, and MAOB) [122–125] and HPA-axis (CRHR1,
NR3C1) [126–130] is in fact influenced by early-life stress and altered in patients with
stress-related conditions. One study showed that COMT DNA methylation associated with
lifetime exposure to stress relates to cognitive function in healthy controls [123]. Greater
lifetime exposure to stress was associated with reduced COMT DNA methylation, which
was in turn correlated with reduced working memory accuracy [123]. This study thus
supports the involvement of epigenetic mechanisms in stress intolerance as cognitive symp-
toms, including impaired working memory, may worsen or be triggered in response to
stress [13,14].

Genetics and epigenetics are thus both associated with pain and stress. Moreover,
genetic polymorphisms can influence DNA methylation in several genes [131–135], as is
the case for COMT [136,137]. It is thus likely that both genetics and epigenetics underly the
role of the ANS and HPA axis in stress intolerance in patients with chronic pain. Of note,
the aforementioned studies described stress-related rather than stress-induced epigenetic
modifications as all data were obtained from cross-sectional studies. To elucidate a causal
and/or regulatory role of epigenetic mechanisms in stress intolerance in chronic pain, future
research should investigate the link between acute and chronic stress-induced epigenetic
modifications, their downstream effects on the ANS and the HPA axis, and the associated
symptoms in both patients with chronic pain and healthy controls.

8. Future Directions for Research

Research suggests that patients suffering from chronic pain conditions react differently
to stress. However, the biological and physiological mechanisms linking stress and pain
remain vague. We introduced the term “stress intolerance”, which refers to the exacerbation
or occurrence of symptoms, including but not limited to pain, in response to any type
of stress. In this review, we summarised (preliminary) evidence supporting the idea
that the two major stress systems, the ANS and the HPA axis, might be able to explain
this phenomenon. Furthermore, genetic and epigenetic mechanisms might cover a key
regulatory role.

Although evidence indicates that the functionality of the stress systems is deviant
in patients with chronic pain, the direction of the link between stress and pain remains
unclear. Some studies found that a blunted stress response can predict chronic pain later in
life [12,84]. Such results imply that the stress response is already deviant before chronic pain
develops. However, other studies could not support this finding [3]. The alternative option
is that the stress responses become altered after chronic pain has already developed. This
latter option would explain why stress intolerance is common in chronic pain populations.
Future studies should thus be designed in a way that would allow us to unravel causal
relationships between the two. In a later phase, we can then intervene with the underlying
mechanisms and aim to prevent the development of chronic pain and/or the altered stress
response.

To date, research on the topic is not only very scarce but the methods and protocols
used to measure aspects of the ANS and HPA axis, as well as epigenetic and immune
markers, are highly heterogeneous. Consequently, results are often not comparable. Future
research methods should be standardised; time of data collection as well as the time between
waking up and data collection is crucial and should be clearly reported and standardised.
This is especially true when data collection takes place in the morning, due to the cortisol
awakening response. We would also suggest employing multiple measurements across
several days before and after stress exposure to further control for circadian fluctuations
and within-patient variability. Such a design would also allow to investigate the recovery
phase after the stressful challenge or event.

Additionally, current research investigated biological outcomes alone, with no link
to symptom severity, thus making the available findings less relevant clinically. As stress
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intolerance is defined by the fluctuations in severity and presence of symptoms after stress
exposure, repeated-measure designs investigating solely biological outcomes (without
linking them to symptom severity) cannot provide answers on which mechanisms are
involved. Future studies should thus also assess symptom severity and biological outcomes
at the same time.

Taken together, the current knowledge creates the basis supporting a role for the
stress systems in the pathology of chronic pain disorders and specifically stress intolerance.
Further studies investigating the stress systems using standardised methods are warranted
to obtain a better understanding of the mechanisms at play. A summary of the main future
directions for research can be found in Figure 2.

TAKE HOME MESSAGE 
Further directions for research: 

Further directions for clinical practice: 

Figure 2. Summary of future directions for research and clinical practice.

9. Future Directions for Clinical Practice

Currently, most physicians provide chronic pain patients with passive and biomedical
treatments, which usually consist of medication and surgery. However, this approach
often leads to poor benefits and carries a higher risk of adverse events [138]. A biomed-
ical approach to pain omits its multidimensional aspects and disregards the impact of
distress, which increases the risk of maintaining the pain experience [139]. Dysfunctional
physiological stress response systems add complexity and induce heterogeneity in treat-
ment responses, which emphasises the importance for clinicians of being attentive to
stress intolerance.

Several treatment options are available targeting contributing factors to the mainte-
nance of pain and possibly the development of stress intolerance. Educating the patient
about pain is relevant in terms of stress management as patients with chronic pain are
at higher risk of developing anxiety and depression [139], which in turn have a mediat-
ing effect on pain [140,141]. Patient education and reassurance are able to reduce their
distress and change their attitudes towards pain [142]. Several systematic reviews with
meta-analyses have shown compelling evidence for neuroscience education in reducing
pain, perceived disability, and psychosocial factors such as fear-of-movement and catas-
trophising in patients with chronic pain [142–145]. Cognitive Behavioural therapy (CBT),
acceptance and commitment therapy (ACT), and pain education targeting pain interference,
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stress, and disability, can also be employed, in an attempt to reduce contributing factors to
the pain experience [146–149].

Sleep is another important contributing factor to chronic pain that should be addressed
during management of chronic pain and stress intolerance [150]. The interplay between
sleep, stress, and pain has been demonstrated by numerous chronic pain studies, even
though the pathophysiology is not fully understood [151,152]. Disrupted sleep results in a
low-grade inflammatory response, which will decrease patients’ stress tolerance [153,154].
Clinicians should thus assess sleep problems because sleep deprivation can lead to patients’
inability to face daily stressors [153].

Though the aforementioned approaches have been shown to help reduce pain and
increase quality of life, research into the pathophysiological mechanisms of chronic pain
and stress intolerance is still much needed. Research into the causal mechanisms may
highlight the importance of preventive medicine when results show that the physiological
stress response is already deviant before chronic pain develops, as is already shown by
some studies [12]. In that case, the development of chronic pain may be prevented by
targeting mechanisms underlying a dysregulated stress response. Animal studies already
demonstrated that several interventions may be of help in targeting a dysregulated stress
response. Both physical activity and antidepressant administration have been found to
attenuate stress-induced DNA-methylation changes in rats [155,156]. By understanding
the effect of various interventions on stress-induced epigenetic changes, we might be able
to target key dysregulations underlying stress intolerance.
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Abstract: (1) Background: In recent years, placebo and nocebo effects have been extensively docu-
mented in different medical conditions, including pain. The scientific literature has provided strong
evidence of how the psychosocial context accompanying the treatment administration can influence
the therapeutic outcome positively (placebo effects) or negatively (nocebo effects). (2) Methods: This
state-of-the-art paper aims to provide an updated overview of placebo and nocebo effects on pain.
(3) Results: The most common study designs, the psychological mechanisms, and neurobiologi-
cal/genetic determinants of these phenomena are discussed, focusing on the differences between
positive and negative context effects on pain in experimental settings on healthy volunteers and
in clinical settings on chronic pain patients. Finally, the last section describes the implications for
clinical and research practice to maximize the medical and scientific routine and correctly interpret
the results of research studies on placebo and nocebo effects. (4) Conclusions: While studies on
healthy participants seem consistent and provide a clear picture of how the brain reacts to the context,
there are no unique results of the occurrence and magnitude of placebo and nocebo effects in chronic
pain patients, mainly due to the heterogeneity of pain. This opens up the need for future studies on
the topic.

Keywords: placebo effect; nocebo effect; expectation; conditioning; pain; contextual factor

1. Introduction

In recent years, placebo and nocebo effects have strongly influenced pain studies,
which fostered the interest in this topic and encouraged debate among scholars, researchers,
and clinicians worldwide [1–3].

From their earliest days, placebos have been identified as inert substances (e.g., sugar
pills, saline injections) used in clinical trials to control the efficacy of new treatments [3].
Today, neuroscientists and clinicians recognize that placebos are more than inert substances,
introducing the concept of “context surrounding a treatment” [4]. Accordingly, placebo
and nocebo effects are now defined as, respectively, the positive or negative effects due
to the administration of a treatment (be it real or simulated) in a therapeutic context [5].
The context that triggers these effects comprises symbols, rituals, and cues (e.g., provider’s
words, patient’s expectations and previous experiences, physical aspects of the treatment)
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that accompany patients during their healthcare experiences [6,7]. In the field of pain, the
administration of an inert treatment in a positive context can induce a reduction of pain
(as reported by subjective pain reports) as well as a modulation of specific brain circuits
involved in pain processing. On the contrary, when an inert treatment is administered
in a negative context, participants/patients can experience pain exacerbation as well as
increased activation of pain-related brain regions [8]. Similarly, it has been documented that
administering treatments without a proper context (e.g., when patients are unaware that a
medication/drug has been delivered) strongly reduced the efficacy of the medication [9].

Thus, from this perspective, analyzing how the therapeutic context can influence
treatment efficacy represents an opportunity for both clinicians and researchers. This
state-of-the-art paper aims to provide an updated overview of placebo and nocebo studies
on pain, showing how treatments (active or inert) administered in positive or negative
contexts trigger different outcomes. Thus, this paper will serve to help clinicians to be
more aware of the use of context in their medical routine. Moreover, it will serve to help
researchers to build upon the best evidence for designing future trials and implementing
new studies to increase our knowledge on the biological determinants of placebo and
nocebo effects on pain. The first section provides the reader with a solid background of
the mechanisms and the neurobiological determinants of placebo and nocebo effects on
pain. The second section describes the future implications for clinical practice to maximize
the medical routine. Moreover, implications for research are discussed to help researchers
design future trials and develop new innovative studies on pain.

This state-of-the-art paper has been prepared and developed following methodological
guidelines for narrative reviews (Table 1) [10]. The articles included in this state-of-the-art
overview needed to (1) be scientific works (experimental studies, systematic or narrative
reviews (including meta-analyses), or RTCs) published in peer-reviewed journals; (2) be
primarily focused on the analgesia/hyperalgesia manifestation of placebo/nocebo effects
and/or on the psychological and neurobiological mechanisms involved; (3) provide signifi-
cant data for a comprehensive, descriptive, and state-of-the-art overview; and (4) provide
a detailed description of the methodological approaches used (only in the case of experi-
mental articles). Additionally, the articles presented in Section 3 needed to focus on chronic
pain conditions, specifically. Overall, 80 experimental studies and RCTs on placebo and
nocebo effects on healthy volunteers and chronic pain patients have been reviewed. Study
characteristics of these experimental studies are summarized in Table A1 (Appendix A),
including the sample size, population involved, pain type or pain type induction, inves-
tigated outcome, objective measures, and level of significance reported by the authors.
Furthermore, 31 reviews and 24 meta-analyses and systematic reviews have been included
in order to provide a clear and broad overview of the literature concerning placebo/nocebo
phenomena in healthy volunteers and chronic pain patients.

Table 1. Narrative review methodology used for research and analysis [10].

Typology Details

Sources accessed
• Database: Cumulative Index to Nursing and Allied Health Literature—CINAHL, Excerpta Medica

database—EMBASE, MEDLINE through PubMed, Web of Science.
• Other: bibliographic lists of relevant articles.

Search terms • Key-words: placebo, nocebo, effects, pain, acute, chronic, analgesia, hyperalgesia.
• Boolean operators: AND, OR.

Limits • Time: from inception of databases to 1st of January 2023.
• Language: English.
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Table 1. Cont.

Typology Details

Studies included

• Design: primary quantitative studies (e.g., experimental research, clinical trials) and secondary (e.g.,
narrative review, systematic review, metanalysis).

• Target: healthy participants, patients with acute and chronic pain of different origins (e.g.,
musculoskeletal, surgical).

• Topic: placebo and nocebo effects in acute and chronic pain.

Steps for writing
• Analysis: collection, analysis, and organization of findings, grouping of findings with similar content.
• Reporting: organization of the main text into subsections, synthesis of findings into tables and figures,

definition of key points for future research and practice, summary of new, evidence-based points.

Abbreviations: CINAHL, Cumulative Index to Nursing and Allied Health Literature; EMBASE, Excerpta Med-
ica database.

2. State of the Art

2.1. Experimental Approaches to Study Placebo and Nocebo Effects

Placebo and nocebo effects on pain have been extensively studied using experimental
research designs [6,11–15]. Different approaches have been used to trigger pain amelio-
ration or exacerbation: the two most common procedures are (1) the use of positive or
negative expectations and (2) the use of conditioning approaches [11,12]. In the first case,
inert treatments are administered along with verbal information that a real treatment is
delivered: using this approach, participants or patients are made to believe that a treat-
ment is administered and a positive or negative effect is expected [16–19]. In the second
case, using conditioning protocols, a real treatment is administered for different trials and
subsequently replaced by an inert treatment: using this approach, participants or patients
experience a positive effect when the active treatment is administered, and they expect the
same effect when the inert treatment is delivered unbeknownst to them [20–22]. Studies
in healthy volunteers showed that conditioning protocols produce more robust [23,24]
and long-lasting placebo effects that cannot be attributable to carryover effects of the
active treatment. On the contrary, nocebos seem to result in a great worsening of pain
even without a conditioning procedure [25]. Interestingly, the conditioned placebo effect
seems to be transferable from one modality (analgesia conditioning) to another (motor
performance) [26].

Besides expectation and conditioning studies, context effects have been extensively
documented using the so-called “open-hidden” design, in which participants or patients
receive a real analgesic drug in two different conditions: in the open condition, they
are aware that the drug is administered (presence of the context), in the hidden one,
they are unaware of receiving it (absence of the context) [27]. Studies consistently find
pain relieving medication of established effectiveness to be significantly more effective
when administered in an open fashion as compared to when individuals are unaware of
receiving the medication [28]. Thus, the difference between the two conditions shows how
exposure to a context influences the effectiveness of a treatment which is in fact proven
to be active. Recently, another approach has been used is the open–label nondeceptive
approach, whereby participants are informed that an inert treatment will be administered,
and that this treatment can be effective [11,12,29,30]. These two approaches (open–hidden
and open–label) offer the possibility to study placebo effects in clinical settings without the
ethical controversies of deception: indeed, in the first case, a real drug is administered, and
the effect of the context is studied without using an inert treatment. In the second case, the
use of a placebo is fully disclosed.

2.2. Neurobiology

Over the last few decades, different studies and projects have been conducted, using
different approaches ranging from pharmacology to neuroimaging [31–33], to describe
the brain circuitry and neurotransmitter systems that trigger or block placebo and nocebo
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effects. The study of the neurobiological determinants of these phenomena is crucial for
different reasons: (1) it provides solid knowledge of the objective effects of the context on
our brain, (2) it demonstrates that placebo/nocebo and drugs share common biochemical
pathways and activate the same receptor pathways, which suggests possible interference
between the context and rituals that surround a treatment on the one hand and pharmaco-
logical agents on the other. Major studies on healthy participants exposed to experimental
pain will be discussed in the next sections. Subsequently, a focus on patients with chronic
pain will be presented.

2.2.1. Pharmacological Evidence

Pharmacological studies demonstrated that inert treatments activate the endogenous
opioid and endocannabinoid systems (Figure 1A). In these studies, conducted on healthy
volunteers, a conditioning protocol was induced, in which opioids (e.g., morphine) or
cannabinoids (e.g., ketorolac) were administered and subsequently replaced by a placebo.
After morphine administration, μ-opioid antagonists (e.g., naloxone) block placebo analge-
sia [20,34,35]. The same effect has been discovered using CB1-antagonist (e.g., rimonabant)
after cannabinoid administration [36]. Interestingly, naloxone has also been seen to block
open–label nondeceptive placebo analgesia, indicating that the same mechanisms may
mediate nondeceptive and deceptive placebo analgesia [37]. Indirect confirmations of the
involvement of the opioid system have been reported investigating the role of cholecys-
tokinin (CCK), an anti-opioid peptide, and in particular, the role of CCK antagonists (e.g.,
proglumide) and CCK agonists (e.g., pentagastrin). Proglumide enhances placebo analgesic
effects while pentagastrin disrupts them [38–42]. Furthermore, nocebo hyperalgesia seems
to be modulated by the activation of the opioid system, as CCK antagonists can reverse
it [38]. Scott et al. (2008) [43] found a deactivation of the μ-opioid receptor system during
nocebo hyperalgesia (Figure 1B).

Beside opioid and cannabinoid systems, the dopamine system has been explored in
this context [32,33]. Some studies indicate that dopamine may be involved in placebo anal-
gesia influencing the activity of pain-related areas, such as the thalamus, insula, anterior
cingulate cortex [44,45], and the ventrolateral prefrontal cortex [46]. These data are contro-
versial. Indeed, it is likely that dopamine may not be fundamental for placebo analgesia
itself [47,48], but it may be more generally involved in placebo responsiveness [46,49]. In
particular, dopamine may affect patients’ expectations and desire for improvement [47]
and the recalled efficacy of a placebo [46].

Other neurotransmitters, e.g., oxytocin and vasopressin, may be involved in expectancy-
induced analgesia [50,51]. Interestingly, the administration of vasopressin has been ob-
served to be associated with increased placebo analgesia, but the effect was restricted to
women [50]. The hypothesis behind the involvement of these neurotransmitters takes into
account their role in social behavior [52,53], but the results are still preliminary, as other
studies do not support the facilitating effect of oxytocin on placebo analgesia [50]. Finally,
placebos and nocebos modulate the synthesis of prostaglandins, being important targets
of analgesic drugs [54], and the plasma level of pro-inflammatory cytokine (IL-18) during
pain experience [55]. It is crucial to consider that the mechanisms addressed above were
studied in healthy volunteers exposed to experimental pain protocols. As will be discussed
below, fewer studies investigated placebo and nocebo effects in patients with chronic pain,
and it has been suggested that the knowledge derived from studies on healthy volunteers
may not be entirely transferrable to chronic pain populations [56].
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Figure 1. Pharmacological evidences. As reported by different pharmacological studies, placebo
administration activates endogenous opioid, cannabinoid, and dopamine systems (A). Participants in
the placebo groups experienced analgesic effects, namely pain reduction, compared to participants
that received no treatments (natural history group). This analgesic effect is enhanced by proglumide,
oxytocin, and vasopressine ((B), upper graph) while it is disrupted by rimonabant, naloxone, and
pentagastrin ((B), middle graph). Nocebo effects exacerbate pain perception compared no treatment
groups (natural history group). This effect is partially reversed by CCK antagonist proglumide ((B),
bottom graph).

2.2.2. Neuroimaging Studies

Neuroimaging studies have provided crucial insights into how exposure to a context
can positively change pain perception at different temporal phases and high and low levels
of the central nervous system [57–65].

Temporal Aspects

Considering the temporal aspects, pain can be studied during the expectation phase
(e.g., when pain is anticipated) and during the perception phase (e.g., when pain is experi-
enced) (Figure 2). During the expectation phase, activation of the anterior cingulate cortex,
precentral and lateral prefrontal cortex, and periaqueductal gray has been documented;
during the perception phase, deactivation has been found in different brain regions such as
the mid- and posterior cingulate cortex, superior temporal and precentral gyri, the anterior
and posterior insula, the claustrum and putamen, and the thalamus and caudate body [66]
(Figure 2A). As for nocebo effects, where hyperalgesia is expected, increased activity in
different brain regions involved in nociceptive processing and emotion regulation (such
as the prefrontal cortex, anterior cingulate cortex and insula, primary somatosensory cor-
tex, cerebellum, superior temporal gyrus, and operculum) has been documented [67–70].
During the perception phase, an enhanced activation has been found in regions such as
the prefrontal cortex, anterior cingulate cortex, middle frontal gyrus, insula, claustrum,
putamen, superior parietal lobule, amygdala, hippocampus, middle temporal gyrus, and
periaqueductal gray [71,72] (Figure 2B). These findings concerning the temporal component
of pain are confirmed by electroencephalographic (EEG) studies. Interestingly, placebos
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and nocebos can change EEG brain activity during both the expectation and perception
phases [23,73,74]. For example, the expectation of receiving a nonpainful or painful stimu-
lus respectively decreases or increases the amplitude of the contingent negative variation,
i.e., an EEG slow negative wave that represents an objective measure of expectation of a
specific incoming event (e.g., the expectation of analgesia or hyperalgesia) [23]. Considering
the “perception phase”, placebo treatments produce decreased laser-evoked potentials,
which represents an early measure of nociceptive processes, since it occurs 200–250 ms after
painful stimulation [73]. The source of both these evoked potentials has been evaluated
and the supplementary motor area, anterior cingulate cortex, middle cingulate cortex, and
insula seem fundamental for contingent negative variation, and anterior cingulate cortex,
operculum, and secondary sensorial cortex for laser-evoked potentials [75,76]. Moreover,
placebo analgesia treatments significantly reduce the amplitude of the N1, P2, and P3
event-related potential components elicited by painful stimulation [77] (Figure 2C).

 

Figure 2. Neuroimaging studies: temporal aspects (expectation and perception phases) related to
brain area activity after placebo or nocebo administration. As reported by different neuroimaging
studies, expectations of pain relief, triggered by placebos, activate brain areas such as PFC, ACC, and
PAG (P1); in the perception phase, deactivation has been found in different brain regions, including
MCC, PCC, MTG, STG, PreCG, Thal, INS, CLA, and DS (A). On the contrary, expectations of pain
worsening, triggered by nocebos, enhance activity in brain regions that include PFC, ACC, INS, SI,
and CBM; in the perception phase, increased activity in PFC, ACC, MFG, INS, CLA, PU, HPC, MTG,
SPL, STG, OPERCULUM, and INS has been found (B). Electroencephalographic (EEG) studies report
that placebos and nocebos change EEG brain activity. In particular, the expectation of receiving no
painful or painful stimuli respectively decreases (green line) or increases (red line) the amplitude of
the contingent negative variation (CNV). Considering the “perception phase”, placebo treatments
produce a decrease (blue line) in laser-evoked potential (LEP), an EEG wave that represents an early
measure of nociceptive processes (C).

Central Nervous System

Placebos and nocebos can affect the activity and the connectivity of cortical, subcortical,
and spinal areas (Figure 3).
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Figure 3. Connectivity analysis data. Connectivity studies have documented changes in functional
connectivity in the placebo analgesic effect between PreCUN-HPC, MTG–PoCG, and rACC–PAG–
RVM). In the nocebo hyperalgesic effect, functional connectivity changes have been observed among
HPC/Operculum and many brain areas, namely ACC, INS, M1, and S1. In addition, functional
connectivity between HPC and PAG and Amg has been suggested to play a role in the nocebo
hyperalgesic effect.

High Central Nervous System Levels

Starting from the cortical and subcortical levels in placebo expectation studies where
inert treatments were delivered along with a verbal suggestion of symptom amelioration,
an increase in μ opioid neurotransmission has been observed in different brain areas, such
as the pre- and subgenual rostral anterior cingulate cortex [78–82], dorsolateral prefrontal
cortex [79–81], orbitofrontal cortex [80,82], anterior insular cortex [79–82], nucleus accum-
bens [79,81,82], amygdala [79,80,82], thalamus [79,80], and periaqueductal gray [79,82]. On
the contrary, when pain exacerbation is expected, a subjective increase in pain ratings has
been reported along with increased activity in different brain regions involved in pain
processing and emotion regulation, such as the prefrontal cortex, anterior cingulate cortex,
and insula [70,71,83,84].

Similar results have been observed in open–hidden studies, where the open (placebo)
condition, which maximizes the context effects, produced a behavioral analgesic effect
along with deactivation of pain matrix areas, such as the mid and posterior cingulate
cortex, insula, and thalamus, and activation of the dorsolateral prefrontal cortex and rostral
anterior cingulate cortex [85]. On the contrary, in the hidden (nocebo) condition, which is a
condition that significantly reduces the context effects, no changes in pain perception and
no pain matrix deactivation were observed. Interestingly, expectations of drug interruption,
e.g., expecting the analgesic effect to end, were followed by a blockage of drug analgesia
and enhanced activity in the hippocampus [85].

Among all these areas, the dorsolateral prefrontal cortex and intraparietal sulcus
seem to play a pivotal role in placebo responsiveness [31]. Studies supporting these con-
clusions are on healthy volunteers and patients with impairment in frontal regions. In
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Alzheimer’s patients who show compromised frontal lobes, the placebo analgesia nega-
tively correlates with prefrontal activity impairment [86]. In healthy subjects, the prefrontal
inactivation with repetitive transcranial magnetic stimulation results in a blockade of the
placebo response [87], while active transcranial direct current stimulation, compared with
sham transcranial direct current stimulation, boosts the placebo and blunts the nocebo
effects [88]. Frontal activity seems to be crucial for placebo and nocebo responsiveness
as researchers found a correlation between frontal activity and placebo effect magnitude;
for example, placebo analgesia has been found to correlate with (1) fronto-parietal activ-
ity in regions associated with emotion regulation [63], (2) dorsolateral prefrontal cortex
connectivity [89–91], and (3) opioid binding in the prefrontal cortex [45,65].

Low Central Nervous System Levels

Besides the study of high-level regions, recent studies have shown that placebo anal-
gesia also involves nociception inhibition at the spinal level [92] and modulation of tha-
lamocortical pathways related to nociception and pain [93,94]. At the same time, connec-
tivity studies have documented changes in functional connectivity between precuneus-
hippocampus and middle temporal gyrus-postcentral gyrus [95], and between the rostral
anterior cingulate cortex and brain stem [63,90,96]. In particular, significant results sug-
gest the involvement of the descending rostral anterior cingulate cortex-periaqueductal
gray-rostral ventromedial medulla pain-modulating pathway, which in concert with other
brainstem sites, such as the parabrachial nucleus, substantia nigra, and locus coeruleus, can
influence the experience of pain by modulating activity at the level of the dorsal horn [97].
Interestingly, reductions in brain activity in areas that are not often considered, such as the
habenula and the cerebellum, have been found [98]. Moreover, neural interactions between
the prefrontal areas, brainstem, and spinal cord seem to regulate the nocebo effect. In
particular, cognition interacts with the pain pathway through the rostral anterior cingulate
cortex-periaqueductal gray-spinal axis, influencing nociceptive processing at the spinal
level [99]. When nocebo hyperalgesia occurs, functional connectivity changes have been
observed among hippocampus-operculum and other brain areas, including the anterior
cingulate cortex, insula, primary motor cortex, and primary somatosensory cortex [71]. In
addition, a recent study suggests a relevant role of the hippocampus and its functional con-
nectivity with brain regions involved in the processing of sensory-discriminative aspects of
pain, such as the periaqueductal gray and amygdala, in nocebo hyperalgesia [100].

Despite placebo analgesia and nocebo hyperalgesia interfering in pain perception and
changing activity in different areas involved in nociceptive processing, it is still unclear
if there is a strong correlation between the magnitude of the subjective placebo analgesia
and objective changes in the latter areas. Given that the available literature suggests only
a small subjective–objective correlation, it is likely that other mechanisms beyond the
bottom-up nociceptive processing are involved in placebo analgesia [101]. Indeed, brain
regions that are not associated with nociception but with self-regulation and high-level
action selection, particularly the supplementary motor area, exhibit reduced activity during
placebo analgesia. These effects may reflect a shift in motivation and decision making in
the context of pain [31].

2.3. Genetics

Finally, a crucial and novel aspect of placebo and nocebo responsiveness is related
to the role of genetic factors that can substantially contribute to these phenomena. The
research in this field is in its early years, but it is plausible that placebo effects are de-
termined by a complex network of genetic factors, individual medical experiences, and
environmental factors [102]. The study of polymorphisms associated with placebo re-
sponsiveness has been focused on the systems involved in the placebo response, e.g.,
dopamine, opioid, and endocannabinoid systems [103–105]. For example, the polymor-
phism of the μ-opioid receptor gene (OPRM1) seems to be involved in the individual
differences in placebo responsiveness [105,106]. Due to the high incidence of placebo effects
in randomized controlled trials (RCTs) of treatments for mood diseases, an interplay with
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placebo-effect-related genes may also be present in the serotonergic system [103]. Several
genes have been suggested to be involved in the serotoninergic system related to placebo
remission [79,102]. Hall and colleagues coined the term “placebome” [103] to define the
plausible genetic factors that influence the responsiveness to placebos [107]. The former
created a placebome module consisting of 54 proteins and evaluated the proximity of the
module to modules related to diseases or symptoms known to have a high or low-to-no
placebo response by utilizing a seed connector algorithm. Results showed that the place-
bome was located proximate to the module for diseases or symptoms known to have a high
placebo response and distal to conditions known to have a low-to-no placebo response [104].
It is worth noticing that, despite the role played by genetic factors in placebo responsive-
ness, results from a recent pilot twin study suggest that individual learning experiences are
more important than genetic influences, at least in placebo analgesia induced through a
conditioning paradigm [108].

2.4. Placebo and Nocebo Effects in Chronic Pain

The study of placebo and nocebo effects in chronic pain patients is extremely compli-
cated. Patients with chronic pain are usually exposed to different long-lasting painful con-
ditions, generally longer than three months, with different levels of pain experience [109].
Indeed, chronic pain is used as an “umbrella term” that incorporates a wide range of clinical
conditions, ranging from fibromyalgia, migraine, musculoskeletal pain, or long-standing
pain states with or without actual known causes [109]. Therefore, there are no consistent
results for the occurrence and magnitude of placebo analgesia in chronic pain disorders [3].
Different studies report that placebo treatments successfully induce analgesia in chronic
pain patients [90,110–112], and the effect seems to be stronger in women than in men [113].
RCTs point out that some of the common therapies for low back pain were no better than
placebo [114] or only minimally better [115], suggesting that placebo responses can be large
and clinically significant [116,117]. Other studies report mixed results. For example, in
the meta-analysis of Morozov et al. (2022), placebo demonstrated a significant efficacy
on subjective parameters (e.g., visual analogic scale and McGill pain questionnaire) [14].
Generally, a positive patient–clinician communication atmosphere seems a relevant aspect
that triggers placebo analgesic effects; for instance, Kaptchuk et al. (2008) compared two
placebo acupuncture treatments in patients with irritable bowel syndrome and showed that,
while both treatments were superior to a natural history group, the positive therapeutic
relationship further increased the efficacy of placebo acupuncture [111].

Overall, even if different studies have confirmed the occurrence of placebo analgesia in
patients with chronic pain, it remains unclear if the mechanisms underlying these effects are
different or similar to those observed in response to experimental pain protocols in healthy
participants [13]. One crucial point is that, due to their personal medical experiences, both
populations show completely different pain and treatment efficacy expectations [118,119].
These experiences would likely change the responsiveness to placebo or nocebo contexts.
For example, the meta-analysis of Peerdman et al. (2016) indicates that expectations of
patients may largely influence experimental and acute pain, whereas they have small
effects on chronic pain [120]. Moreover, Muller et al. (2016) observed that, even if placebo
analgesia was found to be large for both acute experimental and chronic pain, the two
placebo responses were not related [118]. The main role of prior therapeutic experiences is
supported by the results of Colloca et al. (2020) that showed a similar placebo analgesia
magnitude in both healthy participants and chronic pain patients, which was directly
linked to prior therapeutic experiences (conditioning procedure) [121].

Also, from a neurobiological point of view, there seem to be differences between
patients and healthy controls in terms of placebo responsiveness, starting with the observa-
tion that naloxone appears not to block placebo analgesia in chronic pain states [110,122].
The results suggest that, in chronic pain patients, the opioid system may not be involved
in placebo analgesia as in healthy subjects. From one perspective, it is surprising since
pharmacological opioids are often used to treat chronic pain [123–125], but it is still true that
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the efficacy of opioids on chronic pain is debated, especially for long-term treatment [126].
A possible explanation for these results lays in the altered functioning of the opioid system
as reported in chronic pain animal models [127] and human patients [128–130]. Different
theories try to explain the persistence of pain in chronic conditions. For example, pain
perception can be viewed as an inferential process in which top-down expectations and
priors interact with bottom-up sensorial data. After administering a treatment, when
bottom-up sensorial data changes, priors can be updated following bottom-up changes or
maintained. In the case of chronic pain patients, there could be a bias in the interpretation
of bottom-up information along with the use of immunization strategies that prevent the
update of priors and expectations [131]. In line with this, chronic pain patients tend to
explain ambiguous stimuli as pain- or condition-related without positively updating their
previous expectations and cognitions [132–135]. An inability to update expectations based
on outcomes (e.g., when the pain experience is less than anticipated) would result in a
system that is poorly attuned to the external environment [135], and patients with chronic
pain seem to lack this ability: studies show that patients are less capable of improving
their performance on reward-dependent learning tasks [136–139] and showed an altered
loss aversion in a monetary gambling task [140]. In line with this, it is suggested that
the reward-related processes in the inability to update expectations are playing a role in
the development of prolonged pain [141]. One hypothesis takes into account the possible
absence of reward signaling related to endogenous opioid transmission [125], as supported
by the studies on the altered opioid system in chronic pain patients [128–130].

Beyond the role of the opioid system, differences in the dopamine system, described
both in animals and humans with chronic pain [142], may contribute to the development
and maintenance of a chronic pain condition [143]. For example, a single-blinded-placebo
trial in chronic pain patients showed that placebo responders had higher functional connec-
tivity enriched by the dopamine transporter than nonresponders. This result suggests that
those patients with the strongest dopamine-related neurotransmission might benefit the
most from expectancy/placebo effects [125].

Differences in placebo responsiveness in chronic pain patients have also been related to
other brain structures and function characteristics. In particular, (functional) Magnetic Res-
onance Imaging ((f)MRI) research demonstrated that subcortical limbic volume asymmetry,
sensorimotor cortical thickness, and functional coupling of prefrontal regions, anterior
cingulate cortex, and periaqueductal gray were predictive of placebo responses [90]. It is
worth noting that these brain traits were present before administrating a placebo treatment,
which provides evidence for a placebo responsiveness propensity and, as demonstrated
using a machine learning algorithm, a biosignature to predict the placebo response at group
level [90,144].

Despite these differences between healthy controls and chronic pain patients, close
correspondence in mechanisms underlying placebo responses in these populations has
also been found. For example, levels of activation in the dorsolateral prefrontal cortex and
orbitofrontal cortex, as well as the coupling of the dorsolateral prefrontal cortex and rostral
anterior cingulate cortex with antinociceptive circuitry [89,90], are believed to be part of
both placebo responses [90].

Overall, it remains debatable whether the mechanisms underlying placebo responses
in patients really differ from the ones in healthy controls, as well as whether there are true
differences in these mechanisms in response to either acute or chronic pain. However, it
seems plausible that the results of placebo research in experimental settings on healthy
volunteers may not be totally transferable to placebo responses in chronic pain populations.

3. Future Directions for Clinical Practice

As documented in the previous section, the mechanistic placebo literature suggests
that inert interventions provided within a specific context can relieve pain [5]. Translation
of these findings into clinical practice requires the acknowledgement that positive clinical
outcomes in patients seeking care for different painful conditions (e.g., musculoskeletal

43



J. Clin. Med. 2023, 12, 4113

pain) are related to many factors [131]. Generally, an intervention’s effectiveness for a
given patient may be attributable to a combined effect of: (1) factors such as natural history
and regression to the mean: the natural history of many musculoskeletal disorders is
favorable, and patients tend to seek care when their symptoms are at their worst, resulting
in regression to the mean with repeated assessment over time; (2) the specific effects of
the intervention resulting in improved outcomes regardless of the context of administra-
tion; and (3) factors related to the context of the intervention such as whether the patient
expects the intervention to be effective and the relationship between the patient and the
provider [145,146]. Positive and negative contexts influence the effectiveness of all pain
management interventions [147–149]. For example, contextual effects accounted for more
than 75% of the improvements observed in RCTs of interventions for osteoarthritis [150]
and following surgical interventions for pain [151]. In patients with painful conditions,
individual interventions often fail to show added value when directly compared to other
interventions with modest treatment effects at best [152,153]. Observing only small differ-
ences in effects across multiple interventions that are different based on their theoretical
working mechanisms suggests a significant role for contextual factors that these interven-
tions have in common [131]. For instance, consciously seeking to maximize the contextual
effects in clinical practice offers an intriguing opportunity to enhance treatment effects by
maximizing the specific mechanisms of interventions as well as the context surrounding
intervention administration [6,7].

