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A B S T R A C T

Objective: Neuroimaging investigations are critical to provide a more direct assessment of brain disturbances
associated with osteoarthritis (OA)-related pain, and to better understand its pathophysiology to develop new
treatment strategies. This viewpoint aims to summarize the importance of the brain in OA pain.
Method: A European working group on pain in osteoarthritis GO-PAIN (Going Inside Osteoarthritis-related Pain
Phenotyping) has been created to work on a global assessment of the OA-related pain. Relevant scientific literature
was evaluated, summarized and discussed to expose advances in functional brain alterations related-to OA pain.
Results: Findings of neuroimaging studies are highly heterogenous and based on small sample size, but some key
brain alterations associated with OA pain can be identified across experiments. A systematic literature review
conducted by Hall and colleagues (2023) found lower activity, connectivity, and grey matter volume in the right
anterior insula in patients with OA than in healthy controls. Other works also pointed out that activity of specific
brain regions could serve as a potential surrogate biomarker, but several limitations and confounding factors
needs to be addressed.
Conclusions: Brain functional imaging provides opportunities to accurately address an OA-related pain endo-
phenotype. To encompass limitations and fill the gaps from the previous studies, we propose a blueprint for the
next 5 years and stimulate ideas for others working in the field.
1. Osteoarthritis-related pain: from the joint to the brain

Pain is the main symptom reported by people with osteoarthritis
(OA), driving poor quality of life and providing the main driver to seek
care. Since treatment of OA is currently symptom-focused, OA-related
pain orchestrates therapeutic decision-making. Despite this, the mecha-
nisms underlying OA pain remain poorly understood.

Conventionally, pain in humans is assessed using visual analogue
scales (VAS) or numeric rating scales, or combined algo-functional
patient-reported outcomes (PROs). Such tools are easy to use but
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are not able to discriminate the complexity encompassed by this
symptom. Indeed, OA-related pain combines several mechanisms
that include pain sensitization, nociceptive, inflammatory and
neuropathic pain and may be influenced by psychosocial comor-
bidities and socioeconomic circumstances [1,2], but also immune
alterations, hormonal changes, sleep impairments, and (epi)genetic
features. Nociceptive pain is classically due to non-neural joint tis-
sue damage, and joint imaging studies have emphasized the prom-
inent role of innervated tissues such as synovium and subchondral
bone [1].
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Inflammation is a key feature of OA-related pain (see for review
[3]). Experimental data have shown that subchondral bone, cartilage
and synovium can be the source of inflammatory mediators implicated
in the initiation and perpetuation of the OA process and illustrating
the “whole-joint disease” concept (see Ref. [4] for details). Beside
inflammatory pain, several works have also pointed out that neuro-
pathic pain may also occur at least in a subset of the OA population
and its precise mechanism is not clear [5]. In contrast to inflammatory
or nociceptive pain, which is caused by actual tissue damage or
potentially tissue-damaging stimuli, neuropathic pain is therefore
produced by damage to the peripheral or the central somatosensory
nervous system. Some people with knee OA use descriptors such as
burning, tingling, numbness, and pins and needles to characterize
their knee symptoms. Such descriptors suggest that neuropathic pain
may contribute to the OA pain experience, although specific nerve
lesions in the somatosensory system are not always clearly identified
leading to the use of the term “neuropathic-like pain”. Both a lesion or
disease confirmed with a diagnostic test like electroneuromyography
or MRI, and sensory signs related to the area that this lesioned
structure innervates are necessary to confirm definite neuropathic
pain.
Fig. 1. Direct and indirect brain disturbances assessments associated with OA-r
with questionnaires such as the Western Ontario and McMaster Universities Arthrit
questionnaires to identify pain phenotypes including the Central Sensitization Inve
neuropathic component assessed by the PainDetect and DN4 questionnaires. ii/Quant
activity state include: iv/Functional and anatomical MRI; v/Single-photon emission
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In this sense, a few years ago was introduced the definition of noci-
plastic pain (i.e., pain that arises from altered nociception despite no clear
evidence of actual tissue damage or lesion of the somatosensory system).
One could argue that a part of the pain suggested to be neuropathic in the
OA studies conducted at an earlier timepoint may be rather nociplastic.
Nociplastic pain involves central sensitization due to neuroplastic changes
in the nervous system in OA. Pain sensitization refers to pain induced by a
non-painful stimulus (allodynia) or increased pain from as stimulus that
normally provokes pain (hyperalgesia), with an enlarged painful area and
longer duration of pain. In this phenomenon, central painmechanisms are
disturbed and characterized by an imbalance in the descending pain
modulation pathway, including enhanced activity of pain facilitator, and
loss of pain inhibitory circuits. Quantitative sensory testing (QST)
measuring pain thresholds in various situations is used to identify the pain
sensitization process, involved in thewidespread pain phenomenon inOA
andwhose presence represents a critical component in post-operativepain
following joint replacement [6]. However, QST provides only indirect
clues to brain involvement in OA-related pain, while cerebrospinal fluid
analysis, for example, is not easily feasible (Fig. 1).