Previously highlighted factors known to influence placebo analgesia also influence
clinical outcomes in patients with different chronic pain conditions. For example, recovery
expectations [154–156] and the relationship between the patient and provider [157] are
known influential factors for the clinical outcome of patients experiencing musculoskeletal
pain. Expectations mediating placebo analgesia appear to be depending on social learn-
ing [21,22,158–160]. Specifically, expectations may be formed and manipulated through
verbal instruction, observation, and conditioning [158,160]. Experimental studies sug-
gest that providing a placebo intervention with the following instruction: “the agent you
have just received is known to powerfully reduce pain in some patients” [110], having
a participant watch someone else experience pain relief in response to a placebo [161],
or undergoing a conditioning protocol [162] are all approaches to enhance expectations
which can result in increased placebo analgesia. Similar approaches in the clinic, such as
educating patients on the effectiveness of a chosen intervention, making patients aware
of the provider’s own personal observations of success, the use of patient testimonials,
or providing interventions to which a patient has previously had positive experiences,
may all be ways to maximize the contextual benefits of interventions for pain through the
maximizing of expectations [62,120].

Therapeutic alliance is characterized in psychotherapy as the bond including trust
and attachment between the patient and provider and includes consideration of agreement
on the goals of therapy and assignment of tasks [163]. The literature on placebos suggests
that therapeutic alliance can be enhanced and placebo analgesia increased when a sham
intervention is administered by a provider who is warm and friendly, practices active
listening, expresses empathy, and expresses confidence in the intervention [111,164,165].
These clinical results support the findings from the literature on experimental placebos [166].
Consequently, outcomes of patients presenting with pain may be improved when a strong
therapeutic alliance is established between the patient and the provider [1,2].

In summary, patients with chronic pain may experience improved outcomes in re-
sponse to an intervention for a variety of reasons beyond the specific effect of the interven-
tion [6,7]. Contextual effects are a component of all interventions for pain that clinicians
should implement in their clinical practice (Table 2). The literature on mechanistic placebos
provides insight into how these effects can be successfully utilized in clinical practice.
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Table 2. Key points for clinical practice and research.

Area Actions

Clinical Practice

• Considering the patient’s previous positive and negative experiences when drawing up the
treatment plan.

• Evaluate the patient’s positive and negative expectations prior to the administration of therapy.
• Pay attention to the relationship and therapeutic alliance between the patient and provider during the

care continuum.
• Emphasizing the clinical improvements that have occurred as a result of therapy.
• Consciously and conscientiously use contextual effects to enhance the specific effect of therapy.

Research

• Ensuring the blinding of patients, evaluating and reporting it in placebo-controlled trials.
• Using comparators in sham groups that are similar in characteristics to the real treatments in

placebo-controlled trials.
• Assess patient expectations in placebo-controlled trials.
• Recognize that a nontreatment control group to exclude confounders (e.g., the natural history of the

disease) in placebo-controlled trials is necessary to establish the magnitude of the placebo effect size.
• Assess patient’s belief in having participated in the control or active group once placebo-controlled trials

have ended.

4. Future Directions for Research and Clinical Trials

High-quality RCTs are the gold standard for treatment effectiveness. The traditional
interpretation of null findings in placebo RCTs is considering the experimental interven-
tion as ineffective. Specific to pain as an outcome, this assumption neglects the potential
analgesic response to a placebo [145,146]. Consequently, a studied intervention providing
no greater pain relief than a placebo comparator may suggest two equally effective inter-
ventions, potentially with differing mechanisms behind their effectiveness [167]. Different
factors need to be considered for designing and interpreting placebo-controlled studies
on interventions for pain [145,146]. The blinding of both patients and providers is an
important consideration in placebo-controlled trials given that participants are made aware
during the consent process of a 50% chance of receiving a placebo [146]. Blinding may
be compromised due to poorly designed placebos which are not credible. Furthermore,
blinding may be lost in placebo-controlled medication studies due to sensations unique to
the studied intervention [168] or side effects in the active arm [169]. Based on a literature re-
view of sham-controlled trials concerning back pain interventions, it appeared that a higher
percentage of participants in active trial arms correctly identified their intervention, e.g.,
active and not sham, while blinding was successful in the sham arms of the studies [170].
Importantly, larger treatment effect sizes were observed in response to both the studied
intervention and sham intervention when participants believed they received the active
intervention [170]. Therefore, blinding should be carefully considered in placebo-controlled
trials of pain management interventions and care should be taken to design sham or placebo
comparators which are effective in maintaining blinding. Furthermore, blinding success
should be assessed and reported in such trials [145,146].

Moreover, expectations are a primary mechanism of placebo analgesia [147]. Discrep-
ancies between participant expectations concerning the success of a provided intervention
between the active and placebo arms of a study could influence the observed outcomes [171].
Consequently, when designing placebo comparators for interventions for pain, care should
be taken to assess expectations and ensure that the expectations for each arm of the study
are similar [160].

Then, the true effect size of contextual effects on clinical outcomes requires additional
consideration beyond the traditional two-arm placebo RCT. First, attributing changes in
outcomes in a placebo treatment arm of a study to the placebo effect is temping; however,
such an approach can be misleading [145,146]. Changes in the placebo arm should be
considered as the placebo response; however, accurately measuring the placebo effect
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requires a no-treatment control group to account for influences such as natural history and
regression to the mean [8].

Participants in an RCT are aware through the consent process of having a 50% chance
of receiving a placebo. Consequently, individuals volunteering to participate in an RCT
may differ from those presenting for clinical care, where expectations for improvement tend
to be high [172,173]. Placebo mechanism studies differ from placebo-controlled studies
given that participants are provided a placebo but instructed that they are receiving an
effective intervention [147,148]. This study design is more consistent with clinical care in
which interventions are generally provided by enthusiastic practitioners who instruct the
patient of the likely effectiveness of the chosen intervention [147,148]. Placebo responses
are greater in placebo mechanism studies than in placebo control studies [147] and similar
approaches may result in a more accurate representation of the magnitude of contextual
effect sizes in clinical practice. Furthermore, placebo-controlled studies may underestimate
the effect of interventions. A literature review of studies on antidepressants observed
significantly greater responses to treatment in terms of depression in studies with active
comparators as compared to placebo-controlled studies [174]. Participants in studies
with an active comparator were twice as likely to respond and one and a half times as
likely to experience remission compared to participants in a traditional placebo-controlled
study on antidepressants [174]. Such findings may be attributable to the expectations of
participants in the active arm of the placebo-controlled studies who are also aware of the
possibility that their intervention is a placebo [171]. Collectively, these findings suggest
RCTs may underestimate both the placebo and treatment effects due to differences in
expectations from those observed in clinical care [171]. Carefully designed studies may be
necessary to account for the true magnitude of the influence of these factors on outcomes
and provide a more accurate indication of their role in the effectiveness of interventions,
offering opportunity for future research (Table 2).

5. Conclusions and Limitations

In summary, while studies on healthy participants seem consistent and provide a clear
picture of how the brain reacts to different contexts at biological, neurophysiological, and
genetical levels, there are no consistent results for the occurrence and magnitude of placebo
and nocebo effects in chronic pain patients, mainly due to the heterogeneity of painful
conditions. Thus, while it is a common experience that the same therapy offered in different
contexts may influence the patient’s outcome in care settings representing an opportunity
for clinicians, future studies on placebo and nocebo effects on patients with chronic pain
are urgently needed, calling researchers and trialists to action worldwide.

This state-of-the-art paper presents some limitations. First, given that this paper
comprises a narrative overview of the current state of the art, the included studies and data
were not selected by adopting a systematic review approach. However, recommendations
for performing a narrative biomedical review have been followed [10]. Second, the paper is
mainly focused on the neurobiological and clinical aspects of placebo and nocebo effects,
without describing the psychological mechanisms and determinants of these phenomena in
detail. Third, the paper is limited to the specific topic of pain, even if it is well documented
that there is not one sole placebo/nocebo effect, and instead many effects are mediated by
a variety of psychological and biological mechanisms.
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Appendix A

Table A1. Characteristics of the experimental placebo–nocebo studies included in this paper.

Paper ID
Sample Size
(M, F, Not
Analysed) *

Population Type
Pain Type/Pain
Induction

Investigated
Outcome

Outcome
Measure

Level of
Significance

Amanzio and
Benedetti,
1999 [20]

229 (132, 97) Healthy subjects Experimental
ischemic pain

Behavioral
(Pharmacological)

Pain tolerance
(min) p < 0.05

Amanzio et al.,
2001 [21]

364 (278 patients;
86 healthy
controls)

Patients (thoracic
surgery) and
healthy controls

Postoperative
pain;
experimental
ischemic arm
pain

Behavioral
(Pharmacological) NRS (0–10) p < 0.05

Benedetti et al.,
1995 [40] 93 (52, 41)

Patients
(thoracotomy for
lung surgery)

Post-surgery pain Behavioral
(Pharmacological) NRS (0–10) p < 0.02

Benedetti et al.,
1996 [39] 340 (154, 186) Healthy subjects Experimental

ischemic pain
Behavioral
(Pharmacological) NRS (0–10) p < 0.05

Benedetti et al.,
1997 [38] 180 (119, 61)

Patients
(video-assisted
thoracoscopy)

Post-surgery pain Behavioral
(Pharmacological) NRS (0–10) p < 0.05

Benedetti et al.,
2006 [42] 49 (23, 26) Healthy subjects Experimental

ischemic pain
Behavioral
(Pharmacological) NRS (0–10) p < 0.05

Benedetti et al.,
2006 [86]

44 (28 patients (11,
17), 16 controls)

Patients
(Alzheimer’s
disease) and
healthy subjects

Burning pain
after
venipuncture

Electrophysiological
(EEG) NRS (0–10) p < 0.05

Benedetti et al.,
2010 [41] 40 (20, 20) Healthy subjects Experimental

ischemic pain
Behavioral
(Pharmacological) Tolerance time p < 0.05

Benedetti et al.,
2011 [36] 82 (41, 41) Healthy subjects Experimental

ischemic pain
Behavioral
(Pharmacological) Tolerance time 95%CI

Benedetti et al.,
2014 [54] 74 (30, 44) Healthy subjects Hypobaric

hypoxia headache
Behavioral
(Pharmacological) NRS (0–10) 95%CI

Benedetti et al.,
2022 [37] 149 (82, 67) Healthy subjects Experimental

ischemic pain
Behavioral
(Pharmacological) 0–10 rating scale p < 0.05
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Table A1. Cont.

Paper ID
Sample Size
(M, F, Not
Analysed) *

Population Type
Pain Type/Pain
Induction

Investigated
Outcome

Outcome
Measure

Level of
Significance

Bingel et al.
2011 [85] 22 (15, 7) Healthy subjects Heat pain Neuroimaging (fMRI) VAS (0–100) p < 0.05

Bingel et al.,
2022 [100] 22 (15, 7) Healthy subjects Heat pain

Neuroimaging;
functional
connectivity (fMRI)

VAS (0–100) p < 0.05

Bush et al.,
2021 [95] 37 (12, 25) Healthy subjects Heat pain

Neuroimaging;
functional
connectivity (fMRI)

VAS (0–100) p < 0.05

Camerone et al.,
2021 [16] 166 (78, 88, 9) Healthy subjects Electrical stimuli Behavioral NRS (0–10) p < 0.05

Camerone et al.,
2021 [17] 77 (24, 24, 29) Healthy subjects Cold pressor test

(CPT) Behavioral Numerical Pain
Intensity (0–100) p < 0.05

Camerone et al.,
2022 [18] 51 (24, 27, 10) Healthy subjects Cold pressor test

(CPT) Behavioral NRS (0–10) p < 0.05

Carlino et al.,
2015 [73] 34 (20, 14) Healthy subjects Laser stimulation Electrophysiology

(EEG) NRS (0–10) p < 0.05

Carlino et al.,
2016 [26] 80 (34, 46) Healthy subjects Electrical stimuli Behavioral NRS (0–10) p < 0.05

Colloca et al.,
2006 [24] 30 (5, 25) Healthy subjects Electrical stimuli Behavioral NRS (0–10) p < 0.05

Colloca et al.,
2008 [21] 116 (0, 116) Healthy subjects Electrical stimuli Behavioral NRS (0–10) p < 0.05

Colloca et al.,
2010 [25] 46 (16, 30) Healthy subjects Electrical stimuli Behavioral VAS (0–10 p < 0.05

Colloca et al.,
2016 [50] 109 (55, 54, 1) Healthy subjects Electrical stimuli Behavioral VAS (0–10) p < 0.05

Colloca et al.,
2019 [105] 160 (58, 102) Healthy subjects Electrical and

heat stimuli
DNA genotyping;
epistasis VAS (0–10) p < 0.001

Colloca et al.,
2020 [121]

763 (363 patients
(85, 278); 400
healthy controls
(162; 238)

Patients (chronic
orofacial pain)
and healthy
subjects

Heat stimuli Behavioral VAS p < 0.05

Disley et al.,
2021 [30] 104 (10, 65, 29) Healthy subjects Cold pressor test

(CPT) Behavioral VAS (0–100) p = 0.05

Eippert et al.,
2009 [34] 48 (48, -, 8) Healthy subjects Heat pain Neuroimaging (fMRI) VAS (0–100) p ≤ 0.05

Eippert et al.,
2009 [92] 15 (15, 0) Healthy subjects Heat pain Neuroimaging (fMRI) VAS (0–100) p < 0.05

Ellerbrock et al.,
2015 [35] 40 (20, 20, 1) Healthy subjects Heat pain

Neuroimaging;
functional
connectivity (fMRI)

VAS (0–100) p < 0.05

Fuentes et al.,
2014 [164] 117 Patients (chronic

low back pain) - Behavioral NRS (0–10) p < 0.05

Hashmi et al.,
2014 [91] 42

Patients (chronic
knee
osteoarthritis)

Heat pain Neuroimaging (fMRI) Gracely Sensory
Scale (0–20) p < 0.05

Jarcho et al.,
2016 [46] 15 (0, 15) Healthy subjects Heat pain Neuroimaging (PET;

fMRI) VAS (0–100) p < 0.005
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Table A1. Cont.

Paper ID
Sample Size
(M, F, Not
Analysed) *

Population Type
Pain Type/Pain
Induction

Investigated
Outcome

Outcome
Measure

Level of
Significance

Kaptchuk et al.,
2008 [111] 262 (63, 199) Patients (irritable

bowel syndrome) - Behavioral

Global
improvement
scale (range 1–7);
adequate relief of
symptoms;
symptom severity

p < 0.01

Kelley et al.,
2009 [165] 189 Patients (irritable

bowel syndrome) - Behavioral

Combined
outcome (IBS
Symptom
Severity Scale;
IBS Quality of
Like Scale; IBS
Global
Improvement
Scale; IBS
Adequate Relief)

p < 0.05

Kessner et al.,
2013 [51] 80 (80, 0) Healthy subjects Heat pain

Behavioral
(Pharmacological) Visual Analogue

Scale (0–100) p < 0.05

Klinger et al.,
2017 [112] 48 (12, 36) Patients (chronic

back pain) Electrical stimuli Behavioral NRS (0–10) 95% CI

Kong et al.,
2006 [57] 24 (13, 11) Healthy subjects Heat pain Neuroimaging (fMRI) 0–20 Sensory Box

Scale

p < 0.0001 for
ROI
p = 0.05

Kong et al.,
2008 [71] 20 (5, 8, 7) Healthy subjects Heat pain Neuroimaging (fMRI)

Gracely Sensory
and Affective
Scales

p < 0.05

Koyama et al.,
2005 [70] 10 (8, 2) Healthy subjects Heat pain Neuroimaging (fMRI) VAS p < 0.01

Krummenacher
et al., 2010 [87] 40 (40, 0) Healthy subjects Heat pain rTMS VAS (0–10) p ≤ 0.05

Kube et al.,
2020 [29] 117 (48, 53, 16) Healthy subjects Heat pain Behavioral Pain tolerance p < 0.05

Lieberman et al.,
2004 [58]

52 (29 active drug;
23 placebo
condition)

Patients (irritable
bowel syndrome) - Neuroimaging (PET) Symptom diary (4

weeks) p < 0.005

Malfiet et al.,
2019 [79] 83 Patients (chronic

neck pain) - Behavioral VAS (0–100) p = 0.05

Martins et al.,
2022 [125] 56

Patients (chronic
knee
osteoarthritis)

-
Neuroimaging;
functional
connectivity (fMRI)

VAS (0–10) p < 0.05

Morton et al.,
2010 [74] 67 (21, 35, 11) Healthy subjects Laser stimulation Electrophysiological

(EEG) 0–10 scale p = 0.05

Müller et al.,
2016 [118] 50 (27, 32, 1) Patients (chronic

pain)
Pressure-pain
stimuli Behavioral VAS (0–100) p < 0.05

Olson et al.,
2021 [113] 280 (65, 215) Patients (chronic

orofacial pain) Heat pain Behavioral VAS (0–100) p < 0.05

Peciña et al.,
2015 [106] 50 (21, 29) Healthy subjects 5% hypertonic

saline
DNA genotyping;
Neuroimaging (PET) VAS (0–100) p < 0.05

Petrovic et al.,
2002 [60] 9 Healthy subjects Heat stimuli Neuroimaging (PET) VAS (0–100) p = 0.005

Petrovic et al.,
2010 [59] 24 (9, 15) Healthy subjects Heat stimuli Neuroimaging (PET;

fMRI) VAS (0–100) p < 0.05

Piedimonte et al.,
2017 [23] 34(16, 18, -) Healthy subject Electrical stimuli Electrophysiological

(EEG) NRS (0–10) p < 0.05
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Paper ID
Sample Size
(M, F, Not
Analysed) *

Population Type
Pain Type/Pain
Induction

Investigated
Outcome

Outcome
Measure

Level of
Significance

Ploghaus et al.,
1999 [67] 12 (7, 5) Healthy subjects Heat stimuli Neuroimaging (fMRI) VAS (0–10) p < 0.05

Pollo et al.,
2001 [81] 38

Patients
(thoracotomized
patients)

- Behavioral NRS (0–10) p < 0.01

Porro et al.,
2002 [69] 30 (10, 16, 4) Healthy subjects Acid solution

injection Neuroimaging (fMRI) 0–100 scale rating p < 0.05

Price et al.,
1999 [162] 40 (16, 24) Healthy subjects Heat pain Behavioral VAS (0–10) p < 0.05

Price et al.,
2007 [61] 9 Patients (irritable

bowel syndrome)

Barostat balloon
distension—
pressure
stimuli

Neuroimaging (fMRI) 100-unit rating
scale p < 0.05

Prossin et al.,
2022 [55] 37 (12, 25) Healthy subjects Hypertonic saline

injection
Neuroimaging (PET,
MRI) VAS (0–100) p < 0.05

Rief et al.,
2012 [168] 144 (50, 904) Healthy

participants Heat pain Behavioral Pain threshold
change in ◦C p < 0.05

Ruscheweyh
et al., 2014 [98]

60 (30 patients, 30
controls)

Patients
(cerebellum
infarction) and
healthy subjects

Heat; pressure;
pinprick pain Behavioral NRS (0–10) p < 0.05

Sawamoto et al.,
2000 [83] 10 (10, 0) Healthy subjects Laser thermal

stimulation Neuroimaging (fMRI) 0–100 scale p < 0.05

Schmid et al.,
2015 [84] 44 (22, 22) Healthy subjects Rectal distension Neuroimaging (fMRI) VAS (0–100) p < 0.05

Schwartz et al.,
2022 [161] 44 (18, 26) Patients (chronic

low back pain) - Behavioral NRS (0–10) p < 0.05

Scott et al.,
2007 [49]

48 (30 Study1; 16
Study2; 18 Male
controls)

Healthy subjects 5% hypertonic
saline injection

Neuroimaging
(Study1—PET, fMRI
Study2—fMRI)

VAS (0–100) p < 0.05

Scott et al.,
2008 [43]

20 (9, 11); 18 (18,
0) Healthy subjects Sustained muscle

pain challenge
Neuroimaging (PET,
MRI) VAS (0–100)

p < 0.0001 for
ROI
p = 0.05

Skyt et al.,
2018 [47] 19 (10, 9)

Patients
(neuropathic
pain)

Pinprick-evoked
pain;
wind-up-like pain

Behavioral VAS (0–10; 0–100) p < 0.05

Tétreault et al.,
2016 [89]

98 (17 Study1; 39
Study2; 42
Study3)

Patients (chronic
knee
osteoarthritis
pain)

- Neuroimaging (fMRI)

VAS (0–10);
Western Ontario
and McMaster
Universities
Osteoarthritis
Index

p < 0.05

Tinnermann et al.,
2017 [99] 57 (27, 22, 8) Healthy subjects Heat stimuli Neuroimaging (fMRI) VAS (0–100) p < 0.05

Tu et al., 2021 [88] 81 (44, 37) Healthy subjects Heat stimuli Neuroimaging (fMRI);
tDCS

Gracely Sensory
Scale (0–20) p < 0.05

Vachon-Presseau
et al., 2018 [90]

129 (43 placebo
group, 20
controls, 66
excluded)

Patients (chronic
back pain)

Back pain
intensity

Neuroimaging (MRI,
fMRI) VAS (0–10) p < 0.05

Vachon-Presseau
et al., 2022 [144]

181 (94
randomized to 3
arms, 87
excluded)

Patients (chronic
low back pain)

Back pain
intensity Neuroimaging (fMRI) Likert Scale

(twice a day) p < 0.05
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Paper ID
Sample Size
(M, F, Not
Analysed) *

Population Type
Pain Type/Pain
Induction

Investigated
Outcome

Outcome
Measure

Level of
Significance

Van der Meulen
et al., 2017 [72] 30 (13, 17) Healthy subjects Heat stimuli Neuroimaging (fMRI) VAS (0–100) p < 0.05

Vase et al.,
2003 [82] 13 Patients (irritable

bowel syndrome)

Evoked rectal
distension; heat
pain

Behavioral VAS (0–10) p < 0.05

Vase et al.,
2005 [110] 26 (0, 26) Patients (irritable

bowel syndrome) Rectal distension Behavioral
(Pharmacological) VAS (0–10) p < 0.05

Vecchio et al.,
2021 [77] 63 (31, 32) Healthy subjects Electrical stimuli Electrophysiological

(EEG)
7 point Likert
scale p = 0.05

Wager et al.,
2004 [64] 47 Healthy subjects Shock pain; heat

pain Neuroimaging (fMRI) 10 point scale p < 0.05

Wager et al.,
2007 [65] 15 (15, 0) Healthy subjects Heat stimuli Neuroimaging (PET) VAS (0–10) p < 0.05

Wager et al.,
2011 [63] 47 Healthy subjects Shock pain; heat

pain Neuroimaging (fMRI) 10 point scale p < 0.001

Wanigasekera
et al., 2018 [96] 16

Patients
(Post-traumatic
neuropathic pain)

- Neuroimaging (MRI) NRS (0–10) p = 0.05

Weimer et al.,
2019 [108]

39 (25
monozygotic; 14
dizygotic twin
pairs)

Healthy subjects Heat pain Behavioral NRS (0–10) p < 0.05

Wrobel et al.,
2014 [48] 50 (28, 32, 12) Healthy subjects Heat pain Neuroimaging (fMRI);

Pharmacological VAS (0–100) p < 0.05

* If not differently specified.
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Abstract: Pain is an individualized experience for the person suffering from chronic pain. Significant
strides have been made in the last few decades in understanding various biological changes that
coincide with chronic pain. This state-of-the-art overview looks at the current evidence related to the
biology of chronic pain and the implications these findings have on the delivery of pain neuroscience
education (PNE). The paper summarizes the various (epi)genetic, neural, endocrine, and immune
factors discovered and explored in the scientific literature concerning chronic pain. Each of these
biological factors has various implications for the content and delivery of PNE. We discuss the
future directions these biological factors have for the clinical implementation of PNE by linking the
importance of behavior change, optimizing the learning environment, and using an individualized
multimodal treatment approach with PNE. In addition, future directions for research of PNE based
on these biological factors are provided with importance placed on individualized patient-centered
care and how PNE can be used with traditional modes of care and growing trends with other care
methods. PNE was originally and continues to be rooted in understanding chronic pain biology and
how that understanding can improve patient care and outcomes.

Keywords: chronic pain; pain neuroscience education; epigenetic factors; neural factors; endocrine
factors; immune factors

1. Introduction

Thomas Kuhn’s The Structure of Scientific Revolutions [1] pointed out two primary
mechanisms required for science to advance. One is the gradual accumulation of knowledge
or facts; the other is the rapid shift in integrating the facts that occurs when a new theory
or paradigm is proposed. In the scientific area of the biology of chronic pain, continual
advancements in understanding the basic facts of the biology within patients suffering
from chronic pain have occurred through the decades. One such advancement led to the
initial paradigm shift in patient education by Louie Gifford and David Butler [2] with the
concept of educating patients about pain, not just their injury, during clinical practice. Later,
the idea of explaining pain was formally introduced into the research literature through a
randomized control trial by Lorimer Moseley [3]. Following this first trial, the paradigm
shift led to an explosion of research and facts around the benefits of pain neuroscience
education (PNE) in the past two decades.

PNE can be described as different educational methods used with individuals to
change someone’s understanding of pain. It uses various change strategies, psychologically
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informed practices, and modern pain-related biological science to elicit conceptual change
within the individual to reduce fear, anxiety, and worry about their pain condition. This
shift in the conceptual understanding of pain for an individual can then lead to alterations
in their attitudes, beliefs, and behaviors [4].

To date, numerous systematic reviews and meta-analyses have shown the benefits
of PNE in various areas, such as self-reported pain reduction, lower disability, decreased
fear-avoidance and pain catastrophizing, improved pain knowledge, increased movement,
and lower healthcare costs [5–13]. While there is evidence in place showing that PNE
has positive benefits, there are still other studies that show little to no effects with the
use of PNE [14,15]. Future work needs to continue exploring nuances of education and
therapist-patient interaction during the educational process to improve the outcomes with
the use of PNE and when it may provide benefit and when it will be less useful. Research
shows small to moderate effect sizes with the general use of PNE when delivered within
a multimodal treatment plan, typically combined with exercise. Unfortunately, the exact
dosage regarding the amount of information, length of time to deliver the education, and
the best setting, whether in groups or individual, is still unknown. To improve these effect
sizes, the individualization of PNE may need to be tailored to the individual patient in front
of us and their specific biological, emotional, and social needs. Educational strategies, such
as PNE, also need to be delivered with care as potential nocebo effects can occur [16,17].
Pain is an individual human experience; thus, the care for an individual needs to be on
a personal level [18]. This is sometimes at odds with much of current healthcare practice
and payment systems that want to reduce treatment delivery into simpler, linear models
and methods, specifically since these can be more easily controlled for direct cause and
effect research purposes, standardized for ease of delivery, and monitored more closely for
payment. One thing that the study of the biology of pain has taught us is that simple does
not fit into the model or method of treatment very well, but complex and nonlinear models
and methods of treatment do [19,20].

This state-of-the-art paper provides an overview of the current evidence regarding the
biology of chronic pain and the implications for PNE for people with chronic pain within
the new paradigm shift of understanding and educating individuals on the complexity
of pain. Although the biology of chronic pain literature is extensive, this paper aims to
highlight a few of the significant biological discoveries in the past few decades and how
they continue to shape the delivery of PNE. The primary areas covered will be genetic
(more specifically epigenetic), neural (primarily neuroplasticity and processing within the
brain), endocrine (related to autonomic responses to stress and sleep), and immune factors.
While there are other factors potentially involved for people with chronic pain, this paper
will explore specifically these four factors in terms of how they pertain to pain education
content and delivery changes within this new paradigm.

2. State of the Art

Pain is an unpleasant sensory and emotional experience associated with, or resembling
that associated with, actual or potential tissue damage [21]. In the revised 2020 International
Association for the Study of Pain definition, key notes were added. One of those solidified
the idea that pain is a complex process influenced by varying biological, psychological, and
social factors. This state of the art will further explore this complicated intertwining of these
regarding how psychological and social factors can change biology and how biological
factors can affect psychology and social aspects (Table 1).

2.1. (Epi)genetic Factors

Genetics plays a role in pain, especially in those with chronic pain, as genetic risk fac-
tors have been found in several chronic pain conditions [22]. The various genes associated
with chronic pain are long and complex, including genes from serotonergic, glutamatergic,
GABAergic, cytokines, growth factors, and more [23–25]. Though genetics is an essen-
tial factor in someone’s pain experience, it alone cannot explain the whole picture, as

59



J. Clin. Med. 2023, 12, 4199

demonstrated through multiple twin studies [26,27]. Another scientific finding currently
at the center of modern medicine is epigenetics [28]. Epigenetics has shown us that gene
expression is not solely based on someone’s genetic background. Instead, the environment
and the individual’s health also influence genetic expression. A common metaphor that
can be used to explain the relevance of epigenetics is to consider people’s genetic structure
as a full set of piano keys, with epigenetics being the mechanism determining which keys
are being played [29]. This understanding requires us to take a much broader look into
someone’s health and pain condition and look beyond the body, considering their lived
environment and contextual factors [30–33]. Indeed, current evidence shows that physical
activity and psychological stress (e.g., fear) can induce epigenetic changes in relation to
pain [29]. Whereas physical activity was found to positively influence the (epi)genetic
processes regarding nociceptive modulation, stress response, and the pathophysiology of
chronic diseases, intense psychological stress seems to negatively influence such processes,
which can even result in increased pain sensitivity [29,34]. Moreover, such stress-induced
changes seem to be maintained long after the stressful event has ended [34]. Additionally,
epigenetics is also suggested to play a role in the transition from acute to chronic pain,
as well as the neuroplasticity responsible for the hyperexcitability of the central nervous
system, which is often present in people with chronic pain [34–36]. The importance of
such knowledge on epigenetics in PNE is to help patients understand the intricacies of
genetics that might make them more sensitive to pain and how the environment can change
the expression of those genes through the epigenetic process. Specifically, clinicians can
emphasize the role of environmental and lifestyle factors in the complexity of pain sen-
sitivity. Clinicians can also assist patients in understanding that some individuals might
be more genetically prone to being hypersensitive and that epigenetic influences can am-
plify or limit this predisposition. Overall, the care for people with chronic pain needs
to extend to the larger conversation regarding social determinants of health and its role
in an individual’s experience but also the larger societal issues of their role in the pain
epidemic [30–32]. This provides a ripe ground for a powerful combination of acceptance
and understanding of their biological response to the condition yet hope for change within
other factors they control.

2.2. Neural Factors

Looking at neural-related changes during pain led to the introduction of Gate Theory,
one of the most significant paradigm shifts in the study of pain [37]. The idea that neural
processing could be altered and changed at different levels was novel then. This idea re-
garding neural processing changes at the spinal cord level has been a springboard into the
complexity of the pain experience. This theory pointed out that the simple cause-and-effect
process does not occur with pain, especially as pain persists. Once this shift occurred to
recognize that pain was not a cause-and-effect mechanism, it opened study into neuroplas-
ticity and memory at multiple levels, from the peripheral receptor at various points through
the nervous system all the way up to the brain. It is well understood that the biology of
pain changes the structure and function of the nervous system, which also changes the pain
experience [38–41]. Hasmi, et al. [40], showed a dramatic shift in information processing as
pain persists and that emotional circuits become much more activated over time during
the pain experience. Other research has also shown us that pain changes the brain, and
other social determinants of health can also affect brain development [42,43]. These two
findings have had profound implications on PNE. As pain persists, we need to consider
the emotional needs of our patients, and education should be directed in that area. In
addition, the social determinants of an individual have a significant effect on their health.
Thus, attention must be placed in that direction during our educational and treatment
process. This emphasis also ties into the need to consider the patient’s emotional state
when delivering PNE and potential interactions when utilizing mindfulness stress-based
reduction techniques in conjunction with or before education [44].
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Another discovery area specific to neuroplasticity and chronic pain is the functional
and structural changes to the spinal and cortical representation of the patient’s body
image and schema, along with tactile acuity abilities [45–52]. These findings highlight the
importance of evaluating tactile acuity [46] and motor imagery [53] with patients suffering
from chronic pain along with the value of utilizing graded motor imagery techniques and
sensory discrimination training [51,54–56]. Explaining these concepts to patients is integral
to the treatment process. Compliance with self-management is vital with these interventions
because of the repetition needed for beneficial neuroplastic changes. Patient education and
support have been linked to improved compliance with chronic conditions [57]. Helping
the patient understand these conscious and unconscious representation alterations of their
body can provide an essential link in their understanding of their “abnormal” feelings and
awareness of the affected area of the body as “normal” consequences of neurobiological
changes that can occur in the body especially as pain persists. This deeper understanding
can be a motivational catalyst for carrying out self-management with the interventions.

Another component of the “dark side” of neuroplasticity as it relates to chronic pain is
involved with memory and learning [58]. These neuroplastic changes involved with pain
memories deepen the argument that chronic pain is a disease of the nervous system and
which distinguishes itself from the phenomena of acute pain and notification of tissue injury.
The idea of pain memories has increased in acceptance since the early experiments within
Melzack’s lab at McGill University [59]. Recent research has shown that pain threshold
levels [60] and muscle strength [61] are altered in individuals after injury compared to
those without a history of injury. This finding has implications within PNE as part of the
educational process to help patients understand how the performance of activities will
involve overcoming these painful memories and retraining the nervous system.

2.3. Endocrine Factors

The relationship between stress and pain has long been established, with stress being
able to induce either hyper- or hypoalgesia as well as allodynia in patients [62,63]. The
concept of increased nerve sensitivity (hyperalgesia and allodynia) is a clinical presentation
that does not imply a mechanism but has been identified during studies where individuals
have reduced pain pressure thresholds when encountering a stress enhanced environment
or situation [64,65]. The analgesic effect of stress depends on the type of stressor, but it
can also differ between patients, particularly those with chronic pain [66]. Besides pain
modulation, stress can induce or worsen other complaints, such as fatigue or cognitive
symptoms, in people with chronic pain [67–69]. Such induction or worsening of symp-
toms due to stress can be described as stress intolerance [68]. Recently, Wyns, et al. [68],
have provided an excellent overview of how stress intolerance plays a significant role
in chronic pain. Two of the primary hormonal outputs of the endocrine system during
the Hypothalamus–Pituitary–Adrenal (HPA) activation are cortisol and adrenaline. The
paradigm shift from the pain education level with this knowledge is the importance of
reducing stress and improving the environment to allow learning to occur [62]. The in-
creased threat of pain enhances increased sensitization with associative fear learning, and it
can amplify pain [70]. This concept that stress and emotions play a significant role in pain
experiences must be a significant component of the educational process [71]. Not only is it
a relevant concept to discuss with the patients as part of their education, but it can also aid
clinicians in establishing a proper context to provide the education. Creating a safe learning
environment is vital for the patient to learn the ideas of pain science and understand that
it is more about the nerve sensitivity than the state of the tissues [72]. Another valuable
concept in PNE is creating an optimal learning environment. Alterations of endocrine
function can influence the learning environment. Being in pain can impair a patient’s
value-based goal-directed behavior [73] through the effects of the stress response system.
This response can be mediated by the latter’s influence on the prefrontal cortex neural
networks [74]. As such, PNE needs to be directed toward not just the accumulation of
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knowledge about pain by the patient but relevant knowledge that will spark goal-directed
behavior to improve their functional status.

The endocrine system is also closely linked to sleep, as it is influenced heavily by circa-
dian rhythms and sleep–wake states that alter hormonal control within individuals [75,76].
These alterations in endocrine function associated with sleep disturbances and chronic
pain are connected to the Hypothalamus–Pituitary–Adrenal (HPA) axis which mediates
an individual’s response to both physical and psychological stress [77]. The alterations
in the HPA axis have been found to affect cortisol levels leading to various pain sensi-
tivity problems [78]. The endocrine changes in cortisol levels due to sleep disturbance
and chronic pain are also tightly interrelated with the immune system and change with
pro-inflammatory cytokine production. Another interesting link between chronic pain
and sleep disturbance is melatonin production. Some individuals suffering from various
chronic pain conditions have seen improvements in pain when taking exogenous mela-
tonin [79,80]. This understanding of the links between chronic pain and sleep disturbance
can be vital while delivering PNE to help patients make meaningful connections to various
health changes related to endocrine function changes and provide reasoning behind the
importance of sleep hygiene within a complete multimodal treatment plan.

Table 1. Evidence regarding biological factors involved in pain and implications for pain neuroscience
education.

Biological
Factor

First Author,
Reference

Investigated Mechanism
Implication for Pain Neuroscience

Education

(Epi)genetic Zorina-Lichtenwalter [17] Genetic contributions to
chronic pain

Educate the patient on the role of genetic factors
in the variability of stimuli responses.

Polli [24]

Physical and psychological
stressors can induce

epigenetic changes in relation
to chronic pain

Explain to the patient how various stressors can
alter genetic expression to explain why certain

stimuli can be experienced differently in
other contexts.

Nirvanie-Persaud [29]
Epigenetics play a role in the

transition from acute to
chronic pain

Provide understanding to the patient of how
various factors, including genetic and

environmental, may have led to persistent pain.

Mauceri [30]
Epigenetic changes can
facilitate peripheral and

central sensitization processes

Explain to the patient how their increased
sensitivity can partially be explained and

maintained by changes on the genetic level.

Neural Hasmi [35]

Shift of pain processing from
nociceptive to emotional

circuits with chronification
of pain

Consider and discuss emotional components
during the patient’s education and care,

especially as pain persists.

Bosnar Puretic [36] Neuroplasticity can lead to
central sensitization process

Educate the patient on the key concept of
neuroplasticity and how the nervous system

changes and sensitizes over time to help focus
more on the sensitivity of the nervous system

and less on damage to the tissues as
pain persists.

Catley [41]
Spinal and cortical

representation changes in
people with chronic pain

Educate the patient on the concept of body
representation changes that can occur with

chronic pain and the need for various
interventions (i.e., GMI and sensory
discrimination) to facilitate recovery.

Price [53] Linking of pain and memory
mechanisms with chronic pain

Provide understanding to the patient of the
concept of “pain memories” and how treatment

needs to work on overcoming pain memories
that might be maladaptive to function.
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Table 1. Cont.

Biological
Factor

First Author,
Reference

Investigated Mechanism
Implication for Pain Neuroscience

Education

Endocrine Lunde [58]
Stress response system

implications within
chronic pain

Educate the patient on the link between chronic
pain and the stress response system to provide

an understanding of the individual’s
pain experience.

Wyns [61] Stress intolerance role in
chronic pain

Explain to the patient why various stress
management interventions can assist in

improving chronic pain limitations.

Haack [70]
Sleep deficiency and chronic

pain alterations in
endocrine function

Educate the patient on the important link
between poor sleep and changes in

endocrine function.

Immune Marchand [74]

Inflammatory mediators
released from immune cells

contribute to persistent
pain states

Educate the patient on the link between the
immune system and chronic pain is critical.
These facts also help explain why pain may

increase or decrease based on immune system
response and may not be due to tissue changes.

Totsch [76] Diet can influence pain
through the immune system

Include education on why diet changes in a
multimodal treatment could be beneficial.

Besedovsky [77] Sleep can influence pain
through the immune system

Educate the patient on improving sleep hygiene
as part of the multimodal treatment.

2.4. Immune Factors

The immune system has a very prominent role in chronic pain [81,82]. Research has
found a long list of inflammatory molecules involved in the experience of pain (e.g., mast
cells, cytokines, macrophages, neutrophils, and T and B cells). In addition, extensive study
has investigated various immune mediators and cytokines that can alter pain processing
(e.g., TNFα, IL-1β, NGF, bradykinin, serotonin, and chemokines). Understanding an
individual’s complex immune system processes opens an extensive door as part of the
educational process with the patient. Appreciating this complexity helps them understand
further that their body is not damaged but is overprotective and can be retrained [71]. In
addition, understanding the immune system’s involvement in chronic pain has also been
linked to the importance of dietary interventions to reduce the potential inflammation-
mediated disorder [83]. Not only diet, but sleep [84] and stress reduction through touch [85]
and meditation [86–88] also have links to immune system function and pain. These findings
further support using a multimodal approach with PNE to maximize the effects of any one
treatment through the combined impact of linking treatments to improve the individual’s
health on multiple levels. It also provides an explanation of why previous individual
treatments had little to no effect but still might be beneficial. A common metaphor to
explain this is that a car with four flat tires does not run well unless all four tires are inflated
properly. Pumping up one tire is an important step in the process, but until the other three
tires are inflated, it will appear as if the efforts made pumping up one tire were meaningless.
This is true for important interventions: exercise, sleep hygiene, stress reduction, diet, etc.,
alone may seem pointless but when all of them are working, positive changes can be seen.

3. Future Directions for Clinical Practice

Understanding the complex biological systems interaction that interplays in chronic
pain has carried over to changes in treatment, especially around PNE. Figure 1 depicts
the timeline of PNE from the 1990s with a gradual refining of the use of PNE over the
decades. PNE has continued to evolve from its early days as a clinical concept in the
1990s, moving into the initial research testing phase in the 2000s, and becoming more
widely accepted through the depth of evidence supporting the use of PNE from 2010 to
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2020. Future directions will need to look at PNE plus the other multimodal treatments in
conjunction with each other within a patient-centered approach to care. During this more
individualized approach, PNE plus the other interventions must tie together the biological
factors (epigenetic, neural, endocrine, immune, and others) that work at different levels
in each patient encountered during clinical practice. The various colors within the figure
symbolize the potential different levels at which each of these factors may be involved with
individual patients (Figure 1).

Figure 1. Timeline of PNE in clinical practice with future directions.

PNE is not about the result of making the patient more knowledgeable about pain;
more importantly, it is about the process of using the knowledge gained to facilitate behavior
change in a complex environment [71,89–92]. Part of the behavior change for patients is the
reconceptualization process of their pain experience through a deeper understanding of the
complex biology occurring within themselves [71,72,90] Some excellent qualitative studies
looking into the reconceptualization process can be constructive for clinical practice. They
recognized that patients would go through various degrees of reconceptualization [90].
Patients go through their journey to reconceptualize their pain experience from one bound
in a biomedical viewpoint toward a broader biopsychosocial view. Within the roots of the
reconceptualization process is the psycho–neuro–endocrine–immune changes occurring
within the patient’s biology. Since the patient needs to undergo this change process, the
clinician must understand the stages of change that patients will go through because the
educational needs at each step differ [93–95]. Clinicians need to consider the various
processes of change and utilize skills and techniques to help patients progress in the
change process (e.g., consciousness-raising, self-reevaluation, counterconditioning, helping
relationships, and self-liberation) [95]. Another important factor is that patients must find
personal relevance in their education [90]. Pain knowledge alone is useless to patients unless
they find meaning specific to their condition. Stories and metaphors are a mainstay in PNE,
but these stories must make sense to the patient in their context, not the clinicians [96,97].
Skillful patient history-taking is needed to explore the patient’s prior level of beliefs about
their condition and the treatments that might be beneficial [90,98]. For some patients, it
will be essential to dispel previous myths (de-educate) before moving forward with new
knowledge (re-educate) and helping them reconceptualize their pain experience [99].

Keeping in mind that the change in the various biological factors discussed happens
concurrently as part of the behavior change process during PNE, integrating motivational
interviewing is a skill clinicians should consider using to assist with this behavior change
process. When motivational interviewing techniques are implemented, the needed biologi-
cal changes can occur [100]. The reader should review the manuscript by Nijs, et al. [91] for
a complete practical guide for clinicians along with Miller and Rollnick’s book: Motiva-
tional Interviewing: Helping people change [101]. Motivational interviewing is a crucial
behavioral strategy used to assist patients in the behavior change process and sets the stage
for the patient to be more receptive to many of the concepts of PNE to assist in the pain
reconceptualization process [102]. The general qualities of motivational interviewing are
essential to carry through the pain education process [101]. Motivational interviewing and
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PNE should contain a guiding style of communication that fits between good listening
and giving information. PNE and motivational interviewing should also be designed
to empower the patient to change by drawing out their own meaning and capacity for
change. Lastly, both should be based on a respectful and curious way of being with people
that facilitates the change process and honors the patient’s autonomy. The motivational
interviewing fundamental methods of engaging, focusing, evoking, and planning can help
the clinician create the “flow” of conversation through the educational session.

For behavior change to occur, the clinician needs to assist in creating the right environ-
ment for the patient. The right environment encompasses physical, emotional, learning
space, and psychologically safe aspects. Patients with chronic pain need to be open to
change; they need safety, and their physical and, potentially more importantly, emotional
needs must be met [92]. Research has shown that meeting the patient’s emotional needs is
often the most critical as the relationship between the provider and the patient progresses
along with the length of time the patient has their condition [103]. The clinician needs to
see the biological links and importance of the neural, endocrine, and immune systems in
the concept of the right environment playing a role in the treatment process. The famous
quote of Theodore Roosevelt that addresses this concept is fitting to remember: “No one
cares how much you know, until they know how much you care”. Meeting these emotional
needs of the patient is grounded in our understanding of the basic science of the shift in
brain processing as the pain becomes chronic in the more emotionally related brain ar-
eas [42]. The emotional safety of an individual is built through the reciprocal nature of trust
within the healthcare relationship [104,105]. Trust is a vital component of the therapeutic
alliance [106,107]. PNE that provides an evidence-based biological understanding of the
patient’s pain experience, that answers the patient’s questions, and that helps them make
sense of their pain can be a vehicle to build trust between the patient and provider [97,108].

PNE alone for a complex dynamic systems problem such as chronic pain has little effect
when delivered in isolation [6]. The evidence continues to support that PNE works best
when delivered as part of a larger treatment plan tying together all the treatment options
(nutrition, sleep, stress reduction, meditation, breathing, exercise, manual therapies, etc.)
into a coherent message providing hope. All these treatment interventions can work in a
symbiotic nature when we recognize the principles of the biological processes occurring as
we deliver each mode of treatment. When we embrace a complexity mindset to chronic
pain resulting from complex, dynamic, and individually unique interactions between the
various factors within the more extensive system [20], it allows for a way toward better
health and recovery from chronic pain, i.e., when we can utilize a variety of treatments
that have various interactions within an individual and their biology and overall pain
experience. Although, clinically, therapists have to appreciate that there is heterogeneity in
each individual’s pain problem, there are also overlapping items that can help us classify
pain mechanisms [109–114] and lead the clinician toward various treatment options that
are the most plausible for improved outcomes (Figure 2).

Figure 2. Key messages for clinical practice.
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4. Future Directions for Research

The next evolution in PNE research needs to move beyond the general question of
whether it works. If we fully embrace the multidimensional nature of chronic pain, we
need to recognize the inherent limitation of any research directed toward a single domain
and expect meaningful outcomes. A one-size-fits-all approach is most likely not going to
suit any specific individual. The NIH National Pain Strategy points to the need for care
to be patient-centered, compassionate, and individualized for every patient. If this is the
treatment goal, PNE research needs to inform care specific to these items.

PNE must break from the idea of rote intervention employed equally to all patients.
Future studies should explore the uniqueness and complexities of each patient and how this
affects the communication style of the therapist, the patient-centered content to be deliv-
ered, and the individualized value-centered goals and outcomes of the education. Specific
studies are needed to examine how the patient’s various personal and social factors and
the concordance of those factors with the therapist can alter the outcomes and the potential
content that needs to be provided along with the delivery style. More patient-centered
research is necessary to examine learning styles, stages of behavior change, levels of ther-
apeutic alliance, implicit biases, and other factors that can alter the learning experience
and how that will affect the outcomes for the patient receiving the interventions. Because
of the various interactions with other treatments, ongoing research needs to explore the
effects of diverse PNE approaches and interactions when provided with multiple treatment
interventions. Given the ongoing digitalization of healthcare, studies examining the possi-
bilities of eHealth for PNE are needed. Specifically, the cost-effectiveness of such eHealth
applications to deliver an individually tailored education to (multiple) patients would
be worthwhile to investigate. In addition, the study designs will require more pragmatic
approaches of using multiple methods to develop these complex interactions [115,116].
These designs will require nonlinear and iterative development of interventions. Different
methodologies should be considered, such as cluster randomized trials, stepped-wedge
designs, or preference trials.

Because of the individualized experience of each patient, ongoing phenomenological
and grounded theory qualitative study needs to be conducted to assist the clinician and the
researcher in embracing and fully understanding the patient’s pain experience. This en-
hanced understanding can lead to a greater non-judgmental and empathetic understanding
of the patient, thus enhancing the therapeutic alliance [117] (Figure 3).

Figure 3. Key messages for research.

5. Conclusions

This state-of-the-art paper has explored some of the more relevant advances in the
biological understanding of pain related to (epi)genetic, neural, endocrine, and immune
factors. The depth and breadth of our knowledge of these factors have grown substantially
in the past few decades. This evidence has and should be used to help patients understand
the complexity of pain, especially as it persists. The use of PNE is rooted in assisting
patients in understanding these complex biological processes occurring in them by utilizing
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stories and metaphors to help them move through a behavior change process to improve
function and potentially reduce pain as they regain quality of life.
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Abstract: In this review, the latest insights into habituation to pain in chronic pain are summarized.
Using a systematic search, results of studies on the evidence of habituation to (experimental) pain
in migraine, chronic low back pain, fibromyalgia, and a variety of chronic pain indications are
presented. In migraine, reduced habituation based on self-report and the EEG-based N1 and N2–P2
amplitude is reported, but the presence of contradictory results demands further replication in larger,
well-designed studies. Habituation to pain in chronic low back pain seems not to differ from controls,
with the exception of EEG measures. In fibromyalgia patients, there is some evidence for reduced
habituation of the N2–P2 amplitude. Our analysis shows that the variability between outcomes
of studies on habituation to pain is high. As the mechanisms underlying habituation to pain are
still not fully understood and likely involve several pathways, it is now too early to conclude that
habituation to pain is related to clinical outcomes and can be used as a diagnostic marker. The
review ends with a discussion on future directions for research including the use of standard outcome
measures to improve comparisons of habituation to pain in patients and controls, as well as a focus
on individual differences.

Keywords: chronic pain; habituation; sensitization; migraine; fibromyalgia; chronic low back pain

1. Introduction

Habituation is a simple non-associative form of learning that is defined as a response
decrement resulting from repeated stimulation, which does not involve sensory adapta-
tion or motor fatigue [1]. Habituation has been reported for numerous stimuli such as
auditory, visual, and sensory and has been measured in humans using reflexes, ratings,
and physiological measures such as skin conductance, electroencephalography (EEG), and
functional magnetic resonance imaging (fMRI) [2]. In addition to habituation, sensitization
to repetitive stimulation might occur, which is defined as an increase in response [1,3].
In the field of pain, habituation is usually studied using external stimuli such as heat or
electrical current [4].

Reduced habituation has been suggested to occur in a number of neuropsychiatric
disorders such as autism [2]. For chronic pain, however, this is not yet well established.
Although deficits in habituation may occur in relation to chronic pain, most research in
the field has focused on sensitization processes, especially central sensitization. Central
sensitization is defined by the International Association for the Study of Pain (IASP) as an
increased responsiveness of the central nervous system to normal or subthreshold input [5].
Central sensitization is thought to be implicated in several chronic pain disorders such as
fibromyalgia (see, e.g., [6]) and is characterized by hyperalgesia (increase in sensitivity)
and allodynia (pain due to a stimulus that would normally not cause pain). Interestingly,
central sensitization is often studied based on the cellular level. Recently, researchers
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argued that the behavioral approach, such as measuring pain ratings as an outcome, should
be more emphasized in research on sensitization to pain [7]. Notably, in this review, when
discussing sensitization, we refer to an increase in pain on the behavioral level.

For both healthy individuals and chronic pain patients, the mechanism of habituation
and sensitization to pain is not fully understood. Several theories have been proposed
such as the dual-process theory [8]. This theory states that habituation and sensitization
processes may interact to produce the behavioral outcome [8]. One recent proposed mecha-
nism is stimulus-dependent feedback inhibition or inhibitory potentiation, which decreases
incoming stimuli [9]. Prior experience, thus, affects the firing of neurons. This mechanism
can be seen as a form of predictive coding [9].

Reduced habituation to pain in chronic pain patients has been mainly reported in
the indications migraine, chronic low back pain (CLBP), and fibromyalgia [4]. Although
numerous studies have been published, no review of the literature is, to our knowledge,
available. The main aim of this review is, therefore, to summarize the literature on habitua-
tion to pain based on effects of repeated painful stimulation in chronic pain patients (with
a focus on migraine, CLBP, and fibromyalgia) as well as its potential treatment targets and
clinical implications. We hope that this review may serve as a knowledge basis to design
new innovative studies on habituation to pain in chronic pain.

In this review, results of patients versus controls are discussed. When comparing two
groups with respect to habituation, several terms are used such as altered, decreased, or
impaired habituation. McDiarmid and colleagues (2017) formulated recommendations to
interpret the responses of repeated stimulation, i.e., habituation curves or trajectories [2].
In the literature included in the review, however, these recommendations have not been
fully implemented, and a quantifiable measure of habituation is not available. For the
current review, therefore, we used the term reduced habituation to pain if patients showed
less habituation following repeated painful stimulation as compared to controls (i.e., the
decrease in VAS was less than in controls). Furthermore, reduced habituation in patients
may also include and be indicative for sensitization to pain. If available, the direction
of the effect, i.e., whether patients and/or controls showed habituation, no change, or
sensitization to pain, is discussed and presented in tables.

2. Materials and Methods

The search was preregistered at the Open Science Framework (osf.io/nypbw). Arti-
cles were selected using a systematic search of PubMed, PsycINFO, and Web of Science
databases (up until January 2023). For extensive search criteria and the selection procedure
of included articles, see the Supplementary Materials (Figure S1). The articles included
from our systematic search were split into those investigating healthy individuals (revised
manuscript submitted) and chronic pain patients, which are the focus of this review.

3. Results

The systematic database search of PubMed, PsycINFO, and Web of Science resulted in
the inclusion of n = 40 articles. The results of this search showed that most studies were
performed in patients with headache disorders (mostly migraine, n = 17), CLBP (n = 7), and
fibromyalgia (n = 7) (see Figure 1A). Therefore, we subdivided these sections accordingly.
Sample sizes varied greatly between nine and 199 included participants (Figure 1B). Most
research included self-report ratings of pain (n = 25), whereas EEG was the most used
method (n = 30) followed by solely self-report ratings (n = 8) (Figure 1C). Heat stimuli
using a thermode and heat stimuli using a laser were most frequently used for repeated
painful stimulation (Figure 1D). Only two studies investigated long-term habituation to
pain [10,11], whereas all other studies investigated short-term habituation to pain. For
this, a wide range of stimulus repetitions were used, with a median of 30 (Figure 1E).
The majority of these studies performed individual calibration to decide on the stimulus
intensity, whereas 42.5% of the studies used a fixed intensity level (Figure 1F).
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Figure 1. Overview of included studies. Gray diamonds indicate the median. (A) Number of studies
per chronic pain indication. (B) Sample sizes for chronic and healthy populations. (C) Number of
studies per modality and whether they included self-report. (D) Type of stimulation used. (E) Number
of stimuli to measure habituation. (F) Use of individual calibration in studies. BMS, burning mouth
syndrome; CLBP, chronic low back pain; CRPS, complex regional pain syndrome; CTTH, chronic
tension-type headache; EEG, electroencephalography; fMRI, functional magnetic resonance imaging;
MOH, medication-overuse headache; SCI-NP, spinal cord injury with neuropathic pain; SCI-noNP,
spinal cord injury without neuropathic pain; TMD, temporomandibular disorder.

3.1. Headache Disorders

Headache disorders are among the most common chronic central nervous system
disorders, with migraine being the indication most studied [12]. In migraine research,
several research lines have focused on habituation to sensory stimuli (e.g., visual, auditory,
and painful responses) [13]. It has been hypothesized that reduced habituation to pain in
migraine patients may be caused by increased cortical excitability, decreased inhibition, or
decreased pre-activation levels [14]. Data on habituation to pain using self-report and EEG,
with a focus on migraine patients are presented in Figure 2 and Table 1.

For self-report using electrical stimuli, reduced habituation was reported at the trigem-
inal area but not at the tibial region [15]. Other studies that included different stimulation
sites showed similar habituation for self-report at different stimulation sites [16,17]. Studies
using heat stimuli showed mixed effects: habituation in both patients and in controls [16],
reduced habituation in patients with migraine with aura for predicted pain [18], or re-
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duced habituation in patients without aura [19]. Interestingly, a large study using laser
stimuli showed no self-reported habituation differences between migraine patients and
controls [20], which contrasts with earlier findings [17,21].

Results from evoked potentials with heat stimuli showed similar habituation [16]
or reduced habituation in patients versus controls [18,19]. Several studies focused on
laser-evoked potentials (LEPs) and reported a reduced N2–P2 amplitude habituation in
migraine patients [17,21–24]. Another study reporting evidence for reduced habituation
of the N2–P2 amplitude showed that this effect over time was accompanied by increased
connectivity between the thalamus and somatosensory areas in migraine patients, but not
in controls [14]. Contradictorily, an observer-blinded longitudinal study with large sample
sizes (n = 30–49) using advanced statistical models did not report any group differences and
noted similar habituation of the N2–P2 amplitude for migraine patients and controls [20].
The authors of the latter study provided a detailed comparison of studies using LEP’s
in migraine patients and argued that the evidence for reduced habituation in migraine
patients is low [20]. Results for N1 amplitude habituation are less frequently reported
and also mixed, with two studies reporting differences [23,25], although the latter did not
compare groups directly, and one study reported no group differences [20].

Furthermore, it was shown that LEP amplitudes did not differ between chronic tension-
type headache (CTTH) patients and healthy controls, although migraine patients showed
reduced habituation compared to CTTH patients [23]. Additionally, the LEP amplitudes
were not influenced by migraine phase [17,20], visually induced analgesia [26], or the
presence or absence of aura [20]. Menstrual phase affected the amount of habituation in
both migraine patients and healthy controls [24].

In summary, taking into account the large variability in study design, parameters,
and outcome measures, it is tentatively concluded that there is only limited evidence
that migraine patients show reduced habituation for both self-report and the N1 and
N2–P2 amplitude. This conclusion takes into consideration that several studies reported
contradictory effects (see Figure 2), and one blinded study with a large sample size did not
report differences [20]. More conclusive evidence is needed, and this should be based on
large-scale randomized study designs.
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Figure 2. Effect of habituation to pain in migraine patients versus controls. Note: Only those studies
using direct group comparisons are included. EEG, electroencephalography; NRS, numeric rating
scale; VAS, visual analogue scale [14,15,17–20,22–25,29].

3.2. Chronic Low Back Pain

Chronic low back pain (CLBP) is known for its high prevalence and large global impact
on health and society [32]. The majority of CLBP patients have pain without a specific
patho-anatomical cause, and this pain is, therefore, described as “nonspecific” [33].

The available literature for habituation to pain in CLBP patients is relatively limited, yet
still diverse (see Figure 3 and Table 2). Early short-term studies using pressure or electrical
stimuli did not demonstrate any self-report differences between CLBP patients and controls,
independent of the presence [34] or absence [35] of habituation to pain. CLBP patients
(diverse pain population and short disease duration) and controls reported similar (long-term)
habituation to pain over time, as well as within-session sensitization to pain with use of an
8 day heat paradigm [10,11]. No changes in brain activity related to differences in habituation
were shown between CLBP patients and controls, both over days or within sessions [11]. In
patients with painful radiculopathy, LEP habituation was reduced, although this effect was
not apparent for pain ratings [36]. Two studies adopted newer analysis methods for the study
of habituation. Vossen et al. (2015) explored the EEG-amplitude signal at a very detailed
scale, partitioning the post-stimulus epoch in 20 ms areas under the curve (event-related fixed-
interval areas; ERFIAs) in combination with multilevel modeling [37]. Reduced habituation to
pain was reported in CLBP patients at 340 to 460 ms post stimulus after painful stimuli [37].
The applicability of high temporal resolution analysis of LEP signals and habituation in
radiculopathy patients was shown to be limited as a result of the data quality [38].

Both short- and long-term habituation to pain in CLBP patients did not seem to differ
from that noted in controls according to self-report and long-term fMRI studies (Figure 3).
Temporarily restricted effects, as measured with EEG, however, were shown to effect
habituation to pain in CLBP patients. The latter needs further replication to investigate the
robustness and reproducibility of this effect.
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Figure 3. Effect of habituation to pain in CLBP patients versus controls. Note: Only those studies us-
ing direct group comparisons are included. EEG, electroencephalography; fMRI, functional magnetic
resonance imaging; VAS, visual analogue scale [10,11,34–37].

3.3. Fibromyalgia

Fibromyalgia is characterized by chronic widespread pain and potential comorbidities
such as disturbed sleep and psychological problems [39].

Hollins et al. (2011) investigated habituation to pain as a function of the time course
of pain ratings in patients with fibromyalgia and controls using heat pain stimuli [40].
Both fibromyalgia patients and controls displayed first an adaptation phase followed by
a sensitization phase within each run. In addition, they showed habituation to pain over
the runs. The magnitude of the initial adaptation phase increased over the runs. For both
the habituation (within and over runs) and the sensitization to pain, no group effects were
found [40]. Conversely, de Tommaso et al. (2011) did report differences in fibromyalgia
patients compared tocontrols with respect to habituation of pain ratings [41] (see Figure 4).
It should be taken into account that differences in sample size, stimulus type, and the way
of measuring habituation make it difficult to compare the results from de Tommaso et al.
(2011) with those reported by Hollins and colleagues (2011) (see Table 3). Analyses using
EEG showed reduced habituation for the N2, P2, and N2–P2 amplitude in fibromyalgia
patients, but not for the N1 amplitude [41]. Follow-up EEG studies from the same laboratory
reported again reduced habituation to pain of the N2–P2 amplitude in fibromyalgia patients
as compared to controls [42,43]. Interestingly, in a comparative study, a more pronounced
reduction in habituation to pain was shown in patients with comorbid migraine or sensory
deficits as compared with fibromyalgia patients without comorbidities [42]. Habituation to
pain on the thigh (for the N2 component) and foot (for the P2 component) did not result in
differences between fibromyalgia patients and controls [44].

Figure 4. Effect of habituation to pain in fibromyalgia patients versus controls. Note: Only those
studies using direct group comparisons are included. EEG, electroencephalography; VAS, visual
analogue scale [40–44].
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On the basis of the EEG studies in fibromyalgia patients, there is some evidence for
reduced habituation to pain of the N2–P2 amplitude (see Figure 4). These effects demand
further replication in order to infer clinical significance. Only two studies investigated
self-report with contradictory findings, which needs further investigation.

3.4. Other Chronic Pain Indications

In this subsection, the studies on habituation to pain related to a variety of chronic
pain indications (burning mouth syndrome, temporomandibular disorder, cardia syndrome
X, chronic pancreatitis, spinal cord injury-related neuropathic pain, and complex regional
pain syndrome) are summarized. Temporomandibular disorder is characterized by chronic
pain located in the jaw and temporomandibular joint and is a subgroup of primary orofacial
pain [47,48]. The same applies to burning mouth syndrome, which may cause a chronic
burning sensation in and around the mouth [49].

Using fMRI, patients with burning mouth syndrome (BMS) showed reduced brain
activity in the dorsal anterior cingulate cortex (dACC), bilateral ventral midcingulate
cortex (MCC), left posterior cingulate cortex (PCC), and cerebellum over the course of four
thermal stimuli [50] (see Table 4). This habituation effect of brain activity was not noted
in controls, who only showed increased brain activity in the PCC over time [50]. Patients
with temporomandibular disorder (TMD) did not show different habituation from both
controls and fibromyalgia patients [40].

In patients with cardiac syndrome X, reduced habituation was shown after laser
stimulation, which was more apparent at the chest than at the hand for self-report ratings
and the N2–P2 amplitude [51]. Olesen et al. (2013) investigated contact-heat evoked
potentials (CHEPs) in chronic pancreatitis patients [52]. Reduced habituation for both pain
ratings and the N2–P2 amplitude over time was shown and this was more pronounced for
stimulation at the chest (pancreatic area) as compared to the forearm [52]. Studies based on
analysis of patients with and without spinal cord injury (SCI)-related central neuropathic
pain reported mixed results (see Table 4). One study demonstrated reduced habituation to
pain in patients with neuropathic pain for pain ratings and CHEPs as compared to both
healthy controls and to SCI patients without central neuropathic pain [53]. Conversely,
absence of any difference in habituation of CHEPs or habituation of pain ratings between
SCI with and without neuropathic pain were also reported [54,55]. It should be noted
that SCI is characterized by its heterogeneity based on lesion size, location, and type of
injury, and that this may significantly affect the development of chronic neuropathic pain
in these patients. Moreover, although all three studies tested above the level of injury,
Kumru et al. (2012) stimulated at the shoulder, while Albu et al. (2015) and Lütolf et al.
(2022) stimulated at the hand and forearm, respectively. This variability on top of the
heterogeneity of patients described above may underlie the differences in the literature on
effect of habituation to pain in patients with this indication.

In patients with complex regional pain syndrome (CRPS) both heat pain ratings and
pinprick ratings did not result in (reduced) habituation or differences between patients
and healthy individuals [56]. A study using EEG including chronic pain patients based on
a variety of indications reported no differences in pain ratings over a series of electrical
stimuli [57]. Nevertheless, both the presence of chronic pain and the hypervigilance
independently affected habituation of the EEG signal at several time latencies [57].

In summary, a trend can be noted toward reduced habituation to pain in a variety of
chronic pain indications. Nonetheless, the available evidence is often based on one study
for a specific pain indication and with small sample sizes. These constraints do not allow
making conclusive statements about differences in habituation effects specifically related to
the individual indications or to chronic pain in general.
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4. Treatments and Clinical Implications

In this section, the clinical implications for habituation (or sensitization) to pain in
chronic pain patients and potential treatments targeting (reduced) habituation are dis-
cussed.

4.1. Habituation to Pain and Clinical Outcomes

Our search revealed that most studies on habituation to pain and clinical outcomes
were related to fibromyalgia or migraine patients (see Tables 1 and 3).

In fibromyalgia, habituation was shown to be correlated with pain at tender points [42],
and patients with reduced habituation showed greater widespread pain [43]. De Tommaso
et al. (2011) furthermore reported a correlation between reduced habituation of the (EEG-
based) N2 amplitude and self-reported depressive symptoms in fibromyalgia patients [41],
although this was not replicated in a larger scale study [42]. Furthermore, an association of
habituation to pain with self-reported daily activity was reported [45]. Two studies investi-
gated the relation between EEG signal intensity and intra-epidermal nerve fiber density
(IENFD) in fibromyalgia patients. Reduced habituation of the N2–P2 component [46] or
P2 component [44] was reported to be related to reduced IENFD. Subgroup analysis of
those fibromyalgia patients with a reduced distal IENFD revealed that the P2 component
increased over time [44].

In migraine patients, reduced habituation at the trigeminal area was correlated with
migraine attack frequency [15]. Changes in brain activity in the somatosensory cortex and
parietal cortex were shown to be correlated with attacks per month, whereas orbitofrontal
activity correlated with disease duration [18]. Disease duration was further correlated
with reduced habituation between migraine phases based on the EEG-signal (i.e., N2–P2
amplitude) [20]. Habituation to pain did not correlate with number of days until the next
attack in the migraine patients [20].

In conclusion, some evidence exists that cortical habituation might be linked to the
severity and frequency of pain complaints in fibromyalgia or migraine patients, as well as
to IENFD in fibromyalgia patients.

4.2. Treatments Targeting Habituation to Pain

Currently, the literature on the treatments and effects on habituation to pain is lim-
ited to headache patients only. In medication-overuse headache patients, habituation
of the N2–P2 amplitude was partially restored after 6 weeks in those that had clinically
improved after an acute medication withdrawal treatment [30]. These findings suggest
that medication overuse aggravates symptoms by central sensitization. In another study,
preventive application of topiramate, an antiepileptic drug targeting among others GABA
(more inhibition) and glutamate (less excitation), normalized the habituation pattern to
nociceptive stimulation in migraine patients for the N1 amplitude, but at the same time did
not result in effects on habituation of the N2–P2 amplitude [25]. The authors reasoned that
topiramate has an effect on the sensory-discriminative component involved in habituation
to pain, i.e., the secondary somatosensory cortex. Moreover, treatment with a ketogenic diet
improved habituation of electrical evoked potentials, although a comparison to controls
without the diet was not available [29]. A ketogenic diet has several mechanisms of action,
including enhancing GABA transmission, and increasing BDNF expression and attenuation
of inflammation [58]. With respect to the N2–P2 amplitude, one study reported that on-
abotulintoxin A (affecting neurotransmitter release) was effective for reduced habituation
to pain, but only in the trigeminal area [27,59]. Furthermore, this treatment was shown
to be more effective in migraine patients with severe reduced habituation [27]. This effect
was, however, not shown in a similar study using electrical stimuli [31]. Furthermore, a
recent pilot study reported that Erenumab (an antibody against receptors of the nociceptive
neurotransmitter calcitonin gene-related peptide (CGRP)) affected the initially reduced
habituation of the N2 amplitude in migraineurs [28]. On the basis of the findings of this
pilot study, further confirmation is needed based on large-scale (randomized) studies.
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Numerous other pharmacological options are available for chronic pain treatment, such
as nonsteroidal anti-inflammatory drugs (NSAIDs), opioids, pregabalin, and selective
serotonin and noradrenalin reuptake inhibitors (SNRIs) [60]. It would be interesting to
investigate the effects of these treatments on habituation to pain.

4.3. Discussion and Future Directions

Possible treatments for habituation to pain may target different mechanisms as de-
scribed above. These underlying mechanisms are complex and include various extra- and
intracellular pathways. For example, topiramate has been reported to act via multiple
mechanisms of action, such as the blockage of voltage-gated sodium channels, the en-
hancement of GABA-A receptors, the inhibition of L-type voltage-gated calcium channels,
and/or the blockage of AMPA receptors [61]. These mechanisms are known to be involved
in the development and maintenance of chronic pain and can be used as targets. GABA-
neurotransmission is often linked to habituation of cellular processes in the CNS as its
release was shown to be increased as a result of short-term habituation to an olfactory
stimulus in Drosophila [9]. The mechanism of action of a ketogenic diet appears to include
an anti-inflammatory and glycolytic metabolism pathway and with that appears to be an
anticonvulsant. Similar to seizures, chronic pain is postulated to be related to increased
excitability of neurons [62]; therefore, it is reasonable to study effects of this ketogenic diet
on habituation to pain. An fMRI study in healthy participants reported evidence for a role
of dopamine in habituation to pain, based on use of the dopamine D2 receptor antagonist
haloperidol [63].

A recent review focusing on the genetic and molecular changes involved in habit-
uation in general illustrated the complexity of the mechanism of action and molecules
involved in habituation. In this review, various cellular pathways were highlighted, and
the identification of 258 genes were reported as possible targets for drugs [64]. From this
perspective, future research could investigate the effects of many more candidate drugs
and their effect on habituation (and sensitization) to pain.

In conclusion, the mechanisms underlying habituation to pain are poorly understood
and likely to be related to a complex set of pathways including those related to inflamma-
tion, immune responses, neurotrophins, and/or neurotransmission. Research should focus
on which pathways and molecules are most dominant in order to target them specifically,
and this then may result in major impact on habituation to pain. In addition, further
research may include other chronic pain indications and pharmacological options targeting
habituation to pain.

For now, no diagnostic markers are available for the prediction of habituation to
pain. In addition, it is unclear when reduced habituation is of clinical relevance. For
example, is a decrease of 0.5 point versus a 1.0 point decrease on the VAS after repeated
stimulation an indication of reduced habituation to pain? Overall, it is too early to state that
habituation trajectories (the response pattern resulting from repeated painful stimulation)
are linked to clinical outcomes and could be used as a diagnostic marker for the prediction
of chronic pain. Specifically for migraine patients, Brighina and colleagues stated that lack
of habituation to pain probably represents a more general marker of neural dysfunction,
with overlap of migraine with other pathologies such as chronic pain and Parkinson’s
disease [65].

5. Challenges in the Field

There are several challenges in the field of habituation to pain in chronic pain con-
ditions. Importantly, chronic pain indications are very heterogeneous. In addition, even
within each individual chronic pain condition, there might be age and sex differences
and differences in medication use (e.g., [11,38,43]). Furthermore, the experimental pain
paradigms used are very diverse, including different modalities (e.g., heat and electric),
stimulation sites, and the measure of habituation. Moreover, the link to clinical outcomes
and experience of (chronic) pain in the studies is limited. The baseline pain levels of
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patients could potentially affect habituation, but this has not yet been investigated, with the
exception of one study reporting reduced habituation in patients with greater widespread
pain [43]. Furthermore, the experimental pain paradigms used in the studies included in
this systematic review are not necessarily clinical pain-provoking. The latter would be
of interest for the field. However, in addition to these differences, it is still of interest to
investigate whether the antinociceptive system(s) differ in patients with chronic pain as
compared to pain-free subjects. It is hypothesized that several neuroplasticity changes have
already occurred (e.g., central sensitization) in chronic pain patients, and these changes may
contribute to reduced habituation to pain [6,66,67]. In conclusion, although it is a challenge
to standardize experimental pain paradigms in relation to specific pain indications it should
be given much more attention in future studies. This is needed to better understand general
effects on habituation to pain in chronic pain.

6. Future Directions for Research

Future research in chronic pain patients may inform us on the robustness of differ-
ences in habituation to pain in chronic pain patients as compared to (for instance) healthy
controls and its underlying mechanisms. Neural measures such as EEG and fMRI could be
analyzed in more detail using, for example, multilevel models for increased understanding
of habituation to pain in chronic pain patients. Currently, evidence linking the self-report
(behavioral) and EEG or fMRI (neural) measures is limited.

A second point which can be concluded from our review is that most studies were
based on small sample sizes (median = 19.5) and did not always include a control group.
Hence, there is a need for larger, blinded studies (i.e., the assessor is blinded for the group),
including control groups and randomized controlled trials for potential treatment effects.
In addition, direct group comparisons are necessary to obtain more conclusive results.
Our review showed that one group sometimes showed significant habituation, while the
other group did not; hence, it was concluded that there was no difference between patients
and controls. However, without directly comparing groups, this conclusion cannot be
made [68].

In general, chronic pain indications are very heterogeneous, and this makes general-
ization of conclusions often very difficult. An alternative might be to focus on individual
differences in habituation to pain. Studying individual characteristics and differences may
result into a better understanding of the heterogeneity in both patients and controls, and
these effects may then be linked to clinical outcomes. Current studies in chronic pain
patients did not focus on individual differences or age- and sex-related differences. This,
however, would be an interesting topic for further research as studies in healthy individuals
pointed out large individual differences (e.g., [69]), but conflicting evidence for age and sex
(e.g., [38,70–72]. Ideally, individual differences in habituation to pain could also be used in
prediction models for chronic pain or treatment effects. Longitudinal designs might then
help to unravel the role of habituation in (the transition to) chronic pain. Investigation of a
surgical population as they may develop postoperative (chronic) pain is recommended [73].

An important issue in the correct analysis of studies on habituation to pain is the use
and selection of statistical tests. In order to test and improve comparison of effects in studies
on habituation to pain, we are in need of clear standardized measures to compare across
studies and between patients and controls. Currently, there are several outcome measures
for habituation to pain such as direct comparison of trials, linear effects (e.g., tested with a
repeated-measures ANOVA), percentage change over averaged trials, habituation quotient
(i.e., ratio between the average response in the first and last block), or fitting a (linear or
quadratic) slope. With this variability in outcome measures, a standardized systematic
comparison (such as in a meta-analysis) is not possible. Recently, recommendations for
interpreting different habituation (to pain) patterns have been proposed [2]. With this,
effects on habituation to pain might possibly be linked to phenotypes. On some occasions,
it could be that patients show similar reduced habituation, but that the control group shows
a different effect (see Figure 5), which is not captured in statistical tests.
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Figure 5. Example of patient groups that show similar habituation, whereas control groups differ in
their response. With conventional analyses, panel one will result in no group differences whereas
panel two will result in group differences, complicating the conclusion of patient vs. control effects.

Therefore, we propose the fitting of a slope as indicator of the trajectory of the ha-
bituation (linear, quadratic, etc.). The use of these slopes and trajectory of habituation to
pain has several advantages over current measures; it does not require any calculation
of the dependent variable (such as averaging), it is easy interpretable and indicates the
direction of effects, i.e., habituation or sensitization, and, when tested against zero, it can
also indicate the significance of changes compared to zero (see Figure 6). However, it
would require a fixed number of trials to be comparable across studies, and it can be
influenced by other factors such as interstimulus interval and type of stimulation. This is in
general of influence for habituation to pain, which is why the field will greatly benefit from
standard setups and measures. If the field progresses to standard protocols and outcome
measures as they are currently used in quantitative sensory testing (QST), it will be possible
to increase the understanding of habituation to pain and its potential role and link to
chronic pain [74,75]. In addition, recently developed statistical analysis methods, such as
the high-temporal-resolution EEG analysis method and the event-related fixed-interval
area method, are promising improvements in the detailed investigation of habituation of
pain [38,76].

Furthermore, recommendations such as the use of standard terminology, comparison
of similar outcome measures (i.e., not comparing EEG effects with rating effects), taking
into account the use of different timescales when analyzing and interpreting the data, and
taking into account individual differences will improve future study design and analyses.

Limitations

In this review, the effects of habituation to non-painful stimuli, the pain threshold,
physiological measures such as skin conductance, and stimulation paradigms where the
intensity was adjusted were not included (e.g., [77,78]). Thus, reduced habituation to pain
in chronic pain patients may exist according to the use of different measures, and future
research is needed to explore these measures. Furthermore, this review focused mainly on
habituation to pain but not on sensitization to pain in chronic pain patients. These closely
related processes should preferably be described and studied together, but most studies
only deal with either habituation or sensitization to pain.
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Figure 6. Example of data with a fitted (linear) slope that indicates the direction of the effect (after
tested against zero), i.e., habituation, no change, or sensitization.

7. Conclusions

This review systematically summarized the available evidence on habituation to pain
in different chronic pain indications. Although several studies reported reduced habit-
uation to pain in migraine for self-report and the EEG-based N1 and N2–P2 amplitude,
further evidence and confirmation based on larger, well-designed studies is needed. In
CLBP patients, the evidence argues against any general differences, except for EEG mea-
sures. In fibromyalgia, there is evidence for reduced habituation to pain of the N2–P2
amplitude. Currently, the evidence of a diagnostic marker or linking habituation to pain to
clinical outcomes is limited. Future studies should include standard outcome measures to
improve the comparison of habituation to pain in chronic pain patients and controls. The
mechanisms underlying habituation to pain are poorly understood and likely to be related
to a complex set of pathways. Recent use of genetic and molecular analysis techniques
allows for better understanding and selection of new pharmacological treatment options
which then may help to reduce pain in chronic pain patients.
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Abstract: Although the prevalence of cancer pain is 47% after treatment, cancer pain is often under-
estimated, and many patients are undertreated. The complexity of cancer pain contributes to the
lack of its management. Recently, as the mechanism of cancer pain, it has become clear that central
sensitization (CS) influences chronic pain conditions and the transition from acute to chronic pain. In
this state-of-the-art review, we summarized the association of CS or central sensitivity syndrome with
pain and the treatment for pain targeting CS in cancer survivors. The management of patients with
CS should not only focus on tissue damage in either the affected body regions or within the central
nervous system; rather, it should aim to target the underlying factors that sustain the CS process.
Pain neuroscience education (PNE) is gaining popularity for managing chronic musculoskeletal pain
and could be effective for pain and CS in breast cancer survivors. However, there is a study that
did not demonstrate significant improvements after PNE, so further research is needed. Precision
medicine involves the classification of patients into subgroups based on a multifaceted evaluation
of disease and the implementation of treatment tailored to the characteristics of each patient, which
may play a central role in the treatment of CS.

Keywords: cancer survivors; central sensitization; central sensitivity syndrome; insomnia; stress;
pain neuroscience education; precision medicine

1. Introduction

In high-income nations, cancer now ranks above vascular illnesses as the main cause
of mortality [1]. Additionally, it is anticipated that by 2040, the worldwide cancer burden
will increase by 47% [2]. Oncology has made significant progress, and advanced cancer is
no longer synonymous with terminal illness. However, providing pain treatment during
the survivorship phase is gaining more importance due to the expanding population of
cancer survivors [2]. The prevalence of cancer pain is 47% (95%CI 39–55) after treatment [3].
Despite this high prevalence, cancer pain is often underestimated, and many patients are
undertreated [4–7]. The complexity of factors affecting cancer pain is contributed to the
lack of management of cancer pain [8–10]. Pain in cancer survivors can be difficult to
manage because they underwent many types of treatment, including surgery, radiation
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therapy, and chemotherapy, and clinicians should be cautious because the pain might
be due to cancer metastasis/recurrence or other non-cancer-related causes. Therefore, to
improve the lack of management of cancer pain, the International Association for the Study
of Pain (IASP) defined a new classification of cancer survivor pain in ICD-11 [11]. The
new classification of cancer-related pain in cancer survivors is divided into two major cate-
gories: “chronic cancer pain”, such as visceral pain and bone metastasis pain due to cancer
progression or metastasis, and “chronic pain after cancer treatment” related to surgery
or drug treatment [11]. More recently, patients with chronic musculoskeletal pain have
been classified into three pain mechanisms: “Nociceptive pain”, “Neuropathic pain”, and
“Nociplastic pain” as a classification of pain properties [12,13] and cancer pain is classified
in the same way [14]. Clinicians should consider the seven-step diagnostic approach to
differentiate between predominant pain and provide appropriate pain treatment in cancer
survivors [14].

Recently, as the mechanism of cancer pain, it has become clear that central sensitization
(CS) influences chronic pain conditions and the transition from acute to chronic pain [15–18].
IASP defines CS as the “Increased responsiveness of nociceptive neurons in the central
nervous system to their normal or subthreshold afferent input”. Systematic reviews and
meta-analyses of CS for musculoskeletal diseases have reported that CS influences symptom
severity and pain in musculoskeletal diseases such as knee osteoarthritis and low back
pain [18–22]. CS has also received attention as a mechanism for cancer pain because CS
could affect pain in about 40% of breast cancer survivors [23,24]. Moreover, CS-related
symptoms have the capability to predict the intensity and interference of persistent post-
surgical pain 1 year after surgery [25,26]. These findings suggest that the assessment
and treatment of CS are important for the appropriate treatment and management of
cancer pain.

2. Objectives

This state-of-the-art review aims to investigate the relationship between CS or cen-
tral sensitivity syndrome and pain in cancer survivors, as well as explore the treatment
approaches targeting CS for pain management. While CS is initially observed in animal
models, this review focuses on its assumed presence in humans. Additionally, the review
will elaborate on the potential associations with other comorbidities that may contribute
to the perpetuation of CS in cancer survivors. Furthermore, it will provide insights and
directions for future research, along with discussing the clinical implications of CS in the
context of pain management for cancer survivors.

3. Methodology

A comprehensive search was conducted on PubMed and Web of Science until April
2023, using keywords such as Cancer Survivors, Central Sensitization, Central sensitivity
syndrome, Central Sensitization-related symptoms, Insomnia, Sleep Disturbances, Stress,
Pain Neuroscience Education, and Precision Medicine in order to identify the most relevant
and up-to-date evidence. Eligible articles must meet the following requirements: (1) be
written in English, Dutch, French or Japanese, (2) be published in full text, and (3) be
consistent with the goal of this review. The following study designs were not included in
the studies: case reports, conference proceedings, abstracts, letters to the editor, statements
of personal opinion, and editorials. T.N. and M.M. conducted the initial literature review,
and all co-authors subsequently contributed to revisions and additions. The original draft
of the text was written by T.N. and M.M., and all authors engaged in electronic commu-
nication to discuss and revise the final draft. With reference to the classification of cancer
survivor pain in ICD-11 [11], cancer pain is caused by damage of primary cancer, metastasis
(e.g., bone pain or visceral metastasis pain), or cancer treatments, and these treatments
can induce chronic secondary pain syndromes that persist after cancer treatment such
as postmastectomy pain or post-thoracotomy pain after surgery, chemotherapy-induced
peripheral neuropathy (CIPN), aromatase inhibitor-induced musculoskeletal symptoms,
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radiation-induced neuropathy or radiation-induced fibrosis. This paper distinguishes
(1) pain related to cancer or during its treatment and (2) persistent pain after treatment
completion (except for maintenance therapy).

4. Pain Related to Central Sensitization in Cancer Survivors

Assessing CS in individuals remains a challenge, and an optimal clinical approach for
this purpose is quantitative sensory testing (QST). QST utilizes standardized mechanical
and thermal stimuli, such as von Frey filament pinprick stimuli, light touch, pressure
algometers, and quantitative thermosetting, to explore the nociceptive and non-nociceptive
afferent pathways in the peripheral and central nervous systems. There are two main
modalities of QST: static QST and dynamic QST. Static QST is the most basic method of
evaluating response to standardized stimuli. Pressure value at the moment when the
pressure stimulus changes to pain is called the pressure pain threshold (PPT) and is one of
the most frequently used static QST. Dynamic QST is an evaluation that reflects functional
changes in the central pain regulatory system and requires a slightly more complicated
method than static QST. Temporal summation of pain (TS) examines the phenomenon of
pain exacerbated over time by continuous pain stimulation. Conditioned pain modulation
(CPM) is the suppression of pain sensitivity at the site of evaluation by a pain stimulus
applied to a remote site. TS evaluates the hyperresponsiveness of the ascending pain control
system, while CPM evaluates the dysfunction of the descending inhibitory controls. The
utility of QST for analyzing the various etiologies and pathologies in musculoskeletal pain
disorders is evident [27]. For clinicians, there is growing interest in bedside QSTs, which do
not necessitate specialized, expensive, or time-consuming equipment [28,29]. Additionally,
the validity and reliability of bedside QSTs are promising [30–32]. However, future research
needs to assess its added value and feasibility in clinical practice for assessing CS [33].

There is also an increasing number of reports related to hyperalgesia and CS measured
using QST [25,26,34–41]. Most reports on cancer pain and QST have been mainly evaluated
by PPT. Postoperative breast, head and neck, and colorectal cancer survivors have more
hypersensitivity in the surgical neck, shoulder joint, and lumbar back compared to healthy
controls [37–39]. Several studies have revealed that hypersensitivity has been observed in
distant areas from the painful site, such as the nonoperative neck and shoulder joint [37,38]
and the tibialis anterior muscle as well as the operative side and in painful areas [37,40,41].
Survivors with chronic postoperative pain after breast cancer surgery have decreased CPM
and enhanced TS compared to survivors without chronic pain [42,43]. Edwards RR et al.
reported that pain catastrophizing might mediate central nervous system pain-modulatory
processes [43]. Scott et al. reported that radiotherapy for bone metastatic pain improves
hypersensitivity at the pain site [44]. However, there are no reports on hypersensitivity
at distant areas from the pain site, and the relationship between cancer pain (e.g., bone
metastatic pain and visceral metastatic pain) and CS is not clear. Thus, further research is
needed to determine whether the relationship between post-cancer treatment pain and CS
in cancer survivors is similar for cancer pain.

5. Pain Related to Central Sensitivity Syndrome in Cancer Survivors

Yunus et al. proposed the central sensitivity syndrome as a comprehensive disease
concept in which CS is involved in pathogenesis [45]. Unexplained organic symptoms
related to CS common to various chronic diseases consider symptoms a single syndrome
rather than in isolation. This terminology is a breakthrough that corrects the idea that
different diagnoses have different mechanisms. Recently, the Central Sensitization
Inventory (CSI) was proposed as an alternative method and a comprehensive screen-
ing tool for evaluating CS-related symptoms. CSI consists of symptoms associated
with worsening CS, such as sleep disturbances, muscle stiffness, fatigue, sensitivity to
light and smell, and stress (CS-related symptoms), and has been translated in many
countries [46]. The CSI has shown excellent psychometric properties in chronic pain
patients with CS-related symptoms [46] and excellent validity and internal consistency
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in breast cancer patients [47]. Higher CSI scores indicate a higher degree of self-reported
CS-related symptoms, which can be classified into three clusters of severity: low level,
medium level, and high level [48].

CS-related symptoms contribute to the prevalence of chronic pain after breast cancer
surgery, pain intensity, and capacity impairment [23,35,49–51]. It has also been found
that breast cancer survivors with medium and high levels of CS severity have more pain
intensity and pain location than breast cancer survivors with low levels of CS severity [47].
In a longitudinal study, CS-related symptoms before and after surgery were independent
predictors for pain intensity and disability of chronic pain after breast cancer surgery, in
addition to treatment-related factors such as axillary lymph node dissection [25,26]. CS-
related symptoms are not only associated with pain intensity and disability but also with
anxiety, depression, pain catastrophizing [52,53], and fear of exercise [54]. The association
between pain after cancer treatment and CS-related symptoms in cancer survivors is clear,
but the association with cancer pain (e.g., bone and visceral metastases) is still unclear.
However, cancer survivors with advanced cancer pain and those receiving palliative
care or opioid treatment generally have more CS-related symptoms, such as insomnia
and fatigue [55–58]. Thus, assessment and intervention for CS-related symptoms will be
important for cancer survivors with cancer pain (e.g., bone and visceral metastases) in the
future as part of cancer pain management.

6. Inflammation and Central Sensitization in Cancer Survivors

Inflammation has been shown to play a role in both the initiation and persistence
of central sensitization [38,59]. Under normal conditions, astrocytes and microglia are
primarily responsible for maintaining cell retention and immune responses in the spinal
cord. However, when inflammation occurs, these cells become activated. For instance, acti-
vated astrocytes release inflammatory cytokines like Interleukin-1 beta (Il-1β) and Tumor
Necrosis Factor-alpha (TNF-α), which contribute to the development of central sensitiza-
tion [60]. Similarly, the activation of microglia leads to the release of inflammatory cytokines,
Prostaglandin E2 (PGE2), Nitric Oxide (NO), and Brain-Derived Neurotrophic Factor
(BDNF). Notably, BDNF can suppress the function of inhibitory Gamma-Aminobutyric
Acid (GABA)-ergic neurons that densely reside in layer II of the dorsal horn of the spinal
cord [61]. These mechanisms collectively contribute to the heightened excitability of spinal
dorsal horn neurons and the occurrence of central sensitization. Moreover, microglia play a
significant role in maintaining advanced-stage cancer pain in female rats by generating the
inflammatory cytokine IL-1β and increasing the synaptic transmission of spinal nociceptive
neurons [62]. Despite the likelihood of inflammation’s involvement in CS among cancer
survivors, there is currently only the support of preclinical experiments, and there is a
lack of studies evaluating inflammatory markers in this population and investigating their
association with CS. This remains an important area for future research, which will enhance
our understanding of how to tackle inflammation for cancer pain and post-treatment pain
in this cancer survivor population.

7. Sleep/Insomnia and Stress Related to Central Sensitization in Cancer Survivors

Sleep disturbances [63,64] and stress [65] are common comorbidities in cancer sur-
vivors, and both are associated with a worsening of pain symptoms in chronic pain pa-
tients [66,67]. Furthermore, CS-related symptoms measured using the CSI are strongly
associated with sleep disturbances and stress [68,69].

For sleep, the evidence demonstrated that taking medications/opioids disrupts indi-
viduals’ sleep quality since it might amplify their daytime fatigue and sleepiness, leading
to napping during the day and disturbing the night rest [70]. Systematic review and meta-
analysis suggested that sleep deprivation exacerbated peripheral and central pain sensitiza-
tion measured using the QST in healthy individuals. However, similar results in cancer
survivors with persistent pain remain unknown [71]. Furthermore, Pacho-Hernández
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JC et al. reported that sleep quality mediated CS-related symptoms and quality of life in
individuals with post-COVID-19 pain [72].

Stress in patients with chronic pain can modulate pain and exacerbate symptoms
(such as fatigue and cognitive impairments) in response to stress [73,74]. Stress and pain
demonstrate a high degree of comorbidity, indicating a considerable overlap in both
conceptual and biological mechanisms [67].

However, the relationship between CS and sleep quality and stress, and whether sleep
quality and stress mediate for CS, is currently unclear in cancer survivors. Thus, evidence
is still scarce, but it is a potential target for treating CS.

8. Nociplastic Pain Related to Central Sensitization in Cancer Survivor

CS is one of the key mechanisms of nociplastic pain. Nociplastic pain was proposed
as a third mechanistic pain descriptor in addition to nociceptive and neuropathic pain
by IASP in 2017 [12]. The IASP defines nociplastic pain as “pain that arises from altered
nociception despite no clear evidence of actual or threatened tissue damage causing the
activation of peripheral nociceptors or evidence for disease or lesion of the somatosen-
sory system causing the pain” [13]. The Cancer Pain Phenotyping (CANPPHE) Network
reports that the grading system guideline consists of seven steps, all of which are rec-
ommended to be implemented for cancer survivors [14]. The evaluation used in CS and
CS-related symptoms is also used in the guideline (e.g., evoked pain hypersensitivity
phenomena, history of pain hypersensitivity, comorbidities associated with hyperalge-
sia). In the future, it may become more common to use these guidelines to classify and
identify phenotypes rather than to evaluate only CS or CS-related symptoms. However,
at present, the reliability and validity of the guideline in cancer survivors are not clear,
and further research is crucial.

9. Challenges of Treating Pain in Cancer Survivors—Targeting Central Sensitization

Pharmacological treatment (NSAIDs, antidepressants, anticonvulsants, opioids, etc.)
and non-pharmacological treatment (rehabilitation, cognitive behavioral interventions,
etc.) are generally recommended in guidelines [8–10] for cancer pain. Pharmacological
treatment is only a part of cancer pain management due to its numerous side effects. The
effectiveness of the pharmacological treatment is also generally limited in patients with
chronic non-cancer pain and CS. The use of opioids is not recommended for nociplastic
pain involving CS [75,76]. According to the literature, opioids can lead to opiate-induced
hyperalgesia, which will generate more pain in the long term and might decrease the
survival rate [77,78].

What treatment is needed for CS? The management of patients with CS should not only
focus on tissue damage (scar formation, muscle shortening, nerve damage, metastatic bone
tumors, etc.) in either the affected body regions or within the central nervous system; rather,
it should aim to target the underlying factors, including illness beliefs, stress, poor sleep,
physical (in)activity, and even potentially unhealthy dietary habits, that sustain the CS
process [79]. A systematic review revealed that physical therapy such as manual therapy,
exercise, electrotherapy, education, and acupuncture improved CS-related variables in
patients with chronic musculoskeletal pain [80]. A systematic review revealed that physical
therapy results in a modest improvement in CS variables such as TS and CPM in patients
with chronic musculoskeletal pain. It is not clear whether physical therapy improves
CS variables in patients with cancer pain and pain after cancer treatment because the
systematic review did not include them.

In the field of oncology, there have been attempts to see if these rehabilitations are
effective [81–85]. International multidisciplinary roundtable reported consensus exercise
guidelines [82]. The data were deemed sufficient to suggest exercise for several cancer-
related health outcomes (such as fatigue, sadness, anxiety, and lymphedema). However,
due to the lack of evidence, exercise for cancer pain management was not included [86].
As with other management methods, pain education is getting a lot of attention. Pain
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neuroscience education (PNE), an educational intervention, is gaining popularity for man-
aging chronic musculoskeletal pain. The goal is to change the perception of pain from
being caused by biological processes such as tissue damage or disease to being a neces-
sary response to protect the body’s tissues. There are some differences between PNE for
musculoskeletal pain and cancer pain PNE (Table 1). In particular, the description of the
anxiety and threat of cancer recurrence is characteristic [87–91]. PNE alone is not effective
enough, and its benefits can increase when combined with exercise. Several systematic
reviews and meta-analyses have reported that interventions combining PNE and exercise
therapy for persons with chronic musculoskeletal pain have resulted in at least short-term
improvements in pain and disability [91]. We reported that pain intensity and disability
significantly improved, and CS-related symptoms decreased in the group that received PNE
combined with physiotherapy rather than the group that received biomedical education
(BME) combined with physiotherapy in a retrospective case–control study of postoperative
breast cancer survivors [88]. A single-arm study in breast cancer survivors suggests that
the combination of exercise therapy and educational programs improves CS-related symp-
toms [54], and personalized eHealth interventions, including pain science education and
self-management strategies, are effective in improving pain-related function, CS-related
symptoms and quality of life [89]. However, in a large randomized controlled trial (RCT)
of breast cancer survivors, there were no significant differences in pain-related disability,
pain intensity, or psychological symptoms between the BME plus physical therapy and
PNE plus physical therapy groups [90]. The results may have been influenced by the
diversity of patients, including postoperative pain, CIPN, and hormone-induced arthralgia.
A systematic review including more than 4000 participants found that compared to the
target group, pain education programs for cancer survivors with cancer pain showed
significant improvements in pain intensity and disability, self-efficacy, pain knowledge
and barriers, and medication adherence, but in less than 20% of all eligible patients [92].
Combining physical therapy with a pain education program as a non-pharmacological
treatment for cancer pain with cancer survivors may effectively improve pain intensity,
capacity impairment, and CS-related symptoms. However, since most intervention studies
have been conducted in breast cancer survivors, it is unclear whether similar results can be
obtained in other cancer survivors. Further research is also needed to determine whether
the pain education program is effective for all types of cancer pain, including chronic
pain after cancer treatment (postoperative pain, CIPN, etc.) and chronic cancer pain (bone
metastasis pain, visceral metastasis pain, etc.).

Next to pain education, clinicians should focus on tackling insomnia and stress,
which might improve CS [79]. There is evidence of treatment for insomnia and stress
in cancer survivors. Cognitive behavior therapy (CBT) for insomnia (CBT-I) is the
gold standard and treatment for insomnia [93]. Systematic review and meta-analysis
have shown that CBT-I is strongly recommended for treating insomnia [94]. Cognitive
behavioral stress management, which allows patients to better deal with the impact
of the environment, had a positive effect on stress in patients with breast cancer [95].
Mindfulness-based stress reduction (MBSR) and yoga are also effective for stress in
cancer survivors [96–98]. However, evidence is lacking concerning the impact of those
interventions on cancer survivors’ pain (cancer pain and pain after cancer treatment)
and CS symptoms. The indirect effect of those interventions on CS symptoms should be
further investigated in the future.
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Table 1. Difference between pain neuroscience education for musculoskeletal pain and cancer pain.

Sessions Musculoskeletal Pain Cancer Pain

Pathoanatomic models No reference to pathoanatomic models

Explanation of general side effects of
treatment modalities (surgery,
radiotherapy, chemotherapy and
hormone therapy)

Acute pain vs. chronic pain Transition from acute to chronic pain

Nerve function The neuron (receptor, axon, terminal) and the synapse (action potential,
neurotransmitters, postsynaptic membrane potential, chemically driven ion channel)

Peripheral and central sensitization Peripheral sensitization (e.g., peripheral nerve injury, inflammation)
Central sensitization (e.g., brain and spinal cord function, the pain matrix in the brain)

Descending nociceptive inhibition
and facilitation Emotions, stress, sleep, physical activity, pain cognitions, and pain behavior

Reconceptualization of pain as a normal
brain response to perceived threat

Vicious cycle due to kinesiophobia and
fear–avoidance models.
Information about sensations that are a
threat to the body is recognized as ‘pain’
as a normal response of the brain.

Vicious cycle due to kinesiophobia and
fear–avoidance models.
Threatening perception of pain as cancer
recurrence or metastasis, leading to
heightened anxiety and avoidance
behavior.

Transfer knowledge about pain to an
adaptive behavioral change

Advice on managing factors that contribute to persistent pain, such as correcting
misperceptions and activity management (pacing strategies), taking into account
biopsychosocial factors

10. Future Directions for Research and Clinical Practice

Previous clinical studies have examined the efficacy of certain treatments for certain
diseases and have not individually designed treatments for problems at the individual
patient level. Precision medicine, which has been the focus of much attention in recent years,
involves the classification of patients into subgroups based on a multifaceted evaluation of
disease and the implementation of treatment tailored to the characteristics of each patient.
Precision medicine is mainly used in oncology to identify the histology and genotype of
cancer and optimize treatment in individual patients [99]. Precision rehabilitation has
not been fully explored at this time. For precision rehabilitation, physical, cognitive,
and psychosocial factors need to be measured, and the patients could be classified into
subgroups based on results. Some studies classified patients based on CSI scores (low-
CSI/high-CSI). High-intensity training improves symptoms of CS in patients with chronic
low back pain, and this effect is greatest in those with high CSI scores at baseline. PNE
is more effective in pain catastrophizing in patients with high CSI scores [100]. These
studies indicate the possibility of developing precision rehabilitation, while there is still
a lack of suggestions on how to deal specifically with CSS. Interventions targeting the
following sub-categories (1. Emotional distress, 2. Urological and general symptoms,
3. Headache/Jaw symptoms, 4. Sleep disturbance, and 5. Muscle symptoms of CSS) may
be needed (Figure 1). Furthermore, it is necessary to determine whether precision cancer
pain medicine, customized according to the underlying pain mechanisms, is more effective
than conventional medical care. Precision pain medicine should shift from local therapies
like stretching, resistance training, and physical therapy to systemic therapies like pain
education and activity level pacing (Figure 2). However, the effectiveness of precision
pain medicine or precision rehabilitation is not clear for both musculoskeletal patients and
cancer survivors, and further research is needed.
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Figure 1. Central sensitivity syndrome targeted education.

Figure 2. Multimodal therapy for cancer pain.

11. Conclusions

Evidence that CS affects cancer pain is accumulating. Recently, a seven-step diagnostic
approach for differentiating the predominant pains has been developed for cancer survivors.
Besides, bedside QSTs and CSI-tool could also help clinicians identify CSS. In the future, it
is necessary to investigate multimodal lifestyle interventions in the long term for cancer
survivors with predominant CS.
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Abstract: Chronic pain is a source of substantial physical and psychological suffering, yet a clear
understanding of the pathogenesis of chronic pain is lacking. Repeated studies have reported an
altered behaviour of the salience network (SN) and default mode network (DMN) in people with
chronic pain, and a majority of these studies report an altered behaviour of the dorsal ventromedial
prefrontal cortex (vmPFC) within the anterior DMN. In this topical review, we therefore focus
specifically on the role of the dorsal vmPFC in chronic pain to provide an updated perspective on the
cortical mechanisms of chronic pain. We suggest that increased activity in the dorsal vmPFC may
reflect maladaptive overthinking about the meaning of pain for oneself and one’s actions. We also
suggest that such overthinking, if negative, may increase the personal “threat” of a given context, as
possibly reflected by increased activity in, and functional connectivity to, the anterior insular cortex
within the SN.

Keywords: chronic pain; default mode network; salience network; ventromedial prefrontal cortex

1. Introduction

Acute pain plays an important role in warning us of actual or impending tissue
harm [1]. However, when pain persists beyond the natural course of healing, it tends to
lose many of its otherwise protective features, rather becoming a source of both physical
and psychological suffering [2]. Many studies have tried to improve our understanding of
chronic pain by exploring it from the perspective of the brain [3], and much progress has
been made in the last decade concerning the understanding of how specific patterns of brain
activity influence the pain experience [4]. One area of interest has been to interpret chronic
pain through established, functional resting-state networks, with the salience network
(SN) and default mode network (DMN) having gained much of the spotlight in previous
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chronic pain models [5–10]. The SN is centred around the anterior insular cortex (AIC) and
the dorsal anterior cingulate cortex (ACC; Figure 1). It activates in response to personal
salience [11,12] of both positive and negative valence [13–16]; that is, events that “stand
out” in the personal environment [17], including acute pain [18,19], but it is also engaged
during autonomic [20,21] and emotional regulation [14,22–24]. Furthermore, both the AIC
and dorsal ACC are also included in the ventral attention network [25], which together with
the dorsal attention network controls attentional relocation [26,27]. In contrast, the DMN
was first discovered as a network of regions showing high metabolic activity during rest,
whereby it became recognized as a network representative of the brain’s “default state” [28].
Today, activation of the DMN is known to reflect complex mentation processes [29,30], such
as autobiographical memory retrieval and prospection [31–33], as well as self-generated
spontaneous thought [34–36]. Its core regions include the posterior cingulate cortex extend-
ing to the precuneus, and the dorsal aspect of the ventromedial prefrontal cortex (vmPFC),
with especially prominent intrinsic connectivity to the more posterior aspect of the dorsal
vmPFC in and around the pregenual ACC (pgACC; Figure 1) [37], and in contrast to the
SN, these regions normally exhibit significant deactivation in response to acute pain [19].

Figure 1. Core regions of the default mode network (orange) and salience network (pink). vmPFC =
ventromedial prefrontal cortex; pgACC = pregenual anterior cingulate cortex; dACC = dorsal anterior
cingulate cortex; PCC = posterior cingulate cortex; AIC = anterior insular cortex.

In people with chronic pain, meta-analyses have found no difference in acute experi-
mental (stimulus-induced) pain-evoked DMN activity when compared to healthy, pain-free
individuals, whereas inconsistent results have been reported for the SN [38–40]. However,
many studies show increased functional connectivity between the AIC and the dorsal
vmPFC [41–48], as well as altered functional connectivity between the dorsal vmPFC and
the posterior DMN [41,44–46,49,50], in people with chronic pain when they experience
spontaneous pain (i.e., pain experienced in the absence of external stimuli). Spontaneous
pain has also been associated with altered oscillatory power frequencies within the dor-
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sal vmPFC itself in people with chronic pain [41,42,50,51], and reduced deactivation of
the dorsal vmPFC has been reported during both simple visuo-motor tasks [52–54] and
attention-demanding cognitive tasks [55,56] in people with chronic pain when compared to
healthy controls. We recently proposed a model in which we try to explain these functional
changes in terms of an aberrant appraisal of threat in people with chronic pain [10]. We
also highlight the possible importance of the vmPFC because of its frequent involvement in
these changes. In this topical review, we therefore take a more regional standpoint, with
a specific focus on altered activity in the dorsal vmPFC, as well as the altered functional
connectivity between the dorsal vmPFC and the AIC observed in people with chronic pain.
We aim to provide an updated model for what these cortical changes may represent, thereby
hoping to extend the current perspective of the cortical mechanisms of chronic pain.

2. Possible Causes of Altered Dorsal Ventromedial Prefrontal Cortex Behaviour in
People with Chronic Pain

2.1. Pain Versus No Pain during Scanning

There is an ongoing discussion about whether the observed differences in dorsal
vmPFC activity and functional connectivity between people with chronic pain and healthy,
pain-free individuals simply reflect the presence of pain itself [10,48,50]. Critically, blunted
differences in functional connectivity between people with chronic pain and healthy con-
trols have been observed when the presence of pain is experimentally controlled [48,50],
and, in some studies, altered resting-state functional connectivity is only evident follow-
ing pain exacerbation [45–47]. Furthermore, similar functional connectivity alterations to
those observed in people with chronic pain, when they experience spontaneous pain in
a resting state, have been observed in healthy individuals exposed to tonic experimental
pain [50,57,58]. Although still to be confirmed, these results suggest that the altered be-
haviour of the dorsal vmPFC observed in people with chronic pain might be dependent on
the presence of pain during scanning.

2.2. Inter-Individual Differences in Pain Processing

Most healthy, pain-free individuals display decreasing activity in the dorsal vmPFC
during experimental pain [59], with the level of deactivation mediating subjective pain
intensity [60]. However, a large-scale study of just over 400 healthy participants recently
found that a substantial proportion (~36%) exhibits increased pain-evoked activity in the
dorsal vmPFC in response to experimental, stimulus-induced pain [59]. Similarly, Mayr et al.
recently showed that the same inter-individual variability in dorsal vmPFC activity, as well
as functional connectivity, was present in people with chronic low back pain and migraine
when they continuously rated their fluctuations in spontaneous pain intensity [61,62]. This
may imply that an altered functional behaviour of the dorsal vmPFC may not reflect the
state of chronic pain per se, but possibly inter-individual differences in pain processing.
For instance, independent research showed that increased functional connectivity between
the dorsal vmPFC and the nucleus accumbens predicted the transition from subacute to
chronic low back pain [52,63,64], suggesting that the behaviour of the dorsal vmPFC may
already at an early stage of pain increase the susceptibility of developing chronic symptoms
in some individuals. Alternatively, the transition from (sub)acute to chronic pain may in
itself be associated with increasing activity in the dorsal vmPFC [52]. The latter observation
was reported in an early longitudinal study of people who transitioned from subacute to
chronic low back pain [52]. However, as this study has not been replicated, the support for
a shift in dorsal vmPFC activity during the transition to chronic pain is limited.

3. Revisiting Previous Models of Altered Dorsal Ventromedial Prefrontal Cortex
Behaviour in People with Chronic Pain

In the following sections, we discuss the strengths and limitations of our own, as
well as some of the most well-cited previous models which try to explain the altered
dorsal vmPFC activity and functional connectivity in people with chronic pain. For more
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in-depth reading, we refer the reader to earlier publications specifically dedicated to each
model [5–10].

3.1. Increased Emotional Processing of Pain

An early, well-recognized explanatory model for the altered behaviour of the dorsal
vmPFC in people with chronic pain suggested a shift from mainly somatosensory, to mainly
emotional cortical processing of pain [6,7]. One of the main functional domains of the dorsal
vmPFC is indeed the regulation of emotion and affect [14,22–24,65,66]. Accordingly, human
lesions to the vmPFC are associated with both apathy and blunted affect, as well as a lack of
empathy [67]. Many of the cortical regions engaged during the experience of pain are also
engaged during the expression of emotion [68], and experimentally induced negative emo-
tion has been found to increase spinal reflexes (an index of spinal nociception) via increased
activation of both the dorsal and ventral aspect of the vmPFC [69]. However, despite the
established role of the dorsal vmPFC in emotional and affective regulation, its complete
functional spectrum is highly multidimensional and also includes domains such as valence
and reward processing [13,15,16,65,70,71], decision-making [65,72–75], memory retrieval
and prospection [65,73], and self-referential processing [76–78]. Accordingly, in addition to
emotional dysregulation, individuals with vmPFC lesions also exhibit behavioural changes
characterized by increased impulsivity and irresponsibility [67], as well as an impaired
or blunted ability to adapt their behaviour to previous experiences and environmental
cues [67,79], including in contexts of pain [80]. Hence, increased emotional processing of
pain may serve as a partial explanation for the altered behaviour of the dorsal vmPFC, but
does it provide the complete explanation?

3.2. Aberrant Appraisal of Threat in the Context of Pain

The experience of pain is, by definition, “associated with, or resembling that associated
with, potential tissue damage” [81]. Given the wide spectrum of functions of the dorsal
vmPFC, another track of conceptual thought expressed across multiple models [8–10] has
therefore been that chronic pain might resemble a more general misperception of pain and
its contextual environment as potentially “dangerous”, even when the reality is “safe”.
Similar to experimental pain, the experience of experimentally induced fear evokes similar
deactivation of the dorsal vmPFC and activation of the SN [82]. As aforementioned, people
with chronic pain are frequently found to show an impaired ability to deactivate the dorsal
vmPFC during both simple and complex attention-demanding tasks while experiencing
spontaneous pain [52–56]. However, in contrast to the heterogeneous responsiveness
of the dorsal vmPFC observed in the context of pain outlined in previous sections, fear
and threat learning are consistently associated with distinct deactivation of the dorsal
vmPFC [83–86], whereas increased activation of this area is observed during fear and threat
extinction [83,86–88]. Furthermore, although recent studies suggest that the vmPFC may
not solely constitute a “safety hub” [79,89], such opposing activity responses are concen-
trated to the more ventral/posterior aspects of the vmPFC [89]. Accordingly, inactivation of
the cortical equivalent to the dorsal vmPFC in non-human primates (i.e., area 32) increased
behavioural fear responses during fear learning, while impairing fear extinction, whereas
the opposite pattern was observed for inactivation of the more ventral/posterior aspect
of the vmPFC (i.e., area 25) [90]. Thus, although it is tempting to suggest that chronic
pain might be accompanied by a shift in the threat/safety profile of the dorsal vmPFC, is
this plausible?

3.3. Increased Internal Attention to Pain

A third explanatory model for the altered behaviour of the dorsal vmPFC in people
with chronic pain was presented by Kucyi and Davis, who suggested that it reflected in-
creased internal attention to pain, which might disrupt the top-down endogenous pain mod-
ulatory pathway [5]. Specifically, Kucyi and Davis performed a series of experiments [91,92]
in which they first observed that healthy individuals exposed to experimental, stimulus-
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induced pain exhibited an increased activation of the dorsal vmPFC, as well as an increased
functional connectivity between the dorsal vmPFC and the periaqueductal gray (PAG)
when they spontaneously attended away from pain (i.e., spontaneous non-pain-related
mind wandering). Conversely, individuals who spontaneously directed their attention to
the experimental pain exhibited reduced dorsal vmPFC activation, as well as an expected
increased activation of the ventral attention network, including the core regions of the
SN [92]. During a second experiment in people with chronic temporomandibular pain, an
increased resting-state functional connectivity between the dorsal vmPFC and PAG was
associated with pain rumination, as well as an increased functional connectivity between
the dorsal vmPFC and the posterior cingulate cortex/precuneus [91]. Given the established
role of the PAG in top-down endogenous pain modulation [93,94], the authors suggested
that people with chronic pain who exhibit an altered functional behaviour of the dorsal
vmPFC might be more likely to spontaneously ruminate about pain, which in turn may
disrupt the communication between the dorsal vmPFC and the anti-nociceptive system [5].
However, given the results observed in the healthy participants [92], increased attention to
pain would be expected to reduce the activity in the dorsal vmPFC, as well as the remaining
regions of the DMN, possibly explaining the increased functional connectivity between the
dorsal vmPFC and the posterior cingulate cortex/precuneus observed in the people with
chronic temporomandibular pain [91]. In other words, it is contradictory to the increased
activity in the dorsal vmPFC that is frequently reported in people with chronic pain during
spontaneous pain [52–56].

4. An Updated Perspective on the Meaning of Altered Dorsal Ventromedial Prefrontal
Cortex Behaviour in People with Chronic Pain

4.1. Shared Mechanisms with Placebo Analgesia

Recent findings suggest that a similar response heterogeneity of the dorsal vmPFC
as that observed during acute experimental (i.e., stimulus-induced) [59] and chronic spon-
taneous pain [61] can also present during certain types of endogenous pain modulation.
Contradictory to what might be expected given the frequently reported increased activity
in the dorsal vmPFC in people with chronic pain [52–56], the vast majority of endogenous
pain modulation trials in which healthy individuals exhibit increased activity in the dorsal
vmPFC also report an associated reduction in subjective pain intensity and/or unpleasant-
ness. This includes, for instance, relative pain relief (i.e., the pain relief experienced when a
moderate-intensity stimulus is presented following a stimulus of high intensity) [95,96],
positive reappraisal of pain [97,98], distraction analgesia [99,100], and when pain intensity
is expected to be low [101,102] or reduced [103,104]. Increased activity in the dorsal vmPFC
has also been found to encode pain-specific, positive reinforcement learning [105,106], and
there is even an increased pain-evoked activation of the dorsal vmPFC if a painful stimulus
has been accepted on behalf of one’s romantic partner [107].

There are, however, critical exceptions to this trend [102,108–113], with one of the
main examples being the recent results of Zunhammer et al. concerning placebo analge-
sia [114]. In accordance with the common trend, early meta-analyses of placebo analgesia
report increased pain-evoked activity in the dorsal vmPFC [103,104]. Yet, there are also
well-designed studies which report the inverse pattern; that is, reduced activity associated
with a greater placebo effect [109,110]. As recently raised by Zunhammer and colleagues,
a major limitation of earlier meta-analyses is their reliance on published activation peaks
rather than full activation maps, as this inherently increases the risk of biased results [115].
To get around this problem, the authors performed a meta-analysis of single-participant,
whole-brain images across 20 independent studies, by which they intriguingly identified a
great between-study heterogeneity in the response of the dorsal vmPFC [114]. This implies
that a similar response heterogeneity of the dorsal vmPFC as that observed during acute ex-
perimental [59] and chronic spontaneous pain [61] is also present during placebo analgesia.
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4.2. The Possible Role of the Pregenual Anterior Cingulate Cortex and Independence of
Afferent Nociception

Importantly, placebo analgesia typically engages the pgACC subregion of the dorsal
vmPFC [103,104], which not only resembles an important functional hub within both the
DMN [37], but which also exhibits strong functional connections to the PAG [116]. Critically,
the pgACC also resembles one of the areas most frequently reported to exhibit altered activ-
ity and/or functional connectivity in people with chronic pain [44,45,47,51,53–56,61,117].
Activity in the pgACC (among other regions) has been found to predict the experience of
experimental pain independent of stimulus intensity [118], and data from patients with
lesions to the vmPFC, including the pgACC, showed no difference in neither thermal pain
threshold nor tolerance compared to healthy controls [80]. Thus, although nociceptive
transmission is often facilitated in people with chronic pain via sensitization of peripheral
and/or central nociceptive neurons [119–121], such afferent nociceptive mechanisms may
not explain the altered functional behaviour of the pgACC in people with chronic pain.

Conversely, experimental pain-evoked activation of the pgACC has been more closely
related to the expected value of pain rather than the factual stimulus-evoked pain expe-
rience itself [101–103,105,106,110,122]. Expectations are well-known to be able to shape
the experience of pain [123], as well as other sensory perceptions [124], and expecta-
tions resemble one of the most well-established contributors to the placebo analgesic
effect [123,125–127]. However, recent results by Atlas et al. showed that expectations of
pain intensity were associated with different pain-evoked activity responses in the pgACC
depending on how the cue that caused the expectations had been learned [102]. If the
meaning of an auditory cue preceding a painful stimulus had been learned via uninstructed
learning (i.e., learning by experience), expectations of high pain were associated with a
significant pain-evoked deactivation of the pgACC. In contrast, if the meaning of the cues
had been learned through explicit verbal instructions, expectations of high pain were rather
associated with increased pain-evoked activation of the pgACC [102]. These results suggest
that the altered behaviour of the pgACC observed in people with chronic pain may not be
related to the expectations of pain per se. Yet, as instructed learning is a conscious way of
learning [123], pgACC hyperactivity in people with chronic pain may reflect a conscious
mentation process that covaries with expectations of pain.

4.3. Overthinking about the Meaning of Pain for Oneself and One’s Actions

Recently, Zhang and colleagues suggested that activity within the pgACC may encode
the level of uncertainty related to pain [128]. The authors exposed healthy individuals to a
tonic painful heat stimulus, during which they had to learn, via trial and error, which out
of two buttons was associated with a short period of pain relief. Interestingly, the higher
the uncertainty about which button to press, the higher the activity in the pgACC [128].
However, other studies found no involvement of the pgACC during uncertainty when there
was no motor task performed [129–131], which suggests that the uncertainty component
observed by the group of Zhang and colleagues most likely does not reflect uncertainty as
to whether the tonic pain would be relieved or not, but to which choice to make to achieve
pain relief. Similarly, a series of rigorous studies by Kolling et al. outside the context
of pain have shown that the pgACC is activated during decision making but does not
encode factual decision value [73,132]. In contrast, pgACC activity was suggested to reflect
prospective consequential thinking, irrespective of the factual value of the participant’s
final decision [73]. Together with the results by Zhang et al. [128], these findings suggest
that activity in the pgACC might reflect the conscious weighing of the potential future
consequences of one’s behavioural choices. However, repeated meta-analyses have found
that the pgACC also increases in activity when individuals are actively reflecting or making
judgements related to the self in general [76–78]. Altogether, this may imply that individ-
uals with chronic pain who exhibit increased pain-evoked activity in the pgACC may be
more likely to reflect on what their pain means for them and their actions (Figure 2). If
negative, overthinking of such character may, at least in part, explain some of the common
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psychosocial characteristics of many people with chronic pain, such as trouble falling asleep
and/or maintaining sleep, emotional distress (e.g., anxiety, depression), and/or avoidant
behaviours (e.g., physical inactivity, social isolation) [2].

Figure 2. Examples of thoughts in people with chronic pain that might be associated with activation
of the pregenual anterior cingulate cortex (bright orange) within the dorsal ventromedial prefrontal
cortex (transparent orange).

5. Anterior Insula Hyper-Connectivity to the Dorsal Ventromedial Prefrontal Cortex

No brain region works in isolation, and as mentioned in the introduction, one of the
most frequently reported functional connectivity deviations in people with chronic pain is
an increased functional connectivity between the dorsal vmPFC and the AIC [41–48]. In
addition to its consistent activation in response to salience, the AIC has also been recognized
as a region critical for interoception [11,12,133,134]; that is, the cortical processes underlying
our ability to feel internal signals arising within our own body (e.g., nociception) [133,134].
In accordance, increasing AIC activity has been found to track increases in spontaneous
pain intensity in people with chronic pain [53,61] and to predict subjective experimental
pain intensity in healthy individuals [60,135]. Furthermore, activation of the AIC was
recently found to mediate the relationship between actual stimulus intensity and subjective
pain intensity [60].

However, similar to the dorsal vmPFC, activation of the AIC can also be modulated
independent of stimulus intensity. For example, pain-evoked AIC activity was increased
when contextual circumstances induced an increased subjective pain intensity or unpleas-
antness, such as when expectations of high or reduced pain were inferred [101–103,122,136],
when a painful stimulus of moderate intensity was presented following a low-intensity
stimulus [95], or when participants engaged in cognitive downregulation of pain [97].
Furthermore, AIC activity can also increase during the anticipation of pain [137], and if
a given stimulus is more painful than expected, activation of the AIC has been found to
increase further both during and anticipatory to the subsequent stimulus [105,106]. These
observations suggest that activity in the AIC might be related to the perceived intensity of
pain. However, given the prominent effect of contextual modulation on the level of AIC
activity, this relationship may not rely solely on afferent nociception. In the context of pain,
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AIC activity may thus possibly reflect a more general type of pain-related processing, such
as the level of personal “threat” of a given context [9,10].

If our previously suggested role of the pgACC in (chronic) pain processing holds
true, increased functional connectivity between the pgACC and AIC, as often observed in
people with chronic pain [41–48], may thus possibly reflect a process by which negative
overthinking about the meaning of pain for oneself and one’s actions might increase the
personal “threat” of a given context. This may in turn increase the likelihood of “harmless”
afferent signals from the body to be interpreted as “potentially harmful”, thereby increasing
the susceptibility of experiencing pain in the absence of ongoing tissue damage (Figure 3).

Figure 3. A proposed updated model for the meaning of the altered behaviour of the pregenual
anterior cingulate cortex (pgACC), within the dorsal ventromedial prefrontal cortex (vmPFC), in
people with chronic pain. Overthinking about the meaning of pain is suggested to be associated
with increased activation of the pgACC within the dorsal vmPFC. This cognitive behaviour may
subsequently lead to an aberrant appraisal of threat in the context of pain via increased interoception
of threat signals (e.g., nociception) processed in the anterior insular cortex (AIC). The simultaneous
increased activation in the pgACC and AIC may present as an increased functional connectivity
between the two cortical regions.

6. Conclusions

In the present review, we discuss the altered functional behaviour within DMN and
SN in people with chronic pain, with a special focus on the dorsal vmPFC and its functional
connections to the AIC. By integrating previous theoretical models with novel research
findings, we suggest an updated model of what both the altered activity in and functional
connectivity to the dorsal vmPFC may represent in people with chronic pain. We suggest
that increased dorsal vmPFC activity may reflect a tendency to overthink the meaning
of pain for oneself and one’s actions. This may in turn increase the personal threat of a
given context and thereby increase the susceptibility to experience pain, which we suggest
might be reflected by an increased functional connectivity between the dorsal vmPFC and
the AIC.
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Abstract: Analgesic-response variability in chronic noncancer pain (CNCP) has been reported due to
several biological and environmental factors. This study was undertaken to explore sex differences
linked to OPRM1 and COMT DNA methylation changes and genetic variants in analgesic response.
A retrospective study with 250 real-world CNCP outpatients was performed in which data from
demographic, clinical, and pharmacological variables were collected. DNA methylation levels (CpG
island) were evaluated by pyrosequencing, and their interaction with the OPRM1 (A118G) and COMT
(G472A) gene polymorphisms was studied. A priori-planned statistical analyses were conducted
to compare responses between females and males. Sex-differential OPRM1 DNA methylation was
observed to be linked to lower opioid use disorder (OUD) cases for females (p = 0.006). Patients
with lower OPRM1 DNA methylation and the presence of the mutant G-allele reduced opioid dose
requirements (p = 0.001), equal for both sexes. Moreover, COMT DNA methylation levels were
negatively related to pain relief (p = 0.020), quality of life (p = 0.046), and some adverse events
(probability > 90%) such as constipation, insomnia, or nervousness. Females were, significantly,
5 years older with high anxiety levels and a different side-effects distribution than males. The
analyses demonstrated significant differences between females and males related to OPRM1 signalling
efficiency and OUD, with a genetic–epigenetic interaction in opioid requirements. These findings
support the importance of sex as a biological variable to be factored into chronic pain-management
studies.

Keywords: sex differences; chronic pain; epigenetics; DNA methylation; pharmacogenetics

1. Introduction

Some inherent biological differences contribute to sex differences in chronic noncancer
pain (CNCP) [1,2], where females are more vulnerable to maintaining musculoskeletal pain
with greater psychological distress [3,4]. Traditionally, it has been thought that such differ-
ences are largely due to the endogenous opioid system and hormonal regulation [5,6], but
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there are also genetic and epigenetic factors (i.e., DNA methylation, noncoding RNA expres-
sion, or histone modifications) [7,8] that could contribute as they do in other autoimmune
disorders or neuropsychiatric diseases [9].

Current research suggests that there are significant differences between males and
females in the genetics and epigenetics associated with chronic pain [10,11]. Some studies
have identified specific genes and signalling pathways that are involved in pain sensation
and perception [12], and these genes may be expressed differently in males and females [13].
In addition, epigenetics, which is the study of how environmental factors may influence
gene expression, also appears to play an important role in sex differences in chronic
pain [14].

In recent years, some genetic markers have been linked with interindividual differences
in analgesic response [15,16], such as μ-opioid receptor 1 (OPRM1, A118G, rs1799971-G
allele, 11–17% in the Caucasian population). This variant has been associated with higher
doses of opioid requirements [17], and being more predisposed to compulsive behaviours
and opioid dependence compared to rs1799971-A carriers [18,19]. In the same way, variants
of the gene that encodes enzyme catechol-O-methyltransferase (COMT, G472A, and rs4680-
A allele) are linked with a lesser capacity to metabolise monoamines and, thus, higher
dopamine levels arise. Here, a lower pain threshold and increased vulnerability to chronic
pain have been observed compared to the rs4680-G ancestral allele, and even more when
combined with the OPRM1 variant genotypes [20]. However, scientific evidence for the
effect of these gene variants is not complete enough to explain the wide variability observed
in the real world.

Hence, the possible involvement of a sex-mediated genetic–epigenetic interaction
could be considered a modulator factor [21,22]. The aim of this study was to explore sex
differences linked to DNA methylation/genotype changes that may affect the expression
of the genes OPRM1 and COMT by conditioning a different analgesic response.

2. Materials and Methods

2.1. Study Design

A retrospective study (EPA-OD) was designed and conducted at the Pain Unit of the
Alicante Health Department, Dr. Balmis General University Hospital, in Spain, from March
2021 to March 2022. The study was approved by the Ethics Committee (Protocol Code
2020-158). Written informed consent was waived due to the retrospective nature of the
study. In any case, all the patients had already given informed consent to participate in
previous observational studies done in the same setting [23,24]. The last study ended early
due to the COVID-19 pandemic, as seen in Figure A1.

2.2. Participants and Data Collection

All the samples taken from the candidates in the present study (n = 250) were obtained
from Biobank (Alicante Institute for Health and Biomedical Research (ISABIAL), Spain).
This study adhered to the Spanish National Biobanks Network. Data were collected from
original databases and completed from patients’ electronic health records. The inclusion
criteria were patients aged ≥18 years old, CNCP (moderate or severe pain lasting at least 6
months) with long-term opioids (≥3 months), and with available DNA samples previously
donated to Biobank. Patients under 18 years old, with oncologic pain or any psychiatric
disorders that could interfere with the proper development of the study were excluded.
Other chronic-pain syndromes of unclear pathophysiologies, such as fibromyalgia or
neuropathic pain, such as painful polyneuropathy, postherpetic neuralgia, trigeminal
neuralgia, and poststroke pain, were not included.

2.2.1. Clinical Outcomes

A Global Pain State questionnaire [25], which qualitatively measures pain intensity
and relief, was collected at the time that each patient was included in the study using the
Visual Analogue Scale (VAS). This consists of a horizontal line ranging from 0 (lowest) to
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100 mm (highest), where the patient points on the line the intensity of the pain or relief that
he/she feels, respectively. Quality of life was evaluated through the EuroQol-5D-3L scale
that consists of a VAS vertical line from 0 (the worst imaginable health status) to 100 mm
(the best imaginable) where the patient indicates his/her actual health status. The patient’s
diagnosis and demographic characteristics, such as age, sex, and employment status (active,
retired, or work disability) were also registered. Psychological status was calculated with
the Hospital Anxiety and Depression Scale: HADS, 0–21 scores, classified as normal (<7),
probable (8–10) and case (>11 scores) [26].

2.2.2. Pharmacology and Hospital Resources Use

Pharmacological variables such as the main opioid (i.e., tramadol, fentanyl, tapentadol,
buprenorphine, oxycodone, and morphine) was registered (Table A2). In different opioid
combinations, oral morphine equivalent daily dose (MEDD) was estimated using available
references [27]; the number of adverse events was collected with a list of the most frequent
analgesic side effects from the Summary of Product Characteristics frequency as “very
common” or “common”, and a blank field to add any other adverse event was developed.
Opioid use disorder (OUD) was diagnosed by a psychiatrist according to DSM-5 as part of
an established opioid tapering procedure followed since 2018 [17].

2.3. Genetic/Epigenetic Data

At the time of enrolment in the original study, patient samples were collected for the
pharmacogenetic analysis. Approximately 2 mL of saliva were collected in tubes containing
5 mL of PBS. Once the saliva sample was taken, it was stored at −80 ◦C until its processing.
Genomic DNA was isolated using an E.N.Z.A. forensic DNA kit (Omega Bio-Tek Inc.,
Norcross, GA, USA) in accordance with the manufacturer’s instructions. In the present
study, samples were provided by the Alicante BioBank and processed following standard
operating procedures.

2.3.1. Genotypes Analysis

The following gene variants were genotyped at the ISABIAL Molecular Biology Labo-
ratory (Alicante GVA, Spain): OPRM1 (rs1799971) and COMT (rs4680) using the realtime
PCR rotor gene Q system (Qiagen, Hilden DE-NW, Germany), through the use of specific
TaqMan MGB® probes (Applied Biosystems, Pleasanton, CA, USA). Amplification parame-
ters were as follows: pre-PCR for 10 min at 95 ◦C, 40 cycles for 15 s denaturation at 92 ◦C,
and 1 min final extension at 60 ◦C.

2.3.2. DNA Methylation Analysis

The Epigenomics Core Facility of the Health Research Institute La Fe performed the
methylation analysis. Before this, a DNA integrity quality control was performed to ensure
that DNA met standard quality measurements. All the DNA samples were assessed for
purity using a NanoDrop 2000c (Thermo Fisher Scientific, Wilmington, DE, USA) with
260/280 and 260/230 ratio measurements and quantified by the fluorometric method
(Quan-iT PicoGreen DsDNA Assay, Life Technologies, Carlsbad, CA, USA). Agarose gels
at 1.5% were performed to assess DNA integrity. The obtained high-quality DNA samples
(500 ng) were selected for bisulphite conversion using the EZ DNA Methylation kit (Zymo
Research Corp., Irvine, CA, USA) following the manufacturer’s recommendations.

A triplet of primers was designed for each promoter region of genes OPRM1 and
COMT using Qiagen’s PyroMark Assay Design 2.0 software to hybridise to CpG-free sites
to ensure methylation-independent amplification and pyrosequencing steps. Primers se-
quences are listed in Table A1 (all given as 5′ > 3′). Briefly, the PCR was performed under
standard conditions with biotinylated primers. Pyrosequencing reactions and the DNA
methylation quantification of OPRM1 and COMT CpG sites located at their promoter re-
gions were performed in a PyroMark Q24 System, version 2.0.7 (Qiagen), using appropriate
reagents and recommended protocols. Samples were repeated if pyrosequencing runs did
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not pass the pyrosequencer quality checks or if the internal bisulphite conversion controls
failed.

As shown in Figure 1, the CpG island we studied in the OPRM1 gene (chr6: 154039512-
154039571) is located between nucleotides −35 and +27 (relative to the adenine of the ATG
translation start site). We examined five CpG dinucleotides located at nucleotides −32, −25,
−18, −14, −10, and +12. The CpG dinucleotides −18 and −14 are located at a potential
Sp1 binding site, and the CpG +12 site at a second binding site. The selection of these CpG
sites was based on the previous study conducted by Nielsen et al. [28]. As for the COMT
gene, seven CpG sites located between nucleotides −97 and −50 (chr22:19929354-19929398)
of the MB-COMT promoter region were selected based on the work of Zhong et al. [29].
The MB-COMT promoter is part of a complex regulatory region that includes multiple
enhancers and silencers that regulate the expression of the COMT gene.The seven specific
CpG dinucleotides are located at nucleotides −89, −86, −84, −75, −72, −67, and −62.

Figure 1. The OPRM1 (μ-opioid receptor 1) and COMT (catechol-O-methyltransferase) gene promoter
region. The locations of the CpG sites are represented by knobs and translation start sites (ATG) are
shown in bold.

2.4. Statistical Analysis

A convenient sample size of 250 participants (stratified by sex: 1:1 men/women) was
defined due to the number of biological samples available at Biobank (ISABIAL, Spain).
Data distribution was analysed by the Kolmogorov–Smirnov test following the Lilliefors
correction method. A descriptive analysis of continuous quantitative variables (i.e., pain
intensity, relief, and quality of life) was presented as the mean ± standard deviation (SD)
while discrete variables (i.e., HADS scores and adverse events) are shown using their
median and interquartile range (IQR). Categorical data (sex, employment status, anxiety
and depression groups, and pharmacological prescription) were expressed by percentages
(%).

The demographic, clinical, pharmacological, and epigenetic/genetic factors were
compared using χ2 or Fisher’s exact test for the categorical variables, and the t-test or
Mann–Whitney U test for the continuous variables depending on their distribution. When
more than two groups were involved, ANOVA/Kruskal–Wallis or chi-square tests were
used for continuous or categorical variables, respectively.

After performing the pyrosequencing technique, we obtained the methylation percent-
ages of the OPRM and COMT genes. These values were used to carry out the analysis of
the possible associations between the DNA methylation level and the selected variables,
by means of a linear mixed-regression model using logarithmic transformation for the
absolute values. A Bayesian regression analysis was also performed to analyse the associa-
tion between DNA methylation and the presence of all the different adverse events. The
probability of the effect of the variable being negative (higher methylation values, lower
risk) or positive (higher methylation values, higher risk) is reported. An ordinal regression
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model was used to explain the DNA methylation-OPRM1/COMT genotypes interaction
for clinical variables. Given the high correlation between the different methylation values
of the CpG sites selected at the gene promoter region, only one CpG site per gene was
selected to carry out the regression model (COMT-CpG6 and OPRM1-CpG2). Specifically,
the selection of the CpG site was based on the degree of variability (the site with the
highest variability was selected for each gene). Averaging the methylation values of the
different CpGs of the region might introduce a bias since the average is not an observed
variable. Nevertheless, the methylation values were so similar that the results would have
been almost the same if including another CpG or even using the average in this case.
The variable sex was included as a possible confounding factor. Statistical analyses were
performed using the R software (v 4.0.3, Auckland, CA, USA). A p < 0.05 was considered to
be statistically significant.

3. Results

A total of 250 candidates, 125 females and 125 males, were included after excluding
patients who were duplicated between studies or did not meet the inclusion criteria.
All included participants (Figure S1) were referred to our Pain Unit for routine pain
management, mostly due to nonspecific low back pain (83%).

The sample’s mean age was 62 ± 14 years, 59% were retired, and all the participants
were Caucasian residents of Spain. The mean for moderate pain intensity (67 ± 21 mm),
pain relief (32 ± 27 mm), and quality of life (43 ± 23 mm) was equal for both sexes.

3.1. Sex Differences in the Demographic and Clinical Data

Females were a significant mean of 5 years older (64 ± 14 vs. 59 ± 14 years old,
p < 0.05), have significantly higher nonspecific low back pain (95%, p < 0.001), significantly
higher 4 anxiety scores (9 [5,13] vs. 5 [2,11] scores, p < 0.05), showed 15% more dry skin
(31 vs. 16%, p < 0.05) and 17% more weight changes (33 vs. 16%, p < 0.05) compared to
males. In contrast, males presented 9% higher OUD (26 vs.15%, p < 0.05) and 13% higher
sexually adverse events (33 vs. 20%, p < 0.05) than females. Demographic and clinical data
are shown in Table 1.

Table 1. Demographic and clinical data in the total population according to sex. Values are %, mean
(standard deviation), or median [interquartile range].

Total n = 250 Females n = 125 Males n = 125

Age 62 (14) 64 (14) * 59 (14)

Employment status (%)

At work 10 10 10

Retired 59 68 52

Work Disability 31 22 38

Diagnosis (%)

Nonspecific low back pain 83 95 ** 65

Other pain 17 5 35

Pain intensity (0–100 mm) 67 (21) 68 (22) 66 (20)

Relief (0–100 mm) 32 (27) 34 (26) 30 (28)

Quality of life (0–100 mm) 43 (23) 40 (22) 46 (23)

HAD-Anxiety (0–21 scores) 8 [3, 12] 9 [5, 13] * 5 [2, 11]

HAD-Depression (0–21 scores) 7 [4, 12] 8 [5, 13] 7 [3, 11]
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Table 1. Cont.

Total n = 250 Females n = 125 Males n = 125

MEDD (mg/day) 106 (99) 104 (99) 109 (98)

Total Adverse Events 3 [1, 6] 3 [1, 6] 3 [1, 5]

Opioid use disorder (%) 21 15 26 *

Adverse Events (%)

Dry Mouth 45 53 41

Constipation 41 46 42

Insomnia 28 34 26

Dry Skin 22 31 * 16

Nervousness 26 30 26

Dizziness 26 32 23

Sexual disturbance 25 20 33 *

Weight changes 23 33 * 16

Lack of appetite 13 17 11

Red skin 11 27 13

HAD: Hospital Anxiety and Depression Scale; MEDD: Morphine Equivalent Daily Dose. * Denotes p < 0.05 and
** denotes p < 0.01 when comparing females to males. The highest value is shown in bold.

3.2. DNA Methylation/Genotypes and Analgesic Response

The DNA methylation values obtained in the seven selected CpG sites of the COMT
gene (sites 1–7) showed low variability, with values close to 0 (0.54–1.52%). However, the
five selected CpG sites of the OPRM1 gene (sites 1–5) were methylated to a larger extent
with typical dynamic ranges between 8.2% and 16.6%. DNA methylation values at the
selected CpG sites and the variability level appear in Table 2 and Figure 2, respectively.

Table 2. DNA Methylation (%) as the mean (standard deviation) at the CpG sites selected in genes
OPRM1 (sites 1–5) and COMT (sites 1–7) (counted from the adenine of the start codon).

Code CpG Sites Total n = 250 Female n = 125 Male n = 125 p-Value

OPRM1 DNA Methylation (%)

CpG 1 −32 8.2 (3.8) 8.3 (3.6) 8.1 (4.1) 0.3

CpG 2 −18 16.6 (6.2) 16.6 (5.8) 16.7 (6.7) 0.8

CpG 3 −14 14.2 (5.5) 14.2 (5.0) 14.2 (6.1) 0.5

CpG 4 −10 10.1 (3.9) 10.2 (3.5) 10.0 (4.3) 0.4

CpG 5 +12 8.3 (4.0) 8.3 (3.5) 8.3 (4.5) 0.4

COMT DNA Methylation (%)

CpG 1 −89 1.5 (1.0) 1.5 (0.8) 1.5 (1.1) 0.1

CpG 2 −86 0.9 (1.0) 0.8 (0.6) 0.9 (1.2) 0.1

CpG 3 −84 0.7 (0.9) 0.7 (0.7) 0.7 (1.1) 0.05

CpG 4 −75 1.5 (0.9) 1.5 (0.7) 1.5 (1.1) 0.3

CpG 5 −72 0.8 (0.9) 0.7 (0.6) 0.8 (1.1) 0.06

CpG 6 −67 1.1 (1.5) 1.1 (1.6) 1 (1.4) 0.07

CpG 7 −62 0.5 (0.8) 0.5 (0.5) 0.6 (1.0) 0.1
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Figure 2. Distribution of methylation values (%) at each CpG site of the COMT (sites 1–7) and OPRM1
(sites 1–5) genes.

As already mentioned in the statistical analysis section, the level of association between
the different CpG sites located in each of the genes was high, and they were almost identical
and provided hardly any additional information. The degree of association between the
methylation value of the different CpG sites is depicted in Figure A2. Therefore, only
one CpG site was selected from each gene (COMT-CpG6 and OPRM1-CpG2) and the
percentages obtained were used to perform the regression analysis.

The obtained genotypic frequencies were equally distributed by sex in genes OPRM1
(AA = 67; AG = 30; GG = 3%) and COMT (GG = 22; GA = 54; AA = 24%). Sex differences
observed for the influence of OPRM1 and COMT DNA methylation on clinical outcomes
are shown in Table 3.

Table 3. Sex differences in the association between OPRM1 and COMT DNA methylation and
analgesic response.

Estimate SD p-Value

Pain intensity

OPRM1 −0.079 0.250 0.751

COMT 0.717 1.114 0.520

Sex −0.521 3.023 0.863

Relief

OPRM1 0.248 0.294 0.400

COMT −3.149 * 1.344 0.020

Sex 3.326 3.65 0.363

Quality of life

OPRM1 0.190 0.238 0.425

COMT −2.069 * 1.028 0.046

Sex −2.108 2.83 0.457
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Table 3. Cont.

Estimate SD p-Value

HAD-Anxiety

OPRM1 −0.178 * 0.088 0.046

COMT 0.228 0.273 0.404

Sex 1.869 * 0.891 0.039

HAD-Depression

OPRM1 −0.072 0.081 0.378

COMT −0.011 0.251 0.965

Sex 0.78 0.821 0.345

Opioid Use Disorder

OPRM1 −0.165 ** 0.036 <0.001

COMT 0.018 0.104 0.859

Sex −2.123 ** 0.772 0.006

OPRM1: Sex 0.099 * 0.05 0.047

MEDD (mg/day)

OPRM1 G-allele −0.914 ** 0.24 <0.001

OPRM1 −0.023 ** 0.008 0.005

OPRM1: OPRM1 G-allele 0.046 ** 0.014 0.001

Sex 0.009 0.081 0.908
OPRM1 (CpG2 site), COMT (CpG6 site); HAD: Hospital Anxiety and Depression Scale; MEDD: Morphine
Equivalent Daily Dose * Denotes p < 0.05 and ** denotes p < 0.01, p-value <0.05 is shown in bold.

3.2.1. Associations Linked to OPRM1 DNA Methylation

Linear-regression models show that anxiety and OUD were negatively related to
OPRM1 DNA methylation levels (β = −0.178, p = 0.046 and β = −0.165 p < 0.001, respec-
tively); furthermore, females had a lower OUD prevalence (β = −2.123, p = 0.006) but
higher anxiety impact scores appeared (β = 1.869, p = 0.039). A sex interaction with OPRM1
DNA methylation levels was observed due to OUD (β = 0.099, p = 0.047). Females with
lower OPRM1 DNA methylation levels presented fewer OUD prevalence than males, as
shown in Figure 3.

Additionally, an ordinal regression model has been used to explain the association
between OPRM1 DNA methylation and genotype. The results show that the MEDD
requirements were impacted by the OPRM1-G-allele (β = −0.914, p < 0.001), OPRM1 DNA
methylation (β = −0.023, p = 0.005), and their genotype/epigenetic interaction (β = 0.046,
p = 0.001). The data suggest a MEDD reduction with the presence of mutant G-allele/lower
OPRM1 DNA methylation. In contrast, for higher OPRM1 DNA methylation, no reducing
effect of the G allele was observed, as shown in Table 3.
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Figure 3. Effect of OPRM1 DNA methylation (%) on opioid use disorder per sex according to male
(M) or female (F).

3.2.2. Associations Linked to COMT DNA Methylation

The data show that when DNA COMT methylation increased, both pain relief (β = −3.15,
p = 0.020) and quality of life (β = −2.07, p = 0.046) decreased. Furthermore, a positive
correlation between pain relief and quality of life was found (Spearman r = 0.31, p < 0.001).
Regarding the different adverse events, an inverse correlation of COMT was noted in
relation to constipation, insomnia, dry mouth, dry skin, lack of appetite, red skin, and
nervousness (probability > 90%). This means that a lower COMT DNA methylation level
would imply a higher risk of these individual adverse events appearing. On the contrary, a
positive correlation between COMT (the greater methylation, the higher the appearance
risk) was observed for dizziness, as seen in Table 4.

Table 4. Probability (%) of the DNA methylation effect on the different adverse events.

Adverse Event Estimate SD − Effect Prob. + Effect Prob.

Constipation

OPRM1 0.035 0.022 0 25.5

COMT −0.299 0.17 95.84 0.36

Insomnia

OPRM1 0.02 0.024 0.37 14.43

COMT −1.145 0.494 99.92 0

Dry mouth

OPRM1 0.009 0.022 0.32 2.99

COMT −0.416 0.215 98.66 0.08

Dry skin

OPRM1 0.006 0.026 3.66 8.88

COMT −0.648 0.381 98.16 0.37
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Table 4. Cont.

Adverse Event Estimate SD − Effect Prob. + Effect Prob.

Lack of appetite

OPRM1 −0.03 0.035 42.15 2.37

COMT −1.191 0.636 98.89 0.44

Red skin

OPRM1 0.045 0.035 2.2 68.85

COMT −0.765 0.56 95.24 2.6

Nervousness

OPRM1 −0.05 0.027 58.74 0.01

COMT −0.341 0.253 91.11 2.35

Dizziness

OPRM1 −0.056 0.028 66.16 0

COMT 0.211 0.104 0.53 95.4

OPRM1-CpG2 site, COMT-CpG6 site; (−) or (+) Effect probabilities >90% are shown in bold.

4. Discussion

Our data showed significant sex differences related to OPRM1 signalling efficiency in
OUD, with an OPRM1-G allele interaction for the opioid dose requirement. A lower OUD
probability appeared for females with decreased OPRM1 DNA methylation. Additionally,
sex conditioned a different anxiety level together with 5-years older females and a different
side-effects pattern than males. These findings support the importance of sex as a biological
variable to be factored into opioid management studies. Moreover, once data validation
is performed, this information could be useful for developing predictive models of OUD
based on sex and DNA methylation level, as well as for adjusting required opioid doses
based on the genetic/epigenetic profile in clinical practice.

DNA methylation is a dynamic process that can change depending on different factors
such as age, exposure to toxic substances, diet, and lifestyle. According to previous studies,
a region of the genome is considered to be hypomethylated when the methylation level is
less than 20%, while a region is considered to be hypermethylated when the methylation
level is greater than 80% [30]. Both stages can affect gene expression and are related to
various diseases and biological processes. However, these methylation thresholds are only
a guide and should not be taken as absolute values to classify DNA methylation in all cases.
It is important to keep in mind that reference values for normal DNA methylation should
be considered in a broader context to understand its biological and clinical significance.
For this reason, in this study, we have studied the associations between DNA methylation
level and clinical, pharmacological and safety variables, but we have not categorized the
methylation values obtained.

4.1. OPRM1 DNA Methylation and Opioid Use Disorder

Epigenetic mechanisms provide a platform that represents the convergence between
the combined effect of biological and environmental influences on sex differences. However,
data must be carefully interpreted for making gene-regulation predictions, which can
vary in life spans based on DNA methylation changes at a few CpG sites. Conversely
to our results, the literature shows that a lower OPRM1 gene expression may condition
higher OUD rates in patients with long-term opioid use, such as cancer-pain patients [31],
subjects in methadone programmes [32], or former heroin addicts [28]. An increase in
DNA methylation of CpG sites in the OPRM1 promoter may block the binding of Sp1
and other transcription factors, which can reduce protein and mRNA expression and final
OPRM1 silencing [33]. New hypotheses arise about the possibility of a sex difference
DNA methylation pattern in patients as a consequence of long-term opioid use history

133



J. Clin. Med. 2023, 12, 3449

and/or of the presence of OUD. For potent drugs such as opioids, initial exposure is a
crucial phase on the path to dependence and addiction, and it is reasonable to expect
some epigenome modifications to occur during the first few exposures [34]. The question
is whether epigenetic changes are induced after repeated opioid exposures or if, on the
contrary, these are indicators of early epigenomic and potentially transcriptomic responses.
This should be profoundly explored together with sex differences in the methylation
pattern.

Similarly, the limited but growing literature based on human studies has demonstrated
that DNA methylation changes occur in response to environmental stress or lifestyle factors,
such as physical activity. Exercise is a commonly prescribed treatment for chronic low-
back pain, and sex-specific epigenetic mRNA gene expression adaptation, in response to
endurance exercise, has been reported. Yet it is uncertain why global DNA methylation after
exercise is similar between males and females despite the difference in mRNA expression
of the epigenetic regulatory genes [35]. This may support the notion that dysregulated
histone acetylation can be an important mechanism for memories of life stress that occurred
early in life and can increase visceral pain in adulthood [1,36] or different gene networks
function in the peripheral nervous systems that may contribute to sex differences in pain
with rats after nerve injury [37]. Understanding the underlying biological mechanism of
this different health risk may help to shed light on a possible sexually dimorphic risk for, or
resilience from, developing OUD [38]. Therefore, although we have described the potential
role of DNA methylation in OUD prevalence, further research is needed to unravel the role
of the interaction among the different epigenetic factors in this regulatory context.

4.2. OPRM1 Methylation-Genotype Interaction in MEDD

Our data indicated that OPRM 118-G allele carriers were associated with a lower
requirement of MEDD to achieve analgesia. Previous data suggest that the presence of ho-
mozygous ancestral-natural-type AA alleles of SNP OPRM1 (A118G/dbSNP rs1799971-G)
protects against pain perception and reduces problems that derive from pain perception,
which preserves mobility, improves self-care, reduces anxiety-related problems in patients,
and diminishes activities of daily living-related problems. Conversely to our results, pa-
tients who are G-allele carriers have been associated with higher opioid-dose requirements,
as they are usually more sensitive to pain, and are more predisposed to compulsive be-
haviours and opioid dependence compared to rs1799971-A carriers [18,19]. In addition, in
this work we have studied the effect of the interaction of G allele–DNA methylation, and
the data show that as the OPRM1 methylation increased, a decrease in the G-allele-reducing
MEDD was observed. In line with our result, a previous study on OPRM1 methylation of
22 CpG sites (including the five selected sites) analyzed 133 adolescents and reported that
hypermethylation of the gene leads to a decreased response to opioids with an increased
experience of pain [39].

4.3. COMT Methylation and Analgesic Response

Our results showed low variability and methylation values close to zero (0.54–1.52%)
in the COMT promoter region. However, despite the low values, a negative association
between pain relief and quality of life was found and patients were more likely to present
different adverse events. According to the literature, higher COMT expression could in-
crease dopamine degradation in the brain while being more sensitive to pain relief, but
different adverse events appeared [40] as in our study. In fact, the COMT gene plays a
critical role in the synaptic catabolism of neurotransmitters in the prefrontal cortex, where
dopamine is crucial and involved in the pharmacological mechanisms of psychostimulant
effects [41]. Furthermore, some sex-specific differences have been observed in the response
of dopamine neurons in the attenuating pain of female rats [42,43], and in relation to the
variability of behavioural and physiological correlates of cognitive control [44,45]. There
are accumulating and sometimes compelling data showing that COMT has marked sexu-
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ally dimorphic effects on brain function and its dysfunction in psychiatric disorders [46].
However, our results did not evidence of any sex influence.

Finally, it is well-known that age, sex, psychological status, disabilities, and cultural
expectations may influence individual responses to chronic pain [47]. In our study, sex
differences were related to significantly older age and higher anxiety levels in females.
They should be closely analysed in terms of biopsychosocial mechanisms by adjusting for
other confounding factors, such as gender bias due to pain normalisation in females, which
may underlie these sex differences [48,49]. Furthermore, females have been described to
report being prescribed more anxiolytics, sedatives, or hypnotics which could contribute to
OUD [50]. However, our data suggested greater OUD behaviour for males, which agrees
with other clinical evidence [51]. All this information needs to undergo a multidimensional
approach to assess its impact, plus the epigenetic/genetic influence, on CNCP analgesic
response.

4.4. Limitations

This study has some limitations that need to be acknowledged. Due to its retro-
spective design, the data collection of some variables could have been limited by lacking
some information reported by clinicians. Additionally, as patients were on concomitant
medication to treat other pathologies, unmeasured factors could have contributed to the
observed differences. They could have independently contributed to the observed adverse
events and differences in pain care [52,53]. The sample size was limited to DNA samples
available from a single pain unit but included subjects from different trials, which could
add heterogeneity. So, the relatively high OUD incidence in our setting could have af-
fected the results, which need to be replicated in a more diverse population. In addition,
it should be noted that some other important factors, such as pain duration, body-mass
index, testosterone/estrogen levels, or other lifestyle influences were not controlled in
this study. All these factors could introduce a mediated bias that could be more relevant
than the pain itself. Therefore, it would be necessary to replicate this analysis, including
other factors that could influence our results, in order to reach more accurate conclusions.
Nevertheless, one of the strengths of our study lies in the fact that the data was obtained
from real-world outpatients. Finally, some analytical limitations have also emerged. We
have found evidence of an association between COMT gene methylation values and the
level of relief and quality of life. Interestingly, the COMT promoter site shows methylation
values close to zero and with very little variability, so the findings of these analyses should
be taken with caution as they may be due to other uncontrolled factors.

5. Conclusions

Sex differences in OPRM1 DNA methylation that impact OUD were proposed and
discussed. In addition, we have also found an OPRM1 genotype/methylation interaction
with MEDD, plus an association of COMT DNA methylation with pain relief and quality
of life in real-world outpatients with CNCP. The study of new factors such as sex and
DNA methylation could lead to the identification of new biomarkers to improve analgesic
response as a fundamental step towards precision medicine.
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Appendix A

Figure A1. Flow chart of the included patients and their studies of provenance. CNCP, chronic
noncancer pain.
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Figure A2. Degree of association between the methylation value of the different sites of OPRM1
(gene OPRM1 position, gop 1 to 5) and COMT (gene COMT position, gcp 1 to 7) genes. The intense
garnet colours correspond to very high degrees of association.

Table A1. Primers used in the pyrosequencing assay.

Primer Sequence CpG sites

OPRM1_F1 5′-GGATTGGTTTTTGTAAGAAATAGTAGG-3′

OPRM1_R1 5′-ATACRCCAAAACATCAATACAATTACTAAC-
3′

OPRM1_S1 5′-AAGTTTYGGTGTTTTTGGTTA-3′ CpG 7–11

COMT_F1 5′-GTGGGGTTTTTGGGGTAGT-3′

COMT _R1 5′-ATCTAACCAACRCTCTCACCTCTCCC-3′

COMT _S1 5′-GGGTTTTTGGGGTAGTTA-3′ CpG 37–42

Table A2. Pharmacological data in the total population according to sex.

Total n = 250 Females n = 125 Males n = 125

Main opioid (%)

Buprenorphine 5 2 9

Fentanyl 24 26 22

Morphine 8 5 11

Oxycodone 19 25 13

Tapentadol 31 29 33

Tramadol 12 14 11
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Abstract: Chronic pain is highly prevalent in the pediatric population. Many factors are involved
in the transition from acute to chronic pain. Currently, there are conceptual models proposed, but
they lack a mechanistically sound integrated theory considering the stages of child development.
Objective biomarkers are critically needed for the diagnosis, risk stratification, and prognosis of the
pathological stages of pain chronification. In this article, we summarize the current evidence on
mechanisms and biomarkers of acute to chronic pain transitions in infants and children through the
developmental lens. The goal is to identify gaps and outline future directions for basic and clinical
research toward a developmentally informed theory of pain chronification in the pediatric population.
At the outset, the importance of objective biomarkers for chronification of pain in children is outlined,
followed by a summary of the current evidence on the mechanisms of acute to chronic pain transition
in adults, in order to contrast with the developmental mechanisms of pain chronification in the
pediatric population. Evidence is presented to show that chronic pain may have its origin from insults
early in life, which prime the child for the development of chronic pain in later life. Furthermore,
available genetic, epigenetic, psychophysical, electrophysiological, neuroimaging, neuroimmune,
and sex mechanisms are described in infants and older children. In conclusion, future directions
are discussed with a focus on research gaps, translational and clinical implications. Utilization
of developmental mechanisms framework to inform clinical decision-making and strategies for
prevention and management of acute to chronic pain transitions in children, is highlighted.

Keywords: chronic pain; chronification of pain; molecular markers; biomarkers; mechanisms;
pediatric pain; developmental; peripheral sensitization; central sensitization; neuroimaging of pain;
genetics and epigenetics of pain; neurophysiological markers; EEG; QST

1. Introduction

Acute pain in children (postsurgical, inflammatory, posttraumatic pain or due to other
pathologies) is typically protective, subsiding within 14 days, depending on the extent
of injury. However, acute to chronic pain transitions are increasingly being described in
literature. Chronic pain as a continuum that develops earlier in life is suggested by the
evidence that 17% of adults with chronic pain report onset of pain in childhood [1]. In fact,
about 20–40% of acute pediatric pain has the potential to transition into chronic pain in
children and adolescents [2–6]. Studying chronic pain transitions in the pediatric age group
is of utmost importance because (a) children experiencing chronic pain have a ≈3- to 6-fold
higher risk of developing chronic pain and disability in adulthood, such that 40–60% of chil-
dren with chronic pain continue to experience pain as adults [7]; (b) chronic pain in children
has greater socioeconomic consequences with a high financial burden [8], stemming from
psychosocial and physical disabilities [9,10], impacting quality of life and development of
children negatively; and (c) maturational development of the pain connectome is a dynamic
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process [11], emphasizing neurodevelopmental differences between children, adolescents,
and adults’ nociception [12].

In fact, secondary chronic pain such as chronic post-surgical pain has been recognized
as an independent entity by being included as a diagnosis under the 11th version of the
International Classification of Diseases (ICD-11) [13]. However, the need remains for
pediatric specifications for primary pain diagnoses in the ICD-11 [14]. Chronic pain is
known to be a complex experience with biological, psychological, and social components.
While psychosocial aspects of pain chronification have received much consideration, the
biological biomarkers and mechanisms in the pediatric age group have received less
attention in the literature, although they are very interrelated. The biological components
of pain include sensory and autonomic components of the peripheral and the central
nervous system. Neuroendocrine, immune, and genomic mechanisms also participate in
injury-induced pain response and chronification of acute pain. This article is stratified by
age, and sex as a biological variable has been included in relevant sections.

Currently, there are conceptual models proposed for pain chronification in the pedi-
atric population [15,16], but there exists a need for an integrated theory explaining the
mechanisms of acute to chronic pediatric pain transition, factoring in the stages of child
development. For example, the narrative for mechanisms of chronic pain development
and maintenance have shifted from nociceptive to mesolimbic circuitry in the brain [11,17].
Thus, clinical practice would be better guided by objective biomarkers with the potential
to capture the pathological stages of pain chronification. In this article, we review current
evidence on mechanisms and biomarkers of acute to chronic pain transitions in infants,
children, and adolescents. The available evidence is reviewed in a way that clinicians can
integrate the evidence into their daily clinical practice. In addition, this state-of-the-art
review article also serves researchers to build upon the best evidence for designing and
developing future innovative trials and implementation studies rooted in regarding the
biology of chronic pain. Our goal is to help identify gaps and outline future directions
for basic and clinical research towards a developmentally informed theory of pain chroni-
fication in the pediatric population. We start by outlining the importance of objective
biomarkers for chronification of pain in children. Next, we summarize current evidence on
the mechanisms of acute to chronic pain transition in adults to draw the contrast with the
current evidence on biomarkers of pain chronification in infants, children, and adolescents.
Finally, we present a detailed summary of the multifaceted evidence informing develop-
mentally informed mechanisms for transitioning of acute pediatric pain into a chronic state.
We conclude our review by discussing future directions, gaps, and clinical implications.

2. State-of-the-Art Review

2.1. Importance of Objective Biomarkers

In 2006, the Initiative on Methods, Measurement, and Pain Assessment in Clinical Tri-
als (PedIMMPACT) identified eight core outcome domains for clinical trials of pain interven-
tions in children, which included pain intensity, physical functioning, symptoms/adverse
events, global satisfaction with treatment, emotional functioning, role functioning, sleep,
and economic factors [18]. In 2021, this core set of outcome measures was updated, with
biomarkers identified as an emerging priority [19]. Biomarkers are objective measures of
biological or pathological processes, or a pharmacological response to therapeutic inter-
vention [20]. A joint FDA-NIH working group for developing biomarker endpoints and
other tools identified seven distinct biomarker categories that could be applied across all
areas of biological research [20]. Three categories of biomarkers that could be of special
importance in chronic pain development in children are predictive, prognostic, and sus-
ceptibility/risk biomarkers. Susceptibility/risk and prognostic biomarkers would identify
the likelihood (risk stratification) and progression of chronic pain development in children,
respectively. Examples are genetic tests, neurophysiological measures, and quantitative
sensory tests. Predictive biomarkers would help clinicians to identify patients with a higher
chance of responding either favorably or unfavorably to pain treatment. An example is
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microRNA, miR-548d, levels for response to intravenous ketamine in complex regional pain
syndrome [21].

Biomarkers for pediatric acute to chronic pain transition are still in the discovery
stage. Examples of genetic biomarkers are gene expression changes, single-nucleotide
polymorphisms (SNPs), patterns of open or closed chromatin, or polygenic risk scores
(PRS). For example, PRS from a panel of 20 variants has been proposed for chronic post-
surgical pain (CPSP) in children undergoing spine fusion [5]. Following validation across
different cohorts and use of laboratory techniques, genetic biomarkers could be useful for
personalizing pain management. Due to use of selective cases and controls for genome-
wide association studies (GWAS) [22], PRS score use may not be generalizable across all
patient populations. Moreover, pediatric populations and people of non-European descent
are not well represented in research studies or within large databases such as the UK
Biobank [23], making large-scale studies difficult. In addition, epigenetic changes, such as
DNA methylation, can arise from environmental impacts and be passed on mitotically [24],
leading to long-term alterations in the regulation of genes with long-term impacts on
disease phenotypes [25]. For this reason, the study of DNA methylation or other epigenetic
processes in blood for use as biomarkers of acute to chronic pain transition is relevant. For
example, DNA methylation levels of 5′-cytosine-phosphate-guanine (CpG) sites in major
stress genes in patients aged 18–65 years-old revealed distinct methylation differences
predictive of chronic pain symptoms 6 months after injury [26]. In general, pediatric -omics
big data are not currently available to conduct large-scale research in pediatric phenotypes.
One way to circumvent such handicaps may be the use of systems biology approaches to
understand functional pathways associated with CPSP, leveraging evidence from already
available animal and human literature [27].

Altered functional connectivity has been identified as a neuroimaging biomarker of
chronic pain after acute brain injury in adults - reduced negative functional connectivity of
the nucleus accumbens (NAc) with a primary motor cortex region was reported in those
who developed chronic pain [28]. Adult patient-specific immune biomarkers, assessed
by mass cytometry for single-type specific intracellular signaling molecules, were also
predictive of patients’ speed of recovery from surgical pain [29]. As these previous examples
were performed in adults, pediatric-population-specific biomarkers are needed. In later
sections, we discuss any evidence available from the pediatric literature. It is important
to recognize that chronic pain is a complex disease, and utilization of several distinct
biomarkers together, such as neuroimaging combined with PRS, may better represent the
variable etiology and sub-phenotypes of chronic pain.

2.2. Developmental Mechanisms of Pain Chronification

Peripheral and central mechanisms of chronification of pain in adults have been de-
scribed previously [30,31]. A diagrammatic presentation of these mechanisms is presented
in Figure 1. While we acknowledge the pediatric literature remains scarce compared to
adults, with gaps in understanding, we present a visual basis of known mechanisms of
chronification of pain with pediatric developmental context (from animal/human studies)
denoted in blue font in Figure 1, overlaid on the known mechanisms in adults (black let-
tered headings). The evidence from pediatric studies may be mixed or even contradictory,
depending on context, but a detailed description of such nuances is beyond the scope of
this review. For example, the direction of connectivity between specific brain regions within
the default mode network is different within the same pain condition (for example: lower
resting-state connectivity between the posterior cingulate and insula, but greater functional
connectivity between the thalamus and posterior cingulate in children with irritable bowel
syndrome) or opposite between pain conditions (for example, connectivity was higher, not
lower, in complex regional pain syndrome) [32].
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Figure 1. Peripheral and central mechanisms associated with chronification of pain with relevance to
the pediatric population (based on animal studies). The main adult mechanisms are mentioned in
bold black color denoted by letters, with pediatric-specific features that contribute to pain chroni-
fication overlaid in blue-colored text. Figure depicts (1) tissue injury as an acute injury, which
then (2) recruits mast cells, macrophages, neutrophils, and eosinophils to the area. Both these cells
and tissue injury all contribute to release of the inflammatory soup (proinflammatory cytokines,
prostaglandins, histamine, nitric oxide, serotonin, and NGF), which increases NGF. (3) NGF binds to
TrkA at peripheral ends of the sensory nerve fibers (C-fiber and A-δ fibers), leading to upregulation
and stimulation of Na+ channels and causes peripheral sensitization (A). When NGF binds to TrkA
on afferent inputs inside the dorsal root ganglion of the spinal cord, it prolongs their stimulation
and increases glutamate release onto NMDA and AMPA receptors, resulting in central sensitization
at the level of the spinal cord dorsal root ganglion (B), while neuroinflammation due to increased
microglia and astrocyte responses leads to central sensitization (B). This is also facilitated by weaker
GABA signaling and increased spontaneous firing. Chronic/recurrent stimulation and activation of
PAG results in release of BDNF into the RVM, and BDNF-TrkB signaling leads to pain facilitation
(C). Decreases in GABA, glycine, serotonergic, and opioid responses, leading to decreased inhibitory
sympathetic output, contributing to pain sensitization, also known as decreased descending inhi-
bition (D). Lastly, maladaptive neuroplasticity (E) takes place, contributing to central sensitization
of pain. Pediatric developmental context from available studies is shown in blue: For example,
increased growth factor release by tissue injury in neonatal rats [33], nerve injury in neonatal rats pro-
duces more anti-inflammatory responses and descending inhibition is not developed [34–36], earlier
synaptic pruning, altered pain connectivity and myelination [32]. Abbreviations: α-amino-3-hydroxy-
5-methylisoxazole-4-propionic acid (AMPA), brain-derived neurotrophic factor (BDNF), calcitonin
gene-related peptide (CGRP), dorsal root ganglion (DRG), electroencephalography (EEG), functional
magnetic resonance imaging (fMRI), γ-aminobutyric acid (GABA), magnetoencephalography (MEG),
nerve growth factor (NGF), N-methyl-D-aspartic acid (NMDA), norepinephrine (NE), periaqueductal
gray (PAG), prefrontal cortex (PFC), quantitative sensory testing (QST), rostral ventromedial medulla
(RVM), tropomyosin-related kinase A (TrkA). Created with BioRender.com.
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Also, the bulk of the literature on developmental mechanisms are from animal studies.
The reader is referred to a recent review published by our team [37] for a comprehen-
sive understanding of animal models that currently exist to study acute to chronic pain
transition in the pediatric population and the limitations of such models. Briefly, the fol-
lowing rodent models exist for studying pain: local or systemic injections of inflammatory
agents into hindpaw or intraperitoneally to model local and systemic inflammation re-
spectively (e.g., see [38–40]); transient compression of cervical nerve [41] and spared nerve
injury [42,43] models to study neuropathic pain; neonatal manipulations such as repetitive
needle pricks [44], injections [45,46], and nonpainful tactile stimulation [47] with or without
maternal separation to model and study the stressors neonates experience in the NICU; and
hindpaw incision [48,49], which can be used to model pain after surgery [50]. However, as
mentioned in our last review, few of these models have been used to study acute to chronic
pain transition, with even fewer modeling pediatric age ranges. It is promising though
that for adult age ranges, similar genetic and epigenetic findings between humans who
experience chronic pain and rodent models are beginning to be found [37].

Animal studies have shown us that the consequences of early life injury vary depend-
ing on the type of injury, the sensory modality, and the timing of injury. For instance,
repetitive needle pricking of the paw during the first week after birth can result in heat
hypersensitivity several weeks later [51]. However, neonatal hindpaw inflammation has
a significant impact on behavioral responses and dorsal horn cell activity during a subse-
quent inflammatory challenge in adulthood [52], but does not induce prolonged heat or
mechanical hypersensitivity beyond the first week [53]. Thus, hindpaw inflammation leads
to a generalized and slowly developing reduction in baseline sensitivity throughout the
body in response to mechanical and thermal stimuli with an increased chance for inflam-
mation later in life. Early life injury can also have the opposite effect. Repetitive formalin
injections into neonatal paws can result in generalized heat hypoalgesia in adulthood [54].
These early onset inflammatory hyperalgesia and later-onset baseline hypoalgesia occur
only if the original inflammatory stimulus is applied within the first 10 days of life, and
both responses persist into adulthood. Long-term hypoalgesia affecting the entire body
likely arises from changes in stress response, as exposure to stress during the perinatal
period is known to influence nociceptive behavior in adulthood [55]. This adaptation could
be seen as a useful response to early trauma. Any long-term sensitization occurring at
the segmental level may remain masked and require a strong stimulus, such as second
inflammation, to uncover it. In contrast, chemical or mechanical irritation of the colon in
rats aged P8–21 leads to persistent visceral hypersensitivity in adulthood [56]. Neuropathic
pain development after early life nerve injury presents a different picture—while partial
peripheral nerve damage in adult rodents leads to significant and prolonged neuropathic
pain behavior characterized by marked allodynia, this does not occur in rat pups up to
P21 [34]. Tight ligation of the fifth and sixth lumbar spinal nerves during the first two
postnatal weeks produces only transient mechanical allodynia [35], and no changes in
sensitivity occur in the spared nerve injury and chronic constriction injury models until
P28 [34].

There are several explanations for these findings, including one that it takes time for
ascending and descending pathways to form (Figure 1). Also, infant nerve injury triggers
an ani-inflammatory immune response in the dorsal horn of the spinal cord (increased
interleukin (IL)-4 and IL-10), which is protective. However, after adolescence (post-natal
day 25–30), the immune profile of the dorsal horn switches to producing tumor necrosis
factor (TNF) and BDNF, pro-inflammatory factors associated with late onset neuropathic
pain behavior [36] (Figure 1). Thus, while the neonatal brain and nervous system protect
from developing neuropathic pain at this period of time, they still prime it for reactivation
later in life if a second injury takes place [36]. Neonatal rats also experience much higher
concentrations of growth factors (Figure 1) released by tissue injuries compared to adults,
which can influence the development of peripheral nociceptors in various ways [33]. Thus,
nerve growth factor (NGF) signaling through trkA receptors leads to enhanced glutamater-
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gic transmission after neonatal incision during a critical time window (first post-natal
week) characterized by higher spontaneous signaling and highly sensitive somatosensory
circuits, unlike in adults [57–59]. Similarly, in the first 2 weeks after birth, neonatal incision
increases calcium-permeable AMPA receptors and other ion channel signaling, leading
to spike timing-dependent long-term potentiation of responses [60]. Inhibitory synaptic
signaling mediated by GABA or glycine is thus weaker at early ages in the spinal cord
dorsal horn [61].

Normal maturation of nociceptive circuits requires input from tactile receptors, which
guide the nociceptive synaptic organization during the critical stage of development men-
tioned above [62]. As discussed, intrinsically driven spontaneous activity is prevalent in
developing nociceptive circuits which makes them particularly susceptible to permanent
reorganization (pruning, altered synaptic connectivity), influenced by altered neuroim-
mune/endocrine functions in response to early exposure to nociceptive stimuli [63,64].
While the central mechanisms behind the long-term changes in pain behavior are not
fully understood, potential mechanisms include alterations in synaptic connectivity and
signaling within postnatal nociceptive pathways, as well as shifts in the balance between in-
hibition and excitation. Descending modulation of spinal nociceptive signaling is immature
early in life (Figure 1), and importantly, it favors greater nociceptive transmission [65]. In
fact, adult modulatory responses are also modified by early exposure to nociceptive stimuli.
Also, in rats, the first postnatal week represented a critical period as incision during that
stage (P3-6) increases hyperalgesia following repeat surgery two weeks later. Importantly,
use of repeat nerve blocks decreased this hyperalgesic response [66]. This has potential
clinical implications for the use of regional analgesia for neonatal surgery.

Furthermore, use of functional magnetic resonance imaging (fMRI) revealed differ-
ences in infant cerebral processing of pain perception compared to adults [67]. Interestingly,
hyperconnectivity of brain regions seen in chronic pain in adults mirror those involved in
neuro-affective disorders in childhood [68,69]. Thus, it has been postulated that “speed-up
processes” of neural development through childhood involving increased myelin produc-
tion and selective pruning might facilitate increased early subcortical–cortical connectivity
after early life injury, stress, and pain [32,70]. In addition, pain connectomes are more
localized (Figure 1) at younger ages [71], defined more by anatomical proximity, which tran-
sition into more specialized neural networks with a more distributed architecture by young
adulthood. There may also be a role for “microglial priming” and neuro–glial interactions
in the spinal cord and brain in chronic, persistent pain. Microglia in the brain monitor the
interstitial fluid and in the presence of threat, resulting in exaggerated neuroinflammatory
responses with loss of gray matter (GM) and synaptic pruning. These changes may also
have an epigenetic basis. In this context, “neonatal nociceptive priming” is a term coined
for increased vulnerability to pain sensitivity to injury in later life, due to early life injury.
Neuroimmune interactions related to growth hormone signaling have been elucidated
in animal models [72]. There is evidence from animal studies for long-lasting epigenetic
remodeling of macrophages that might influence pain memory. For example, the p75
neurotrophic factor was found to regulate inflammatory profile and responses in rodent
models and may be a mechanism involved in pain chronification in infants [73].

Thus, neurobiological mechanisms underlying pain chronification may be different
in children and adolescents compared with adults. Future studies at the intersection of
these different mechanistic processes are needed to quantify the pain dose response, critical
development periods, and factors involved in the chronification of pediatric pain [74].

2.3. Acute to Chronic Pain Transitions in Infants
2.3.1. Does Neonatal Pain Lead to Chronic Pain Later in Life?

As discussed in the previous section, studies in animals suggest neurotoxic effects of
early exposure to pain. An important question remains whether the evidence in animal
studies translates to humans. Preterm newborns are known to undergo many potentially
painful procedures, including heel sticks, tracheal suctioning, surgeries, etc. On average, it
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is estimated they are subjected to about 10 daily stress/pain events [75]. In 2005, authors of
a cross-sectional study in 164 infants evaluated pain, opioid use, and norepinephrine levels
in a subsequent surgery among infants who had major surgery in their first three months
of life and compared them to controls. The authors found that, compared to controls,
surgery in early infancy led to higher pain as well as higher norepinephrine and opioid
requirements when subsequent surgery involved the same dermatomal levels of prior tissue
damage [76]. This supports spinal mechanisms of sensitization that could be potentially
decreased by use of regional analgesia, as mentioned previously [66]. A stunning statistic
revealed by another study evaluating long-term neurobiological, neuropsychological, and
sensory development effects of prematurity, procedural pain, and opioids in early neonatal
life was that up to 68.4% of children who spend time in the neonatal intensive care unit
experienced pain over the 3 months before their visit and 15.8% had chronic pain by ten
years of age [77].

An important difference between animal nociceptive studies and neonatal experience
is that neonates in the ICU are exposed to not only pain, but also opioids, anesthetics, and
other drugs [75,78]. Animal studies on exposure to opioids in early life show opioids were
neuroprotective if administrated in the presence of pain and in specific situations [79,80]. A
recent meta-analysis showed that a higher number of neonatal pain events, but not opioid
administration, in rodents was associated with increased neuronal cell death, increased
anxiety, and depressant-like behavior [81]. However, studies in humans show mixed results,
which are elucidated in an excellent narrative review [82]. Of note, a longitudinal study
found no major effects of neonatal pain nor opioid or anesthetic exposure in the early life
in children and young adults (8–19 years of age), using thermal detection, pain thresholds,
and high-resolution structural and task-based fMRI during pain. They reported potential
neuropsychological effects in the groups with the highest opioid exposure [83], which
needs further follow up. Similarly, the study mentioned in the prior paragraph also did
not find associations of morphine administration during neonatal life with neurocognitive
performance or thermal sensitivity later in childhood [77]. While this is heartening, the
authors discuss limitations of sample size and selection bias in their study. In the following
sections, we present mechanistic evidence from human studies investigating early pain
and stress.

2.3.2. Mechanistic Evidence and Biomarkers for Pain Chronification in INFANTS

(a) Neuroimaging evidence

Neuroplasticity plays a crucial role in the formation of neural circuits and the develop-
ment of GM, white matter (WM), and RS-FC throughout developmental stages, influencing
pain perception [84–86]. Factors such as pain-related stressors, painful procedures, and
exposure to morphine in the NICU are associated with lower global brain volumes and
reduced GM throughout the brain during childhood [77]. Smaller brain volumes in general
are correlated with lower gestational age, a higher number of painful procedures in the
first 14 days of life, and higher exposure to morphine in the first 28 days of life [77]. Abnor-
malities in the microstructure of white matter are linked to a higher number of invasive
procedures by the age of 7 and lower cognitive function [87]. The authors of one study
compared cerebral pain response in children and adolescents (11–16 years) using fMRI
between groups with experience in a NICU after preterm (≤31 weeks gestational age) and
full-term birth (≥37 weeks gestational age) with full term control children without early
hospitalization. Compared to controls, significant activations in the thalamus, anterior
cingulate cortex, cerebellum, basal ganglia, and periaquaeductal gray were found in the
NICU groups, as well as higher activations in primary somatosensory cortex, anterior
cingulate cortex, and insula in preterm infants [88]. Also, the authors of a different, lon-
gitudinal study in children born very preterm (24–32 weeks gestational age) found that
neonatal-pain-related stress was associated with a thinner cortex in multiple (21/66) brain
regions at school age (mean 7.9 years), independent of other neonatal risk factors [89].
These findings suggest that the developing brain is both adaptable and susceptible, and
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changes in pain processing circuits in response to nociceptive stimuli can result in long-term
anatomical and functional alterations that contribute to lifelong chronic pain. Structural
MRI scans and RS-FC functional brain imaging can reveal signs of neonatal injury, surgery,
or inflammation, which could serve as biomarkers for preventive medical treatment of
postsurgical/posttraumatic pain in adolescence or adulthood, depending on the timing of
secondary insult.

(b) Electrophysiological evidence

A wide range of electrophysiological methods are employed to study infant pain
processing and the effects of noxious stimulation in both healthy full-term infants and
premature infants undergoing multiple procedures in the NICU. These methods include
electroencephalography (EEG), magnetoencephalography (MEG), and near-infrared spec-
troscopy.

Infants who experience stress, multiple medical procedures, or illness exhibit different
responses to noxious stimuli. Slater et al. [90] used EEG to determine that noxious-evoked
potentials following medically necessary heel lances were larger in ex-premature infants at
term-corrected age who had experienced painful procedures in neonatal units, compared
to age-matched term-born infants. Jones et al. [91] reported that stress, as measured by
salivary cortisol levels, increases noxious-evoked brain activity without a proportional
increase in behavioral response. This finding aligns with evidence in adults that stress
enhances pain sensitivity [92]. The authors postulated that this disconnect with pain
behavior may imply that observation of pain behavior may not be a reliable indicator
of pain stress in neonates. Ozawa et al. [93] also demonstrated that prior pain disrupts
the relationship between cortical and behavioral measures of pain, emphasizing the need
to consider previous experiences when assessing neonatal pain. Prior pain experience
from heel lances in the first 24–36 h after birth was reported to elicit pain anticipation and
heightened behavioral pain responses to venipuncture in both premature [94] and term-
born infants [95]. Importantly, negative responses were mitigated by the use of sucrose [96]
and skin-to-skin care [97] during painful procedures.

Mitigation is very important as effects may persist into childhood and adulthood.
Children who have experienced early life pain exhibit increased cerebral responses to
pain [88] and pain catastrophizing [98]. Additional evidence was derived from a study
measuring functional brain activity using MEG and visual-perceptual abilities in school-age
children who were born very prematurely (<32 weeks). They demonstrated alterations in
spontaneous cortical oscillatory activity and lower perceptual disabilities correlated with
cumulative neonatal pain [99], as well as altered network connectivity across standard theta,
alpha, beta, and gamma bands in the middle gyrus [100]. This is in line with the thalamo-
cortical dysrhythmia model for chronic pain proposed in adults [101,102]. According to
this model, abnormal nociceptive input leads to irregular bursts of theta oscillations in the
thalamus. These oscillations are then transmitted to the cerebral cortex, resulting in the
disinhibition of neighboring areas. Consequently, gamma frequency oscillations occur in
the affected regions, leading to the persistence of ongoing pain.

Research on the chronification of pain in infants using electrophysiological markers
is still in its early stages. Of note, abnormal neural synchronization [100], low amygdala
volumes [77], and altered sub-cortical connectivity [103] have been shown in neuro-affective
disorders such as autism. Questions have been raised regarding the potential association
of early life stress/pain and life-long influences on neurobehavioral and neuropsychiatric
outcomes [104]. In fact, upon implementation of an opioid protocol for NICU babies,
Steinbauer et al. reported that the resulting increased neonatal opiate exposure was a
potential risk factor for autism spectrum disorder and withdrawn behavior at preschool
age. They recommended vigilant use of opiates [105].

(c) Genetics And Epigenetics

To understand how many studies have been performed on potential genetic and
epigenetic mechanisms of pain chronification in the human infant population, a scoping
search (see supplementary file for search terms) for all evidence of genetic and epigenetic
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alterations after an infant or neonate is subjugated to a painful event was performed.
Twelve human studies (see below), along with two reviews [106,107], were returned. While
none of the infant epigenetic and genetic studies quantified pain again later in life to truly
represent acute to chronic pain transition, three of the infant studies followed the effect of
painful procedures through to 4 years [108], 7 years [109], and 8 years [110] after skin-breaks
in the NICU (Figure 2a).

Figure 2. Genetic and epigenetic evidence of acute to chronic pain transition in the pediatric pop-
ulation. Summary of the genetic and epigenetic evidence found for acute to chronic pain transi-
tion in the human pediatric population. (a) Evidence from infant studies [108–110], and (b) from
child/adolescent studies [4,5,111–113]. Abbreviations: Ataxin 1 (ATXN1); brain-derived neurotrophic
factor (BDNF); chronic postsurgical pain (CPSP); calcium voltage-gated channel auxiliary subunit gamma
2 (CACNG2); catechol-O-methyltransferase (COMT); 5′-cytosine-phosphate-guanine (CpG); dopamine
receptor D2 (DRD2); major histocompatibility complex, class II, DR beta 3 (HLA-DRB3); methylation
quantitative trait loci (meQTL); nuclear casein kinase and cyclin-dependent kinase substrate 1 (NUCKS1);
opioid receptor mu 1 (OPRM1); peptidase M20 domain-containing 1 (PM20D1); polygenic risk score (PRS);
potassium inwardly rectifying channel subfamily J member 3 (KCNJ3); potassium inwardly rectifying channel
subfamily J member 6 (KCNJ6); potassium two pore domain channel subfamily K member 3 (KCNK3); protein
kinase C alpha (PRKCA); RAB7, member RAS oncogene family (RAB7); RAB7, member RAS oncogene family-
like 1 (RAB7L1); solute carrier family 6 member 1 (SLC6A); solute carrier family 41 member 1 (SCL41A1);
solute carrier family 45 member 3 (SLC45A3). Figure created with BioRender, modified from a template
by Ruslan Medzhitov (Creator), Akiko Iwasaki, and Wendy Jiang (See the Supplementary File for
details on the search strategy).
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Six [108,114–118] out of the twelve human infant studies were by the same team and
conducted in Italy between the years of 2015 and 2021. For pre-term infants exposed to high-
level, but not low-level, pain-related stress during the NICU stay, as quantified by number
of skin break procedures, the methylation of two CpG sites within the SLC6A4 promotor
region increased from birth to discharge [114]. Later, the face-to-face still face paradigm was
used as a measure of the mothers’ levels of maternal sensitivity. In pre-term infants, and full-
term infants of less-sensitive but not sensitive mothers, increased SLC6A4 methylation at
discharge was associated with a higher negative emotionality (stress-response) at 3 months
of age [115]. Thus, it was indicated that in full-term but not pre-term infants, maternal
sensitivity served as a protective factor against SLC6A4 epigenetic variations [115]. A
limitation of this study was that pain could not be analyzed as a causal factor in pre-term
infants, and instead the authors hypothesized that premature separation of mother–infant
contact in the NICU could be the cause [115]. In another study, maternal sensitivity as
a protective factor was corroborated—low levels of maternal touch intensified the DNA
methylation at CpG sites within the SLC6A4 promotor that were altered by NICU stay [118].
In another study, the authors followed pre-term infants until 4.5 months of age and analyzed
their DNA methylation [108]. Pre-term 4.5-year-olds displayed greater anger in response
to an emotional stressor compared to full-term 4.5-year-olds. The methylation of two sites,
labeled CpG5 and CpG9, was increased in pre-term compared to full-term infants. CpG5
and CpG9 at discharge were significantly associated with increased anger display [115].
Lastly, this group also conducted two studies on pain exposure, as performed in the NICU
on very pre-term infants, and telomere length erosion [116,117]. The authors found that
preterm infants who experienced high levels of skin-breaking procedures had decreased
telomere length from birth to discharge, while preterm infants exposed to low-levels of
skin breaking procedures had no significant difference in telomere length [117], and that
this decreased telomere length was predictive of a reduced salivary cortisol response to a
stressor (still face paradigm) [116].

Three out of the twelve human infant studies were performed by a group located
in Canada [109,110,119]. In 2013, they found reduced hair cortisol levels in 7-year-old
children born pre-term compared to full-term [119]. Furthermore, the lower cortisol was
associated with greater neonatal pain when in the presence of the minor allele, NFKBIA
rs2233409, in boys but not girls. In 2014, they measured SLC6A promoter methylation for
children born very pre-term compared to full-term at 7 years of age [109]. The authors
found that at 7 years of age, the children born very pre-term had significantly increased
child behavioral problems, as measured by the Child Behavior Checklist questionnaire, and
they had significantly increased methylation in 7/10 CpG sites in SLC6A compared to those
children who were born full-term [109]. After correcting for clinical confounders, neonatal
pain and the presence of the COMT Met/Met genotype were found to be associated with
SLC6A methylation [109]. In 2019, they found that in the presence of the minor allele COMT
158 MetMet, greater neonatal invasive procedures predicted smaller right hippocampal
volumes in ≈8-year-old ex-very-pre-term children, and in the presence of the BDNF 66Met
allele, a greater number of surgeries predicted smaller right hippocampal subregional
volumes in ≈8-year-old children born very pre-term [110].

Out of the remaining studies, two were conducted in Pennsylvania, USA, in 2013 [120]
and 2018 [121], and one was conducted in Italy in 2020 [122]. In the 2013 study, 16 out of
31 infants undergoing elective surgery were carriers of the MOR 118G allele and exhibited
higher basal skin conductance, a measure of pain, compared to non-carriers [120]. In the
2018 study, no difference in levels of methylation in the first exon of OPRM1 was found;
however, the authors pointed out that this was a preliminary study mainly to obtain data
on patient retention, and low sample size (n = 12 NICU-admitted infants) could not be
ruled out as the reason for why no differences were found [121]. In the 2020 study, in
which ≈1000 neonates were enrolled, infants who were homozygous carriers of the G allele
of rs1799971 in OPRM1 had higher pain scores in response to heel lance after dextrose
administration [122].
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In conclusion, early life painful events were associated with increased methylation in
SLC6A4 promoter CpG sites (up to 7 years of age), decreased telomere length, and adverse
behaviors. Variants in COMT and BDNF interact with SCL6A4 DNAm changes to influence
outcomes. OPRM1 and NFKBIA variants also potentially influence the stress/pain response
to early life pain. The interesting sex difference for NFKBIA variant association needs follow
up. These findings offer potential as biomarkers to identify neonates at risk for adverse
long-term outcomes from early life stress.

(d) Neuroendocrine evidence

In utero and perinatal stress might have long-lasting effects on pain processing later
in life. The mechanisms underlying the influence of early life stress on pain pathways
are mediated by the hypothalamic–pituitary axis (HPA). Prolonged exposure to stress hor-
mones prenatally leads to decreased glucocorticoid receptors in the hippocampus, poorer
glucocorticoid feedback sensitivity, and heightened glucocorticoid production in child-
hood, which manifests as increased anxiety several years later [123]. Neonatal maternal
separation, which manifests as stress, has been shown to be associated with reduced sensi-
tivity to noxious heat stimuli [124], as well as visceral hypersensitivity in adult rats [125].
Insufficient nesting material during early life also prolongs muscle hyperalgesia following
prostaglandin administration in adulthood, increases the excitability of mature nociceptors
innervating the muscle [126], and elevates plasma levels of the pro-inflammatory cytokine
interleukin-6 in adulthood [127].

In adults, the HPA axis can directly impact the neurophysiological mechanisms in-
volved in pain perception through brainstem descending pain control pathways [128].
Hypo-responsiveness of the HPA axis in pre-term but not full-term infants has been re-
ported. Specifically, prior neonatal pain exposure (quantified by the number of skin-breaks)
was associated with lower plasma cortisol responses to stress in pre-term infants [129]. This
corroborates with the evidence presented in above genetics section, where higher number of
infant skin-breaks was associated with lower hair cortisol levels in boys 7 years later [119].
Although it is unclear whether the stress response directly influences the development of
pain pathways in humans, the immaturity of brainstem descending pain control pathways
at birth [65] suggests that increased HPA activity could exert significant modifications.
Another important stress axis, the sympathoadrenal system, and its primary mediator,
catecholamines, have been implicated in inducing and sustaining the stress-induced main-
tenance of mechanical hyperalgesia in adults [130], but there is no evidence reported for its
involvement in neonatal nociceptive priming.

(e) Sex differences

Animal studies reveal age-dependent sexual dimorphism in susceptibility to develop
chronic pain [131]. In rats, younger males were found to be less susceptible to TNFα-
induced priming compared to older males, and younger females more susceptible com-
pared to older females. This sexual dimorphism was explained by age-related changes in
estrogen levels, which is protective [131]. In another study, specifically, female rats were
more vulnerable to the long-term consequences of neonatal inflammatory injury [132].
Neonatally injured females exhibited significantly greater hypoalgesia at P60 (adulthood),
as well as enhanced inflammatory hyperalgesia following re-injury compared to neonatally
injured males and controls [79]. Specifically, in rats, neonatal nociceptive priming suscepti-
bility was dependent on estrogen action on the estrogen receptor, with a neuroprotective
effect [131,133,134]. In human infants, the only genetic/epigenetic study analyzing sex
differences was in relation to the NFKBIA variant. While no association of neonatal pain
and cortisol levels was found in girls, in boys, an interaction with the NFKBIA variant was
found [119]. Sex differences in the HPA axis responsiveness are well established throughout
the literature (e.g., see review [135]), and thus future studies on sex differences in early life
stress effects on pain pathways in relation to later-life pain chronicity are warranted.
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2.4. Pain Chronification in Children and Adolescents

In the United States, ≈3.9–6 million children undergo surgery annually [136,137], and
injury is the leading cause of death among children older than 1 year. With a reported
14.5–38% (median 20%) incidence of CPSP, the impact on children is high.

2.5. Mechanisms and Biomarkers for Pain Chronification in Children and Adolescents

(a) Neuroimaging evidence

Structural and functional MRI studies have revealed several brain networks are in-
volved in chronic pain. In children, lower GM and greater RS-FC within the major pain-
associated networks were found in several of the chronic pain conditions studied. While
functional hubs are mostly confined locally to sensorimotor networks in the early years,
with age, they shift to the posterior cingulate cortex and insula [70]. It was recently demon-
strated by Jones at et al. that higher pain intensity during adolescent years is potentially
associated with desegregation patterns of cerebellum default mode network connectiv-
ity [138]. The central executive (memory), salience (expectation response), and default
mode networks (emotional processing) are identifiable at an early age and undergo signifi-
cant change until the age of about 20 years. Baliki et al. conducted a longitudinal study in
adult patients with subacute low back pain followed for 1 year for development of chronic
pain and compared imaging signals with controls. They found that the functional connec-
tivity between the medial prefrontal cortex and nucleus accumbens in the brain’s emotional
learning circuitry was predictive (>80% accuracy) of pain chronification [68]. This connec-
tivity is part of the mesolimbic–prefrontal network, which the authors purported to play a
role in reward behavior (with dopaminergic and glutaminergic projections) and addiction
potential [139,140]. Interestingly, they found that the prediction was better with longer
time lapse between the brain activity measurement and the pain outcomes [141]. The same
group also used diffusion tensor imaging and showed that pre-existing brain white matter
structural abnormalities were predictive of pain persistence [142]. Readers are referred
to an excellent review of a developmental perspective of these networks in pediatrics by
Bhatt et al. [32]. Brain imaging research to identify mechanisms of pain chronification in
the pediatric age group remains in its infancy. Besides MRI, neural inflammatory markers
and neurotransmitters in pain (including creatine, N-acetylaspartate (NAA), myo-inositol,
choline, glutamate, glutamine, and gamma-aminobutyric acid (GABA)) may be assessed
in vivo by magnetic resonance spectroscopy (MRS) with the advantages of being non-
invasive and having no risk of radiation [143]. Neurometabolites detected with MRS have
improved the understanding of pathological mechanisms in the pain of fibromyalgia as
well as the effectiveness of pharmacologic therapies [144,145]. Another interesting modality
is the use of functional near-infrared spectroscopy (fNIRS), a noninvasive optical imaging
technique that measures changes in oxygenated and deoxygenated hemoglobin within the
brain and has been used in newborns and adults [146]. Using fNIRS, specific changes in the
somatosensory cortices are able to be detected (both when patient is or is not undergoing
anesthesia), making it a potent and potentially useful technique in evaluating objective
pain markers in infants and children [147].

(b) Electrophysiological evidence

EEG can be useful in characterizing the neurological processes underlying pediatric
chronic pain transitions. EEG frequency, connectivity, and EEG entropy (a measure of
EEG information content describing regularity of continuous EEG time series) have been
found to characterize chronic pain in adult studies [148]. In adolescents with chronic
musculoskeletal pain, increased resting global delta and beta power, changes in EEG
spectral power, peak frequency, permutation entropy, and network functional connectivity
at specific frequency bands were described during tonic heat and cold stimulations [149].
Similarly, permutation entropy in the theta frequency band was used to classify the presence
and absence of chronic pain in female adolescents, showing potential for a point-of-care
biomarker to detect pain in the absence of self-report [150]. While it has promise as a non-
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invasive, low-cost, clinically accessible biomarker [151], it needs to be evaluated further as
a marker for chronic pain transitions in children.

(c) Genetics and Epigenetics

Figure 2b includes a summary of the major findings from the evidence available for
genetic and epigenetic contributions to chronic pain in children and adolescents (see the
Supplementary File for search terms). Chidambaran et al. (2020) conducted a systematic
review and meta-analysis on genetic risk associated with the development of chronic
postsurgical pain in humans [152]. Their meta-analysis included 21 full-text articles, of
which only one study included pediatric age ranges. They found significant association
of variants with chronic post-surgical pain in 26 genes important in neurotransmission,
pain signaling, the immune response, neuroactive ligand–receptor interaction, apoptosis
signaling, and metabolism and transport [152]. Since not enough genome-wide association
studies (GWAS) analyzing chronic postsurgical pain in the pediatric population are avail-
able, Chidambaran et al. (2021) used computational biology to develop a PRS predicting
the development of chronic pain in the pediatric population. Twenty variants, annotated to
seven genes: ATXN1, PRKCA, CACNG2, DRD2, KCNJ3, KCNJ6, and KCNK3, comprised the
PRS predicting risk of development of chronic pain in 10–18-year-olds [5].

DNA methylation is the main epigenetic mechanism investigated for pain chronifi-
cation in children. Chidambaran et al. (2017) pyro sequenced 22 CpG sites at the OPRM1
promoter and found the altered methylation of two CpG sites in adolescents exhibiting
chronic pain after spine fusion surgery compared to controls with no chronic pain [4]. In a
follow-up analysis using methylation array data, Chidambaran et al. (2019) reported differ-
ential DNA methylation of 637 CpG sites in spine-fusion patients (n = 56) aged 10–18 years
old who developed chronic postsurgical pain compared to those who did not [111]. These
sites were located in 310 genes involved in pathways such as GABA receptor signaling,
protein kinase C signaling, dopamine receptor, and cAMP-mediated signaling [111].

There is scarce research investigating the cross-section of gene–epigenetic interac-
tions in the development of chronification of pain in children. In 2021, a pilot study by
Chidambaran et al. (2021) analyzed DNA methylation association with SNPs in 10–18-
year-olds (average age of 14) undergoing spine fusion surgeries [112]. They found DNA
methylation at 127 CpG sites mediated the association of 470 methylation quantitative
trait (meQTL) loci with chronic pain [112]. Important CpG meQTL sites were located
within 5 genes, namely, SLC45A3, NUCKS1, RAB7, RAB7L1, SLC41A1, and PM20D1 [112].
Thus, these genes were deemed to be important in terms of epigenetic regulation risk for
developing chronic pain after surgery in pediatric patients [112].

Transcriptomics and other -omics-related investigations of pain chronification in
children are also lacking in the literature. The RNA sequencing of peripheral blood in
adolescents undergoing pediatric spinal fusion surgeries revealed the increased expression
of HLA-DRB3 in adolescents who experienced chronic postoperative pain compared to
those who did not, albeit the authors concluded they may have had a low sample size [113].

(d) Neuroendocrine evidence

Stress-associated biomarkers also play a role in the chronification of pediatric pain.
Allostatic load [153] is a biological indicator of chronic stress. It is evaluated as a summed
clinical index of neuroendocrine, cardiovascular, metabolic [154], immune, and inflam-
matory markers [155–157]. In a study of 61 children and adolescents with chronic pain,
over 50% were classified as at high risk for allostatic load, indicating the role of chronic
stress in chronic pain [156]. Although stress could be related to the pain condition itself,
we also know that allostatic load correlates with adverse childhood events (ACE) and
socioeconomic status, which indicates the possibility of stress preceding the development
of chronic pain [158,159]. In fact, children with exposure to one or more ACEs had higher
rates of chronic pain (8.7%) as compared to those with no reported ACEs (4.8%) [160]. Since
ACEs are also associated with post-traumatic stress, which mediates the association of
ACEs with mental health problems, it is important to assess ACEs [161,162] in children
with chronic pain to inform mitigating strategies.
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In patients with a history of early childhood trauma, increased methylation of CpG
sites within the TRPA1 promoter was later associated with increased mechanical pain
thresholds in female adult patients with chronic pain [163]; the FKBP5 variant rs3800373
was associated with right hippocampal volume in adults with musculoskeletal pain [164];
and altered DRD2 expression in female children and altered COMT expression in male
children was found [165]. It was speculated that epigenetic changes conferred by the
parents’ early adverse experiences were inherited in their children in a sex-dependent
manner [165]. In another study conducted in the Netherlands involving 2980 adults, early
life stress before the age of 16 was associated with higher musculoskeletal pain scores in
adulthood [166]. This provides aa rationale for the investigation of stress-related genomic,
and other, mechanisms in pain development (which has a lot in common with certain
mental health conditions) along the childhood–adult continuum [167,168].

(e) Sex differences

Female sex has been shown to have a higher risk of acute to chronic pain transitions in
adults [169–171]. Since female adolescents have a higher predilection for chronic pain con-
ditions [172,173], one would hypothesize a higher risk for female sex for pain chronification
in adolescents as well. Most studies in children undergoing surgery have not identified
sex as a predictor of acute to chronic pain [6,174,175]. Suryakumar et al. did find a higher
incidence of females developing chronic postsurgical pain after spine fusion; however, scol-
iosis has a female preponderance [176], and this might have influenced the results. Genetic
interactions with sex were mentioned in previous sections (Section 2.5, (d)). Sex differences
based on psychophysical tests are also mentioned in the next paragraph (Section 2.5, (f)).
For a more comprehensive review on future priority areas to understand sex and gen-
der differences in chronic pain, the reader is referred to these excellent reviews [177,178].
Further investigations are needed to understand the role of sex, hormonal mechanisms,
and gender identity in acute to chronic pain transitions in pediatrics, especially given the
pubertal transitions happening through adolescence.

(f) Psychophysical mechanisms

Quantitative sensory testing (QST) may reveal mechanisms of chronification from
alterations in pain processing. QST provides non-invasive ways to interrogate large fiber
function (Aβ), nociceptive small fiber (Aδ, C) function, and the spinothalamic pathways in-
volved in pain chronification. A prospective longitudinal study in children aged 10–17 years
conducted QSTs and followed participants for 4 months after acute musculoskeletal pain
complaints. The incidence of chronification was 35%. They found that poor conditioned
pain modulation using hot and cold thermal tasks was predictive of chronic pain [179], sug-
gesting that impairment in inhibitory pain modulation may predict children’s nonrecovery
from acute musculoskeletal pain. Further studies are warranted evaluating mechanisms of
central sensitization (using temporal summation) along with other pain paradigms (e.g.,
pressure pain). The evidence in adults suggest QST may be useful in a mechanism-based
classification of pain [180], but there are gaps in our current understanding of QST in
pediatric populations and age limitations in its applicability. Of note, QST protocol of the
German research network on neuropathic pain (DFNS) encompassing all somatosensory
modalities with modification of instructions and pain rating was evaluated for use in
176 children aged 6–12 years. This study by Blankenburg et al. found that QST was feasible
for children over 5 years of age [181]. There were differences by body site (face more
sensitive than the hand and/or foot), age (children aged 6–8 years were less sensitive to
all thermal and mechanical detection stimuli but more sensitive to all pain stimuli than
children aged 9–12 years who were similar to adolescents [13–17 years]), and sex (girls were
more sensitive to thermal detection and pain stimuli, but not to mechanical detection and
pain stimuli). Reference values were shown to differ from adults, but distribution proper-
ties (range, variance, and side differences) were similar and plausible for statistical factors.
This seminal study demonstrated that developmental changes influenced reference values
in children differently than from adults’, while other properties were similar to adults.
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Clinicians need further evidence-based QST protocols that are feasible and meaningful in
clinical settings with high sensitivity and specificity for pain sub-types.

3. Future Directions for Research

The field of preclinical pediatric pain research has provided high-quality evidence
for the development of maladaptive nociception and the effect of early injury on the
development of inflammatory and neuropathic pain [54,84,182–185]. However, there are
gaps in understanding prenatal and early postnatal insults across the continuum of a
child’s life [76]. While numerous animal studies suggest nociceptive priming related to
stressful/painful experiences in early life and maladaptive pain responses in later life,
human studies are not conclusive. Some find that long-term neuropsychological effects
were only in those with highest opioid exposure, while others reinforce susceptibility
to chronic pain by 10 years of age in 13% of children exposed to early life pain. On
one hand, this also points to the need for better predictive preclinical models mimicking
real life in NICU, the need for reliable objective measures of pain chronification, and
a paucity of mechanism-based validated targets. On the other hand, they suggest the
need for continued research to determine dose response of preemptive morphine and
other medications targeting mechanistic pathways in attenuating long-term, behavioral
impact of neonatal pain and preventing hyperalgesia [79]. While psychophysical tests to
determine mechanisms can be used in children as young as 5 years, epigenetic tests and
neuroimaging/EEG biomarkers could be relevant in younger children to understand the
risk for chronic pain development in those with exposure to early life stressors.

There is also a dire need for multisite longitudinal pediatric studies with inclusion
of diverse patient populations that are heterogeneous across multiple pain conditions,
thus generating “big data” shared warehouses with well-defined phenotypes and well-
characterized mechanisms accessible to all pain researchers. The multidimensional nature
of pain emphasizes the need for investigations of multi-modal composite pain biomarker
signatures for pain sub-phenotypes [186]. Recent advances in innovative analytical tools in
artificial intelligence and machine learning, such as deep learning with neural networks,
may allow pattern detection using several parameters from patient electronic databases.
Patterns could be leveraged for the automated risk prediction of sub-phenotypes. Quanti-
fying risk and understanding mechanisms could then guide healthcare providers to use
tailored preventive strategies, despite the paucity of validated targets. Furthermore, artifi-
cial intelligence can be used to discover new drug molecules, and precision gene therapy
practices may be utilized. The emphasis on pain biomarkers has been amplified by the
National Institute of Health Helping to End Addiction Long-term (HEAL) initiative, the
Biomarkers Consortium, and the National Institute of Health Blueprint for Neuroscience
Research Grand Challenge of Pain. Currently, there are no clinical biomarkers for pain
approved by the FDA. This further emphasizes the need for basic science, translational,
and clinical researchers to collaborate on these efforts to develop qualitative and quantita-
tive biomarkers to supplement patient self-reported outcomes for a more comprehensive
assessment of treatment responders.

Thus, future research needs to target genetic, epigenetic, immune, electrophysiolog-
ical and imagining biomarkers in appropriate pain models. For example, antagonists of
voltage-gated sodium channel NaV1.7 are under investigation for treatment of certain pain
conditions [187]. Given the implications for KCNS1 channel genes and PM20D1 in CPSP
transition, future studies targeting these mechanisms may reveal new therapeutics [188,189].
In addition, tenazemub, an anti-NGF antibody (phase 3 trials), and inhibitors targeting
TRPV1, TRPA1, and TRPM2 receptors (pre-clinical phase), are being investigated for pain
conditions but mechanistically could be useful for pain chronification as well [190,191]. For
example, treatment with TRP antagonists in mice with acute pancreatitis slowed progress
to chronic pain [192]. Research is still needed to identify molecules that can enhance
KCNS1 function. In addition, it is possible that several nutritional, environmental, and
psychological factors have shared epigenetic underpinnings with pain sensitization (for
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example, vitamin D deficiency, socioeconomic status, anxiety sensitivity) [193]. Epigenetic
biomarkers can thus serve as prognostic indicators of therapy response [194–197]. Some
examples of epigenetic drugs with successful clinical use for the treatment of hematologic
malignancies are DNA methylation transferase (DNMT) inhibitors (5-azacytidine and
decitabine). Similarly, inhibitors of DNMT, histone acetyl transferase (HAT), and histone
deacetylase (HDAC), enzymes involved in methylation and histone acetylation, as well
as CRISPR-mediated methylation or demethylation of specific genes [198], are promising
targets to be pursued [199]. Continued exploration of epigenetic drugs is warranted with
the means to avoid off-target negative effects. Integration of DNA methylation studies
with transcriptomics, proteomics, and chromatin accessibility will allow better inferences
regarding druggable targets such as transcription factors. Future research could leverage
systems biology and bioinformatics to understand downstream signaling effects of drug tar-
gets to enable innovation in a cost-effective manner. Lastly, while evidence of sex–genome
interactions in pain chronification have been reported in previous sections, it needs further
study in pediatric populations.

4. Future Directions for Clinical Practice

To enable the implementation of research informed strategies, clinicians will need to
elicit a detailed patient history regarding early life circumstances, previous pain experi-
ences, socioeconomic environmental factors, etc., when children present with acute pain
conditions or surgery. We need more validated, easy-to-use psychosocial measures for risk
stratification in the clinic, for example, the Pediatric Pain Screening Tool for CPSP [176].
Psychophysical testing tools and standards need to be adapted for implementation at
bedside for children. For example, in adults, use of von Frey filaments for temporal
summation, pressure pain sensitivity using an algometer or a modified approach using
a blood pressure cuff, and Neuropen for mechanical pain detection have been shown to
identify sub-phenotypes [200,201]. Knowing baseline QST phenotypes may be able to
predict efficacy of pregabalin, lidocaine, oxycodone, and placebo analgesia [202,203]. In
addition, point-of-care genetic/epigenetic testing using blood or saliva samples would
enable modification of analgesia regimens targeting altered genomic pathways, rather
than the current trial-and-error approach [194,196,204]. Finally, we need to consolidate
consensus guidelines derived from clinical evidence to support the choice of treatment inter-
vention, based on mechanisms [205–207]. Future trials to prevent CPSP should investigate
efficacy of interventions based on patient risk and mechanisms. For example, presurgical
interventions to address psychosocial risk factors using behavioral interventions [208],
functional disability using physical therapy, peripheral sensitization using regional analge-
sia, and/or central sensitization using NMDA antagonists or calcium channel blockers such
as gabapentinoids [209–211]. Of note, current literature is inconclusive about the efficacy
of pharmacological modalities or regional analgesia in preventing CPSP, mostly due to
the heterogeneity of pain conditions, populations, small study sizes, variations in dosage,
timing and duration of treatment, and variations in outcome measures [210–215]. Future
studies with risk stratification and longer-term follow-up for multimodal pain protocols
are warranted. In the case of children, family-centered care approaches are needed as
impaired parental responses may also reinforce the child’s pain response when parents
have been involved with the NICU experience, indicating the need for parental education
as well [216]. Importantly, we need policies supporting biomarker development and im-
plementation, improved reimbursement for evidence-backed pain management practices,
improved leverage of electronic media for education, assessments and management, and
most importantly the support within the electronic medical record infrastructure to enable
automated clinical decision support tools based on risk stratification.

Furthermore, the plasticity of the developing nervous system and mechanistic ap-
proaches imply reversibility. Thus, there is potential for modulating the processes favorably
by use of physiologic interventions such as neuromodulation, virtual reality (VR), and
psychological therapies [217]. Neurostimulation is a neuromodulatory method in which
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electrical impulses are delivered invasively or non-invasively to stimulate peripheral nerves,
the spinal cord, or specific brain regions [218,219]. Ilfeld et al. have published extensively
on the use of peripheral nerve stimulation as an opioid-sparing technique for postoperative
pain [220,221]. However, its benefits for children and prevention of chronification remain
to be proven. Central stimulation techniques have been investigated for the management
of acute postoperative pain and prevention of chronic migraine, and they hold promise for
the prevention of pain chronification [222]. Further work is needed to prove safety/efficacy
in children for the prevention of pain chronification [223,224]. In addition, VR, a technology
that provides an immersive experience in a simulated and interactive environment using
multimodal sensory stimuli inputs, is increasingly being used in pain management [225]. Its
application for post-traumatic distress and anxiety, as well as improvement in conditioned
pain modulation efficiency, suggest it can influence central sensitization mechanisms and
brain modulation of pain with the potential for long-lasting effects [226]. Although the
concern may be that need for patient participation may limit its utility to developmentally
mature children, VR has been used successfully in children as young as five years of age
and children with cerebral palsy [227]. As children’s brains process VR differently and
fantasies might be confused with reality, virtual environments may need to be contextu-
alized specifically to enable this distinction [228]. Other non-pharmacological modalities
with positive effects on maladaptive pain processing are cognitive behavioral therapy
(CBT) and mindfulness-based approaches, which have been used in adolescents. CBT
for 4–11 weeks has been shown to restore RS-FC between the insula and somatosensory
regions, with long-standing effects on pain outcomes and pain catastrophizing [132,229]. A
Cochrane review of the use of psychological therapies for children with recurrent/chronic
pain concluded that face-to-face psychological therapies are effective for reducing pain
for children with headaches, as well as reducing pain intensity and disability in children
with mixed chronic pain conditions [230]. However, the evidence for effects on anxiety
and depression, as well as the long-term effects, were inadequate. In addition, integrative
care and music therapy are effective treatment paradigms for the treatment of pediatric
pain in different contexts [231–233], but they are less explored in the context of chronic
pain transitions. Thus, the evidence for the effectiveness of most treatment paradigms
is mixed [234]. It is likely that mechanistic trials of treatment paradigms stratified by
genetic, psychophysical, and psychological risk assessments may improve the ability to
discern responders. Table 1 lists the several mechanism-based available and potential
pharmacologic and non-pharmacologic therapies in pain chronification [216]. However,
early identification, prevention, and management are of utmost importance.

Table 1. Examples for mechanism-based (available and potential) approaches to the management of
children at risk for pediatric chronic pain transitions.

Targeted
Mechanisms

Pharmacological Interventions *
(Examples)

Non-Pharmacological Interventions (Examples)
Neuromodulation and Behavioral Therapy

Peripheral
sensitization

Non-steroidal anti-inflammatory
drugs such as ibuprofen, celecoxib

Peripheral nerve stimulation (PNS)
Vagal nerve stimulation

Regional analgesia techniques
including peripheral nerve blocks

and neuraxial analgesia

Capsaicin cream

Topical application/infiltration of
local anesthetics such as lidocaine

In phases of trials: anti-NGF
antibody (phase 3); TrkA receptor

antagonist (phase 2)

Potential: TNF blockers such as
adalimumab
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Table 1. Cont.

Targeted
Mechanisms

Pharmacological Interventions *
(Examples)

Non-Pharmacological Interventions (Examples)
Neuromodulation and Behavioral Therapy

Central
sensitization/pain

facilitation

Agonists at α2δ (alpha-2-delta)
subunit of presynaptic

voltage-sensitive Ca2+ channels:
gabapentin and pregabalin

Spinal cord stimulation (SCS)
Transcutaneous electrical nerve stimulation (TENS)

NMDA antagonists (ketamine,
methadone, dextromethorphan)

Descending pain
inhibition

Tricyclic antidepressants
(amitriptyline)

Serotonin norepinephrine reuptake
inhibitors (duloxetine)

Clonidine/dexmedetomidine

Cortical modulation
of pain

Anxiety medications such as
benzodiazepines

Invasive neurostimulation: deep
brain stimulation (DBS)

Virtual reality immersive
therapy; distraction
cognitive behavioral

approaches;
mindfulness

integrative care relaxation,
music, etc.

Noninvasive brain stimulation:
transcranial magnetic
stimulation (TMS) and

transcranial direct current
stimulation (tDCS)

* Opioids can potentially influence all mechanisms.

5. Conclusions

This state-of-the-art review article describes the evidence for the complex interplay
between genetic, epigenetic, chemical, neuronal, and immune factors that interact syn-
ergistically to influence the development and maintenance of chronic pain in children.
While innate pain perception and responses may be determined by genetic underpinnings,
environmental experiences are encoded through functional and structural reorganizational
processes in the plastic, developing nervous system to shape memory and behaviors
through central and peripheral sensitization mechanisms. These can be detected using
several psychophysical, imaging, and genomic tests, and reversed using tailored precision
medicine approaches. Critical gaps in research and its translation into clinical practice were
identified. These are barriers that need to be surmounted for successful innovation in the
promising field of pain chronification in children. The implication for clinicians is that
developmental aspects and mechanism-based treatment should be considered while caring
for pediatric age groups. In caring for neonates undergoing painful/stressful procedures,
there is an imperative to consider soothing therapies (sucrose analgesia, skin-to-skin care),
and for neonates undergoing surgeries, the use of regional analgesia, as well as the judicious
use of opioids and other analgesics to prevent hyperalgesic priming. This is especially
important given that the risk is higher during the critical time of early development. In ad-
dition, since pain behavior may not correlate with brain markers during stress in neonates,
reliance solely on pain behaviors may lead to undertreatment. Knowing that there is a risk
for pain sensitization by 7–10 years of age, it is important to consider the history of early
life stress and ACE factors while planning care management for future painful procedures,
for behavioral optimization, and to prevent amplified pain responses and sustenance.
Although genomic biomarkers for pain chronification are not validated and there are no
FDA-approved biomarkers, the use of psychosocial screeners, currently available genetic
tests for opioid PK/PD, bedside QST, and portable EEG hold promise to inform clini-
cians of potential sensitization. This will allow targeted and tailored measures to prevent
chronification of pain upon exposure to another acute pain/stress episode by optimizing
cerebral responses using non-pharmacological, behavioral, and neuromodulation therapies.
Thus, mechanism-guided multimodal pharmacological therapies and regional techniques
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to provide analgesia and prevent exaggerated responses is especially important as the brain
areas involved in pain chronification may also overlap with risk-reward salience areas
involved in addiction. Future studies should focus on biomarker-guided risk stratification
and the development of personalized non-opioid strategies for pain management. Another
emerging concern at the crossroads of pain chronification and mental health stems from
the potential overlap of primed pain responses and long-term risk for neurobehavioral
and neuropsychiatric outcomes after exposure to early life stress. Future efforts to further
understand this risk and mitigate it are warranted.
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Abstract: Changes in back muscle function and structure are highly prevalent in patients with
chronic low back pain (CLBP). Since large heterogeneity in clinical presentation and back muscle
dysfunctions exists within this population, the potential role of back muscle dysfunctions in the
persistence of low back pain differs between individuals. Consequently, interventions should be
tailored to the individual patient and be based on a thorough clinical examination taking into account
the multidimensional nature of CLBP. Considering the complexity of this process, we will provide a
state-of-the-art update on back muscle dysfunctions in patients with CLBP and their implications for
treatment. To this end, we will first give an overview of (1) dysfunctions in back muscle structure and
function, (2) the potential of exercise therapy to address these dysfunctions, and (3) the relationship
between changes in back muscle dysfunctions and clinical parameters. In a second part, we will
describe a framework for an individualised approach for back muscle training in patients with CLBP.

Keywords: back pain; muscle dysfunction; clinical implications

1. Introduction

Low back pain (LBP) is one of the leading causes of disability worldwide and has
an enormous impact on a personal and societal level [1,2]. About 80% of the population
will experience an episode of LBP during their lifetime [3]. Although an episode of acute
LBP usually resolves within a few weeks, up to two thirds of patients report a flare-up
within one year and about 15% will develop chronic low back pain (CLBP) [4–7], which
is typically defined as LBP lasting for more than three months. The multidimensional
nature of CLBP has been widely accepted [8,9]. Acknowledging the relative contribution of
different factors to CLBP—including physical, emotional, cognitive, lifestyle, social, and
behavioural aspects—is essential, as they will guide the assessment and treatment of the
individual patient [10,11].

Two important physical factors are the structure and function of the back muscles, in
particular of the lumbar multifidus and erector spinae (see Figure 1) [12,13]. The lumbar
multifidus is the most medial back muscle in the lumbar region [13]. The multifidus muscle
includes short deep fibres that span two intervertebral segments (referred to as the deep
multifidus), and more superficially located muscle fibres that span three to five vertebral
segments (referred to as superficial multifidus) [13]. The erector spinae is located laterally to
the lumbar multifidus and consists of the lumbar and thoracic portions of the longissimus
and iliocostalis muscles [13]. Due to its location and anatomy, the deep multifidus has
little potential to extend the lumbar spine and mainly provides compressive forces that
are important for segmental control [14]. Because of their more superficial location and
longer lever arms, the superficial multifidus and erector spinae have a greater contribution
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to lumbar spine extension [13]. When they contract asymmetrically, they also contribute to
sidebending and rotation [13,14].

Figure 1. Anatomy of back muscles at L4 level. ES = erector spinae; MF = multifidus.

Evidence is emerging that changes in back muscle function and structure are time-
dependent and exist on a continuum from acute to chronic LBP [12,15]. One potential
implication of this is that different treatments are likely to be required to target these
features depending on the timepoint on this trajectory towards chronicity. Of note, even
within subgroups based on the time-course—and especially in patients with CLBP—there
is large variability in the features of back muscle structure and function, and their role in
the persistence of back problems is likely to differ between individuals [10]. This implies
that interventions should always be based on a thorough examination taking into account
the specific presentation of back muscle changes and the other multidimensional features
of CLBP. This can be complex.

The objectives of this paper are to provide a state-of-the-art update of features of
back muscle structure and function in patients with CLBP and their potential implications
for treatment. To this end, the paper first gives an overview of (1) dysfunctions in back
muscle structure and function, (2) the potential for exercise therapy to address these
dysfunctions, and (3) the relationship between changes in back muscle dysfunctions and
clinical parameters. In a second part, a framework is described for an individualised
approach for back muscle training patients with CLBP.
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2. Back Muscle Dysfunctions in Patients with Chronic Low Back Pain

2.1. Methods

To ensure the inclusion of the most recent and relevant information in this state-of-
the-art overview of back muscle dysfunctions in CLBP, we conducted literature searches in
the Pubmed and Web of Science databases up until April 2023. Search terms were partly
derived from earlier conducted (systematic) reviews on the topics included in this overview
(e.g., [16–19]). We selected papers including adults with CLBP that contained relevant
information consistent with our three main objectives of this overview, i.e., to describe
(1) dysfunctions in back muscle structure and function, (2) the potential for exercise therapy
to address these dysfunctions, and (3) the relationship between changes in back muscle
dysfunctions and clinical parameters. Both original research and literature reviews were
considered.

2.2. Muscle Structure

Persistence of LBP is associated with extensive changes in the structure of the back
muscles. Several studies have identified bilateral reduction in the multifidus cross-sectional
area (CSA) and sometimes over several spinal levels in CLBP [20–24]. This differs from
the more localized reduction of CSA (which can be specific to the painful side in unilateral
conditions) in acute LBP. Findings for other muscles vary across studies [24]. Some studies
report atrophy of the combined erector spinae and multifidus [25], whereas others report
atrophy of the multifidus alone in CLBP [20,21]. Smaller CSAs of the multifidus, psoas,
and quadratus lumborum muscle have been reported in some cases of LBP of longer
duration [26]. Some studies comparing measures between individuals with continuous
LBP and intermittent LBP in remission found no differences in the multifidus or erector
spinae CSA [15,27].

Fatty infiltrations, either restricted to the multifidus or more widespread, have been
shown using both qualitative [24,25,28] and quantitative [27] methods. Overall, patients
with CLBP have a greater CSA of fat in the multifidus and to a lesser extent in erector spinae
when compared to pain-free persons [24]. Moreover, the fat CSA and lean muscle fat index
(indicating more fatty infiltration) are greater in the multifidus and erector spinae in cases
of continuous CLBP (i.e., 7 pain days/week) than in individuals with recurrent LBP and
noncontinuous CLBP (i.e., 3–4 pain days/week) [15]. Computed tomography measures
have not found generalized fatty infiltration across the back muscles [21], but muscle
density measures using computed tomography (which might be related to differences in
fat content) show lower values in the multifidus and erector spinae at levels with facet
joint osteoarthritis, spondylolisthesis, and intervertebral disc narrowing [29]. Experimental
animal studies have shown a progression from localized to multisegmental changes in
muscle structure over time after injury to a single intervertebral disc [30].

Findings regarding muscle-fibre-type proportions in CLBP are variable [14,16,17]. One
study showed lower proportions of type I fibres and higher proportions of type II fibres in
patients with CLBP scheduled for spinal surgery [31]. This study found no difference in the
CSA of individual fibres, suggesting a smaller area occupied by type I fibres [31]. Another
study in patients with CLBP scheduled for surgery also reported a higher proportion of type
II fibres compared to pain-free persons, but found a smaller CSA of both Type I and Type II
fibres in the CLBP group [32]. These results were independent of physical activity levels in
the CLBP group [32]. A negative correlation between the proportion of type I fibres and the
duration of pain, but a positive correlation with type IIx fibres, has also been observed [33].
T2 resting values also suggest a tendency towards a higher proportion of type II fibres in
the multifidus and erector spinae in LBP [15]. Not all studies support these observations.
Some studies found no differences in fibre size [34] or type I fibre proportion [34,35] in mild
disabling LBP, despite poorer performance on a back muscle endurance test [34]. Variations
in findings may be explained by symptom severity or the presence of spinal pathology.
For instance, greater fibre II type proportions compared to pain-free persons have been
reported for individuals undergoing surgery [31,32], whereas some studies in mild LBP
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found no differences [34,35]. Other aspects, such as variations in biopsy locations and the
harvesting of control samples from cadavers with unclear LBP history may also contribute
to variation in findings. Moreover, different methods have been used to classify muscle
fibre types, such as myosin ATPase histochemical staining [31,33,34], expression of myosin
heavy chain isoforms [35] or other methods [15,32]. This affects reported variations in
type II classification [17], and some studies also do not specify the type II subclassification
(e.g., IIa vs. IIx/d [36]) [15,32,34]. These issues complicate the interpretation of results and
comparisons between studies. Finally, it is important to consider that all human studies are
cross-sectional, and no longitudinal data are available. Longitudinal human studies are
warranted to provide more insight into these aspects [12].

The mechanisms underlying structural muscle changes in CLBP are not completely
understood, but are thought to differ over the time-course of the condition. In acute back
pain, neurologically mediated reflex inhibition has been speculated in humans [37] and
supported by animal data [38]. In the subacute period, there is emerging evidence from
animal studies for changes mediated by the immune system [30] that have been supported
by human data [39]. In the chronic phase, the features of muscle structure might be
explained by deconditioning [12]. Reduced capacity due to earlier neural and inflammatory
mechanisms may transition to reduced function [40,41]. Conditions that compromise the
intervertebral foramen, such as spinal stenosis [42] and intervertebral disc disease [40],
might lead to muscle atrophy and fat infiltration via mechanisms of denervation.

In sum, extensive changes in back muscle structure are present in patients with
CLBP. In particular, the lumbar multifidus has a smaller bilateral CSA and increased fatty
infiltration. These changes are less clear or less pronounced for other muscles. Findings
regarding muscle-fibre-type proportions in CLBP are variable. When interpreting these
results, it is important to consider the heterogeneity in the CLBP population as changes
in muscle structure seem to be more pronounced in patients with more severe complaints
(e.g., more continuous and/or more disabling LBP). See Table 1 for a summary of changes
in back muscle structure in patients with CLBP.

Table 1. Summary of changes in back muscle structure in patients with chronic low back pain.

Parameter
Summary of Changes in Patients with Chronic Low
Back Pain

Cross-sectional area (CSA)
- Smaller bilateral CSA of multifidus; unclear for

erector spinae and other back muscles.

Fatty infiltration

- Increased fatty infiltration in multifidus and to a
lesser extent in erector spinae.

- More fatty infiltration in continuous CLBP
compared to noncontinuous CLBP.

Muscle fibre type

- Inconsistent results, but potentially dependent on
LBP severity. Increased type II fibre proportion in
patients scheduled for spinal surgery; no
differences with pain-free persons in mild
disabling CLBP.

2.3. Back Muscle Function

There is a large body of literature that has evaluated and reviewed features of sensori-
motor control of the back muscles that differ between individuals with and without back
pain. This section considers some specific features, including recent observations, that have
relevance for designing interventions. For comprehensive reviews see [12,43].
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2.3.1. Sensorimotor Control

Back muscles make an important contribution to the control of spinal posture. They
are activated in advance of perturbations that are predictable and react with short la-
tency to perturbations that are not predictable. A recent systematic review concluded
that differences in the reaction times of erector spinae to predictable and unpredictable
perturbations were variable between individuals with and without low back pain—some
studies show delayed reaction times and other studies found no differences [18]. There are
many potential explanations for the variation including differences in recording electrodes,
different task, back pain patients with different presentations, and different methods to
quantify the timing of muscle activation. In the studies that do report differences in erector
spinae reaction time, they are typically delayed [18,19]. Although these data appear to
suggest some compromise in the activation of back muscles (which implies suboptimal con-
trol) [12], there are also data that suggest excessive recruitment of back muscles in response
to experimental pain [44] and in individuals with chronic back pain during functional
tasks [12,45], especially in those with unhelpful beliefs [46,47]. Increased activation appears
to more consistently involve the more superficial erector spinae than deep (e.g., multifidus)
muscles [12].

Other work has examined the sensorimotor mechanisms for control of back muscles
by evaluation of the response of the muscles to transcranial magnetic stimulation over
the motor cortex. Some studies have revealed reduced excitability of the descending
pathways to the erector spinae [48] and alterations in the motor cortex representation
of the back muscles [49]. Notably, this altered representation was characterized by the
merging of distinct brain representations of the deep multifidus and superficial erector
spinae muscles. This phenomenon has been found to correlate with the severity of LBP [50],
particularly in individuals who have poorer capacity to differentiate between lumbar
and thoracolumbar motion [51]. Changes in corticomotor function provide support for
compromised multifidus muscle function in LBP. However, further research is necessary to
fully comprehend the relationship between brain changes, motor function, and symptoms
associated with LBP [12].

Studies that have investigated the somatosensory system in LBP have identified less
disturbance to postural control from stimulation of proprioceptive signals from the back
muscles in standing positions [52–54], which might indicate that information on back
position/movement is weighted down. Patients with LBP also have impaired lumbar pro-
prioception compared with controls when measured actively in sitting positions (especially
when patients are categorised in direction-specific subgroups) or via a threshold to the
detection of passive motion [55,56].

In conclusion, timing of erector spinae activation to predictable and unpredictable
perturbations varies between patients with CLBP, but if impairments are present, they are
characterized by delayed activation. Increased activity of erector spinae (as opposed to
lumbar multifidus) during functional tasks is often observed in individuals with CLBP,
which may represent a protective movement strategy. Motor cortex changes in areas
representing the back muscles are related to compromised multifidus muscle function in
LBP. Conversely, patients with LBP typically reduce the weighting of afferent proprioceptive
information from the back muscles (mainly multifidus) for maintaining postural control.
This indicates that changes in both ‘top down’ and ‘bottom up’ mechanisms are involved in
sensorimotor control impairments in LBP. See Table 2 for a summary of changes in selected
back muscle functions in patients with CLBP.
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Table 2. Summary of changes in selected back muscle functions in patients with chronic low back pain.

Parameter
Summary of Changes in Patients with Chronic Low
Back Pain

Sensorimotor control
- Reaction times of erector spinae to predictable and

unpredictable perturbations are inconsistent. When
changes in erector spinae reaction time are found,
they are typically delayed.

- Increased activity of erector spinae during functional
tasks, especially in patients with unhelpful beliefs.

- Alterations in the motor cortex representation of the
back muscles are present.

- Patients with LBP weight down afferent
proprioceptive information from back muscles
during postural control tasks.

Spatial distribution
- Patients with CLBP activate more cranially located

regions of back extensors during fatiguing tasks.
- Unclear whether differences in spatiotemporal

changes are present in CLBP. Spatiotemporal
changes seem to vary depending on the task and the
individual.

Muscle strength and endurance
- Decreased in CLBP, but strong inter-individual

variability.

2.3.2. Spatial Distribution of Lumbar Back Muscle Activity

Activity of superficial muscles is often assessed using bipolar surface electromyo-
graphy, which limits the evaluation of muscle activity to a few separate lumbar areas.
High-density surface electromyography can overcome this limitation, as this method uses a
grid of multiple small electrodes (e.g., 5 × 13 electrodes) with small inter-electrode distance
(e.g., 8 mm). Typically, the bottom end of this grid is placed 2 cm lateral to the L5 spinous
process, covering the lumbar erector spinae up to approximately L2 [57–59]. This allows the
measurement of the spatial distribution (i.e., which areas of the erector spinae are active)
and spatiotemporal changes in superficial muscle activity during repeated or sustained
tasks with more detail than traditional bipolar surface electromyography [58,60]. Some
recent work with high-density surface electromyography has provided new insight into
spatial distribution and spatiotemporal changes in erector spinae in patients with CLBP.

Alterations in spatial distribution of erector spinae muscle activity have been observed
in CLBP, but differences appear to be task-dependent. During tasks that induce higher levels
of muscle activity and muscle fatigue, such as repeated lifting or muscle endurance tests,
individuals with CLBP typically use more cranially located regions of the erector spinae
compared to pain-free persons [61–64]. Moreover, those with CLBP also have less dispersed
erector spinae muscle activity during these type of tasks [63–65]. These differences relative
to pain-free individuals have not been observed for low-load activities, such as walking or
sit-to-stand [66]. The importance of muscle activity levels is shown by Arvanitidis et al. [62],
who used a 15 s isometric back extension exercise at 20% and 50% of erector spinae MVC.
During the low-load task, both patients with CLBP and pain-free persons used an equally
dispersed activation pattern of erector spinae. During the high-load task, erector spinae
activity was located more cranially in patients with CLBP, while the opposite pattern was
observed in the pain-free persons.

In pain-free persons, spatiotemporal changes in erector spinae activity are typically
present during repetitive or prolonged fatiguing tasks [59,63,65,67]. However, this redistri-
bution of lumbar erector spinae activity does not seem to follow a stereotypical pattern, as
both caudal and cranial shifts in erector spinae activity have been observed [59,63,67]. This

173



J. Clin. Med. 2023, 12, 5510

suggests that motor control strategies to redistribute muscle activity might be specific to the
individual and task. It is currently unclear whether there are differences in redistribution in
erector spinae activity in patients with CLBP relative to that observed in pain-free persons,
because some studies have reported impairments [59,65] whereas others have not [61,68].
In studies that have reported impairments in spatial (re)distribution of erector spinae in
CLBP, these impairments have been related to increased pain during [59,65] and poorer
performance [63] on repetitive or endurance tasks. This failure to redistribute with fatigue
appears consistent with the hypothesis that variation in muscle activation acts to reduce fa-
tigue and prevent tissue overloading, thus protecting against the development of pain [69].
The absence of impairments of (re)distribution of erector spinae activity in 25–35% of
patients with CLBP [59,63] might explain why some studies do not find between-group
differences.

Both central and peripheral mechanisms have been put forward to explain impaired re-
distribution of back muscle activity [70]. Motor adaptations to acute pain that are driven by
the nervous system are thought to protect body tissues from potential or actual injury [71].
Although it is not exactly clear why these adaptations may persist when protection is no
longer necessary in the absence of nociceptive pain, pain-related psychological factors may
play a role in this process [71,72]. Preliminary evidence supports a potential relationship
with psychological features—spatial redistribution of erector spinae is less in patients with
acute LBP [73] and was decreased during a repetitive lifting task in pain-free persons who
perceived this task as more harmful [57]. Alternatively, redistribution of muscle activity
may be hampered in patients with structural changes in the back muscles, such as increased
fatty infiltration, fibrosis or fast-twitch muscle fibres [70]. These changes in muscle quality
would be expected to increase metabolic demand and accelerate fatigue [15], and as these
changes are more profound in caudal lumbar regions this might underlie the more cranial
and less distributed activity.

In summary, individuals with CLBP appear to activate different and less diffuse areas
of the back muscles during fatiguing tasks compared to pain-free controls. As impairments
in spatial (re)distribution of erector spinae activity have been associated with pain and
fatigue, these features could possibly be a potential treatment target [60].

2.3.3. Back Muscle Strength and Endurance

In their review, Steele et al. (2014) concluded that patients with (chronic) LBP have
decreased lumbar extensor strength and endurance [74]. This has been confirmed by
the recent literature [63,75–87]. However, this is not supported by all studies and the
effect sizes of differences between individuals with and without CLBP are variable [86–88].
Although this may be partly due to variations in assessment protocols, such as differences in
participant positioning (e.g., sit vs. stance) or type of exercise (e.g., isometric vs. isokinetic),
this variability in between-group effect sizes is also observed when the same testing
protocols are used. For example, small to very large effect sizes in differences in back
muscle endurance have been reported between patients with CLBP and pain-free persons
when measured with the Biering–Sorensen test [87,89]. Large variability is also present
between results from studies using the same (or very similar) testing protocols in the same
population. For example, time to failure during the Biering–Sorensen test in pain-free
persons has been reported to range between 78 and 221 s [90,91], while in patients with
CLBP, time to failure ranges between 39 and 144 s [84,90]. This variation is not unexpected
as it would be naïve to assume that all patients with this highly heterogeneous condition
would present in a similar manner. Many features can account for the variation.

Besides demographic (e.g., age or sex) and anthropometric (e.g., BMI) variables, it
has frequently been suggested that pain-related psychological factors may substantially
contribute to the variability in muscle strength and endurance in patients with CLBP [92].
For example, patients with higher levels of fear of movement may terminate the test
prematurely; in a simple manner, this might relate to a belief that the task might cause
pain or injury. Contrary to this hypothesis, a recent meta-analysis only found very small
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associations between pain-related psychological factors and muscle strength and endurance
tests in patients with CLBP [93]. However, this might not tell the whole story—pain-related
psychological factors are typically assessed using generic self-report measures, such as
the Tampa Scale for Kinesiophobia [94,95] and these generic measures do not capture a
patient’s beliefs regarding specific activities or tasks [94]. It is plausible that muscle strength
and endurance may be better predicted by task-specific psychological assessments instead
of generic questionnaires, as has been shown for other types of movement behaviour (e.g.,
lumbar range of motion) [95,96].

In summary, interpretation of the performance on back muscle strength and endurance
tests of an individual patient with CLBP is challenging. Interpretation is confounded by the
many different methods to assess back muscle strength and endurance [74,97,98], variation
in the patients’ functional demands (e.g., physical job requirements), and the capacity of
muscles outside the lumbar region (hip or thoracic extensor muscles) to contribute to test
performance [74,99]. With respect to this latter point—some studies report that performance
on the Biering–Sorensen test is determined by fatigue of the hip extensor muscles [100,101].
Since dysfunctions in back muscle strength and endurance are common in patients with
CLBP, these aspects require assessment. Yet, test results need to be interpreted carefully,
keeping in mind potential confounding.

2.4. Potential for Exercise Therapy to Address Back Muscle Dysfunctions

The literature summarized above supports the justification for consideration of the
changes in structure and function of the back muscles as a component of a multifactorial
program for the management of back pain. Addressing muscle changes in CLBP may
involve strategies to reduce excessive protection, often involving overactivation of the more
superficial erector spinae muscles, while also improving the function and structure of the
deeper muscles, including the multifidus. Assessments of many aspects are likely to be
necessary to identify the range of features that are critical to address in LBP treatment.
These include, but are not limited to, assessments of movements [102], posture [103],
psychological factors [94], and pain characteristics [10] to identify the specific aspects that
need attention.

Specific exercises can improve the impaired back muscle functions that are targeted
during treatment [104–106]. Although many studies have investigated muscle endurance
and strength outcomes, there is also evidence that specific sensorimotor control training
can change muscle recruitment of the back muscles [107].

Evidence of the impact of exercise for structural changes in back muscles is incomplete.
Some evidence confirms the capacity of exercise to restore muscle size [108], and muscle
fibrosis can be reduced by physical exercise in animals [109]. A recent systematic review
concluded that the very limited evidence that is available suggests that fatty infiltration in
back muscles might not be reversible with exercise therapy [110]. Interpretation of these
data is not straightforward; the exercise programs used in some of the few available studies
may have been too short and used insufficient loads to achieve structural changes [110],
and whether the affected muscles were actually recruited during the training tasks was
not addressed. Restoring fatty and fibrotic changes in muscle structure would likely re-
quire resistance training and be preceded by exercise to ensure adequate engagement of
the affected muscles during the training tasks. Failure of a 16-week (3x/week; 6–10 RM)
program of resistance training to reduce fatty infiltration at the lower lumbar spine (L5-S1)
might relate to failure to engage these muscle areas in the training task [111]. In chronic
LBP, it has also been shown that low-load motor control training alone is insufficient to
restore muscle CSA [112], but combining it with controlled progressive overload training
after low-load training can promote hypertrophy in the multifidus and reduce pain and
disability [108]. This finding is supported by a more recent systematic review [113]. Consid-
ering the reduced proportion of type I muscle fibres in a subgroup of patients, endurance
training may also be necessary. It is plausible to speculate that training for chronic LBP
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should initially focus on activation patterns tailored to individual adaptations, followed by
resistance training for strength and endurance.

In conclusion, there is clear evidence that specific exercises can improve back muscle
strength and endurance, and some studies also show that specific sensorimotor control
training can change back muscle recruitment. The picture is less clear regarding the impact
of exercise therapy on muscle structure, which may partly be explained by methodological
limitations of the current literature. Exercise programmes of longer duration that initially
focus on adequate muscle recruitment strategies followed by resistance training may be
necessary to achieve changes in muscle structure.

2.5. Changes in Back Muscle Function and Clinical Parameters

Given the observed dysfunctions in patients with CLBP, lumbar back muscles are
often targeted during exercise programmes. Because these exercise programmes typically
lead to improvements in the targeted muscle-related (e.g., strength) and clinical (e.g.,
pain and disability) parameters [105,106,114], it is tempting to hypothesise that there is a
causal relationship between these two. Although plausible, it remains unclear whether
improvements in clinical parameters are contingent upon changes in lumbar back muscle
function [115–119]. For example, Wong et al. (2014) concluded in their systematic review
that the relationship between changes in multifidus (function) and clinical improvements
are uncertain [115], although it must be acknowledged that many of the included studies
used measures that lacked the capacity to evaluate the activation of the deep portion
of the muscle. A systematic review by Steiger et al. (2012) showed that improvements
in trunk extension strength were not associated with reductions in pain intensity and
disability [116]. Again, the issue might be the lack of specificity of measures, as when
the analysis is restricted to studies that evaluated lumbar extensor strength in isolation,
positive correlations were found [120].

Various limitations of clinical studies require consideration when interpreting their
results. First, clinical trials often do not consider the heterogeneity of the CLBP population.
There is mounting evidence that patients with nociplastic pain (i.e., pain related to abnormal
processing of nociceptive information [121]) or unhelpful beliefs (e.g., fear of movement)
do not respond well to specific exercise therapy, such as muscle strengthening or motor
control training [122–125]. Although these patients might achieve improvements in muscle
function, this is unlikely to translate to clinical improvements [10].

Second, clinical trials typically assess movement behaviour (e.g., kinematics or muscle
activity) in a generic manner, irrespective of patient presentation. If the movements and
muscle-function parameters relevant for the individual patient are not considered, the rela-
tionships between changes in muscle function and clinical parameters are less likely to be
observed [119,126]. In this respect, a systematic review by Wernli et al. (2020) showed that
relationships between changes in movement behaviour and pain or disability in patients
with LBP were only found in 31% of the comparisons in clinical trials [127]. In contrast, a
different systematic review including only single-case designs—using more individualised
measures—reported such relationships in 72% of the comparisons [126]. Although most
studies have only assessed kinematic parameters (e.g., ROM), the few available case-studies
assessing changes in back muscle activity in an individual manner also found relationships
with clinical improvements [117,126]. An individualised approach may potentially lead to
new insights regarding the relationships with clinical improvements.

In summary, there remains uncertainty whether changes in back muscle function after
an exercise program are causally related to clinical improvements. Evaluating the impact of
treatment by using assessments tailored to the individual patient is worthy of investigation
and likely to provide a more promising investigation of the question.

176



J. Clin. Med. 2023, 12, 5510

3. Framework for an Individualised Approach to Back Muscle Training in Patients
with CLBP

This section provides a framework for consideration of how back muscle training
might be included in a comprehensive management plan for individuals with CLBP. An
overview is provided in Figure 2.

 

Figure 2. Overview of integrated framework for an individualised approach to back muscle training
in patients with CLBP.

3.1. Take the Heterogeneity of the CLBP Population into Account

Although exercise therapy is effective in reducing pain and disability in patients
with CLBP, effect sizes are modest at best and not all patients respond well to specific
exercises [114,128]. Moreover, systematic reviews typically show that one type of exercise
therapy is not superior to another [114,128]. An important limitation of many clinical trials
is that they provide exercise therapy in a non-individualised manner, failing to take into
account the heterogeneity of the CLBP population [123]. A major challenge is thus to target
patients who are likely to benefit from a particular treatment.
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There is increasing evidence that specific exercise therapy—i.e., sensorimotor con-
trol, muscle endurance and strength training—that focuses on changing how a patient
uses their body and loads the spine is less effective for patients with strong unhelpful
beliefs (e.g., fear of movement) or clear nociplastic pain characteristics [122–125,129,130]
than for those with nociceptive pain (see below) [10]. For the former type of patients,
other treatments such as cognitive behavioural therapy (e.g., exposure therapy in vivo
to tackle avoidance behaviour) or more general exercises (e.g., aerobic activities) may be
recommended [94,124,125,131–133]. In that case, encouraging a patient to get back to func-
tion despite their pain and regardless of how they move might be most critical (although
avoidance behaviour should be addressed). While it could eventually be useful to inte-
grate more specific exercises into these programmes (e.g., to address deconditioning), it is
unlikely that this would be an effective target in the initial stages of the therapy.

Specific exercises targeting the back muscles are probably more effective for patients
with CLBP of predominantly nociceptive origin [122]. These patients have more localised
pain with relatively clear patterns of provocation and reduction with specific postures
and movements [134,135]. The premise is that suboptimal loading of spinal structures
can be a cause of ongoing nociceptive input in many of these patients and a mechanism
for the persistence of their CLBP. For individuals where this is related to postures and
movements that involve activation of back extensors, addressing back muscle dysfunctions
through specific exercise therapy has the potential to impact pain and disability secondary
to optimised spinal loading [10]. This remains hypothetical and the exact mechanisms
via which specific exercise therapy works are still largely unknown and are likely to be
multifactorial [136].

Of note, within the subgroup of patients with nociceptive CLBP there is a large
heterogeneity in clinical presentation and in back muscle dysfunctions. For instance,
whether back muscles have high or low activity depends on clinical features of back pain,
such as whether their pain is provoked by sitting in lumbar extension or flexion [103]. It
would be expected that training to enhance back muscle structure and function would only
be relevant for those who have clinical features that imply impaired structure and function
and their relationship to pain provocation. Individualising exercise interventions based on a
comprehensive patient history and clinical examination is paramount. A careful evaluation
of the (painful) activities will guide treatment choices. For example, the modalities of
back muscle endurance training can be different for patients who need to perform many
repetitive flexion movements versus those who need to be able to maintain prolonged static
semi-flex positions. In other words, effects of training are likely to be larger if treatments
address features the patient lacks for participation in valued life activities.

In summary, a critical first step in designing an intervention that includes consideration
of the back muscles is to critically judge the potential pain mechanisms that might explain
a patient’s pain. If nociceptive pain mechanisms are expected, then careful consideration of
the patient’s presenting movement, posture, and back muscle structure would be relevant.

3.2. Balancing Load and Load Capacity

In order to balance spinal loading and load capacity, patients with CLBP are often
given advice and exercises that aim to protect the back and reduce spinal loading [137]. For
example, they are taught to avoid sitting or lifting with a bent back. Although strategies to
reduce spinal loading may be appropriate, it is critical that this does not lead to unhelpful
beliefs such as ‘my back is fragile and needs protection’. These types of messages from
health care practitioners are an important way for patients with LBP to acquire such
unhelpful beliefs [137,138].

As there is evidence that many patients with CLBP have reduced back muscle strength
and endurance [74,97] and that changes in muscle structure might require loading to be
changed [108], therapists should aim to train with loads sufficient to induce strength and
endurance improvement. Although load is unlikely to be harmful, it might be painful.
Teaching patients to modify their movement prior to loading might be required. Increasing
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the load capacity is essential for functional reintegration, as many daily life, leisure and
job-related activities require repetitive or prolonged muscle contractions. A careful analysis
of these requirements can guide decision making during therapy.

It is important to be aware that higher-load exercises might provoke transient back
pain, and this is an important reason for patients to stop exercising [139,140]. Perfor-
mance during strength exercises could also be impaired when patients expect them to be
painful [93]. Pain education prior to participation in a (high-load) exercise programme may
be helpful to remove barriers that may negatively affect adherence [141].

3.3. Sensorimotor Control Training

Earlier observations of structural and functional changes in the (deep) multifidus led
to the development of specific sensorimotor control exercises targeting this muscle [37].
During these exercises, patients cognitively activate the (deep) lumbar multifidus indepen-
dently from other back muscles [107]. It has been shown that changes in motor coordination
could be reversed by these specific exercises, while this was not the case for simple back
extensions activating all back muscles in a non-specific way [107]. Consequently, specific
sensorimotor training of the multifidus has been advocated for patients with CLBP [12].
Although some have questioned whether such a specific approach is necessary because
specific sensorimotor control exercises are not superior to general exercises to reduce pain
and disability in patients with CLBP [142], other data suggest that this type of training
might be more successful than general exercise when applied to patients with a consistent
relationship between movements and pain (i.e., nociceptive type pain) [122]. This requires
further investigation.

It is logical that an exercise programme should target multiple components (e.g.,
sensorimotor control and muscle strength) and multiple muscles when appropriate. When
sensorimotor control impairments are present, it may be recommended to integrate selective
activation exercises of the multifidus in the initial stages of therapy. This can restore muscle
activation patterns at the lower lumbar spine [107], which in turn might help to engage
more caudal regions of the back extensor muscles during fatiguing exercises. This is
highly relevant, because patients with CLBP activate more cranial regions of the back
extensor muscles during these tasks [61–64], resulting in earlier fatigue [63] and increased
pain [59,65]. However, whether sensorimotor control exercises can affect spatial distribution
of back muscle activity is unknown.

Once adequate sensorimotor control of the multifidus is achieved during selective
activation exercises, it is unlikely to be necessary to continue to focus on this aspect and
to transition to more functional training. Changes in muscle activation patterns obtained
during selective training are likely to transfer to other activities [107]. Motor learning also
needs to progress from an initial cognitive stage to more autonomous stages. A concern is
that some individuals might become hypervigilant about the movements of their lower
back as this may lead to unwanted protective movement behaviour [143].

3.4. Directed to Functional Integration

Analytical (non-functional) back muscle exercises can be useful when motor coor-
dination is impaired or when the load capacity of the spine is low. In the last condition,
analytical machine-based resistance exercises can be useful to create controlled overload
in safe conditions in function of strength or endurance training [106]. However, training
and rehabilitation should always be function-oriented. Therefore, we should, not hastily,
but as soon as possible, start exercising in function of daily load and activities. In other
words, training should integrate exercises into functional activities that are relevant for the
individual patient and align exercise modalities with patient needs, as this allows for a
better transfer of training effects.

Functional integration requires detailed assessment of the specific needs of a patient.
This includes the functional evaluation of painful or frequently performed activities and
adopted postures, with specific attention to habitual movement behaviour (for detailed
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description see [144]). The conclusions of this analysis should be translated to the choice of
exercise modalities to individualise treatment. Examples include adaptation of movement
speed, choice of functional positions, introduction of functional arm or leg movements,
emphasis on static postures or dynamic movements, increased number of repetitions or
introduction of dual cognitive tasks.

3.5. Integration of Back Muscle Training into a Multidimensional Treatment Plan

Although interventions that are limited to back muscle exercises have been shown
to improve pain and disability [106], it is unlikely that this is ideal and that integration
into a multidimensional treatment plan is likely to be more successful. There are multiple
dimensions to consider.

Other physical aspects contributing to a patient’s problem should be considered. This
might include training of other muscle groups, proprioceptive and movement coordination
exercises, improving general physical fitness, and changing 24 h movement behaviour.
Obtaining long-term behavioural change is challenging [145], but small adaptations such
as movement breaks to interrupt static postures might already be useful [146].

Patients with nociceptive CLBP typically do not have a generalised fear of movement,
but they might be afraid of certain activities [94,95]. When introducing functional back mus-
cle exercises, such as lifting loads with a bent back, some patients might be afraid to perform
them because they perceive these tasks as harmful [95]. Although pain education may be
useful, it is often not sufficient to tackle avoidance behaviour [147,148], so principles rooted
in exposure therapy may be necessary to address potential avoidance behaviour [94,131].
By letting patients experience that the expected catastrophe (‘My back will snap during
lifting with a bent back’) does not occur, their expectation will be violated and they can
learn that these activities are safe to perform [149,150]. This will increase confidence in
their ability to perform these activities and it will extinguish avoidance behaviour [149],
which in turn will decrease disability. A recent randomised clinical trial showed that this
approach is superior to general exercise therapy for reducing pain and disability in patients
with chronic spinal pain [151].

It is also likely that many other elements require consideration that will differ between
individuals. This might include consideration of sleep hygiene, stress management, diet,
an many other aspects of an individual’s lifestyle that can relate to pain [152,153]. Patients
require a detailed assessment to guide individualised training.

3.6. Critical Appraisal

Although our framework for an individualised approach to back muscle training
in patients with CLBP is based on the best available evidence, there remains uncertainty
regarding various aspects that require clarification in future research. For example, the
optimal exercise modalities to achieve changes in muscle function and structure are not
always clear, and the relationships between these changes and clinical improvements
require further investigation. Moreover, selecting patients that will benefit from a particular
treatment is challenging given the heterogeneity of the CLBP population. Even within
the subgroup of patients that is more likely to respond well to specific exercise therapy
(i.e., those with dominant nociceptive pain characteristics), large variability in muscle
function impairments is present. Careful analysis of muscle function is thus essential,
yet not straightforward, especially in clinical settings where specialized equipment (e.g.,
electromyography) is often not available. Despite these limitations, the currently proposed
framework provides clinicians with guidance on how to implement specific exercise tailored
to the individual with CLBP.

3.7. Summary

Back muscle training is likely to be most effective if matched to the right patients
and tailored to their needs and presentation. Exercise to target back muscle function and
structure is likely to have its greatest impact on outcomes for patients with nociceptive CLBP.
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Within this heterogeneous group, back muscle dysfunction is not uniform and treatment
plans would depend on findings of thorough patient history and clinical examination.
Specific sensorimotor control exercises at the initial stages of an exercise programme may
be useful to optimise muscle activation patterns, but progression should be made towards
back muscle endurance and strength training. Gradually increasing the load is safe for
most patients and should be encouraged, rather than risking hypervigilance and excessive
protection of the back. Exercises should be integrated into functional movements relevant
for the patient. Because higher load (functional) exercises may cause transient back pain,
education and the application of exposure therapy principles may be necessary to ensure
adequate engagement of the patient. For an optimal outcome, back muscle exercises should
be incorporated into an individualised multidimensional treatment plan.

4. Conclusions

This paper provides an overview of changes in muscle structure and muscle function
in patients with CLBP. The integrated framework proposed for back muscle training in
this population is based on current knowledge. It is essential to acknowledge the large
variability in back muscle dysfunctions between patients with CLBP, and to carefully
interpret their role in the persistence of back problems for the individual person. A
multidimensional approach to low back pain management is likely to be optimal.
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