Since the joint pain signal is processed by the nervous system from the
peripheral nerves to the brain, feasible, non-invasive neuroimaging
elated pain. Indirect measurements include: i/Patient-Reported Outcome (PRO)
is Index (WOMAC) used in the evaluation of hip and knee OA; and composite
ntory - CSI; Intermittent and Constant Osteoarthritis Pain score – ICOAP; the
itative Sensory Testing (QST); and iii/Biomarkers. Direct measurements of brain
computed tomography or CT scan; and vi/electroencephalography (EEG).
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investigations are critical to provide a more direct assessment of brain
disturbances associated with OA-related pain. Several neuroimaging and
electrophysiological studies have shown that both neural and glial ele-
ments in sensory cortex, hypothalamus and midbrain, together with the
dorsal horn of the spinal cord, show changes of central sensitization that
modulate afferent nociceptive input and contribute to chronic pain in
OA. The European multidisciplinary working group GO-PAIN (Going
Inside Osteoarthritis-related Pain Phenotyping) has been launched to
work on a global approach of the OA-related pain. A subcommittee from
GO-PAIN, including 2 neuroscientists specialized in pain neuroimaging
and 4 rheumatologists reviewed the available literature on brain neu-
roimaging in OA to provide a state-of-the-art view, discussion about
current knowledge as well as field of improvement.

2. Brain imaging tests for chronic pain

Neuroimaging approaches such as MRI, positron emission tomogra-
phy, single photon emission computed tomography (SPECT/CT), elec-
troencephalography (EEG) and magnetoencephalography (MEG), are
widely considered to have potential for diagnosis, stratification, and/or
prediction of treatment outcomes in patients with chronic pain [7]
including OA (Fig. 1). These non-invasive imaging technologies are used
to produce three-dimensional detailed anatomical images of brain
structures (e.g., T1-weighted MRI scans enable quantification of grey
matter (GM) volume and cortical thickness (CT), and to determine
changes in brain “activation” (i.e., fluctuation of BOLD – blood--
oxygen-level dependent-signal in functional MRI) or “connectivity” between
two brain regions (i.e., degree of synchronicity between different brain
regions' activity) or at the level of groups of regions (e.g., network
analysis) during various cognitive tasks. Such data offers advances in the
understanding of brain organization and for assessing both structural and
functional neurological status in relation with a disease or pain symptom.

Seminal works in brain imaging have illustrated that the process of
subjective perception of pain (including sensory, affective and cognitive
processes) involves the coordinated activation of multiple brain regions
interacting dynamically [8], and is topologically organized in brain
networks rather than a fixed arrangement of structures [9]. Brain regions
of the so-called "pain matrix or network" are activated sequentially dur-
ing the pain experience of pain [10]. The first brain activations associated
with a pain stimulation mainly involved the posterior operculo-insular,
mid cingulate cortex and the parietal sensory areas. This set of brain
regions process raw nociceptive inputs from the ascending somatosen-
sory pathway and the thalamus, but alone are not sufficient to sustain the
conscious perception of pain. The involvement of higher-order set of
regions belonging to cerebral networks outside this “nociceptive matrix”
is crucial for nociception to become pain [8]. Second-order interactions
link the raw sensory information with stimulus salience and motor con-
trol (I.e., primary and supplementary motor areas), pivotal areas in this
task are the anterior insula and mid-anterior cingulate regions. The third
order interactions link these sensorimotors and salience networks with
brain structures that support high-level cognition and control including
pain re-evaluation in prefrontal (e.g., orbito and dorso lateral prefrontal
cortex) and posterior parietal regions (e.g., posterior cingulate cortex and
precuneus. Limbic structure such as the amygdala-hippocampus regions
are engaged early and encoding and is believed to be involved in the
retrieval of emotionally charged memories associated with pain
perception. The organization of these brain regions support the full-on
conscious experience of pain [9,10].

Evidence supporting structural and functional changes in these brain
networks in patients with chronic pain is mounting [11]. MRI measures
of brain function that demonstrate aberrant pain mechanisms have
shown the ability to classify individuals into unique brain activity maps
associated with distinct chronic pain conditions [12]. Baliki and collab-
orators (2011), used structural brain MRI and illustrated that chronic
back pain, complex regional pain syndrome and knee OA exhibited
distinct grey matter density alterations compared to healthy control
3

group. Decreased GM density in OA was localized to portions of the
insula and mid anterior cingulate cortex in addition to the hippocampus,
paracentral lobule and regions of the inferior temporal cortex. There is
large overlapping between the three brain maps but also unique partic-
ularities that may be useful to identify subpopulations of patient and may
contribute to the prediction of treatment such as ketamine therapy
response in neuropathic pain [13]. This reflects the unique maladaptive
physiology of different types of chronic pain and one of the main interests
of using a complimentary neuroimaging approach in future studies in OA,
which encompass a diversity of pain phenotypes.

3. What are the brain imaging data in the context of OA?

With proper methodology, brain imaging may offer objective bio-
markers for OA-related pain and could potentially guide the development
of novel personalized therapeutics or help optimization of use of current
treatments. However, there is a general lack of understanding about how
OA drives cortical changes in the pain circuit beyond joint tissue damage,
and which brain mechanisms are involved in analgesic efficacy.

Some structural neuroimaging studies have identified GM distortions,
distributed across cortical and subcortical structures in OA pain [14].
They mainly reported reduction in GM volume and lower CT in the
anterior insula, thalamus, and mid anterior cingulate cortex [12,15,16].
OA pain has also been associated with widespread functional abnor-
malities in the activity and connectivity of brain networks involved in the
processing and modulation of pain [17,18], without pointing out a spe-
cific set of regions.

In a recent well-conducted systematic literature review, Hall and
colleagues (2023) synthetized results of neuroimaging studies on OA,
including 26 studies [19]. This work has importance because it confirms
the very high heterogeneity in reported results between OA and healthy
controls, but also identifies some consistent key brain alterations asso-
ciated with OA across experiments. Using an exploratory
coordinate-based (Activation Likelihood Estimation- ALE) analysis
including 18 experiments with various imaging methods (both structural
(N ¼ 730 participants) and functional (N ¼ 457 participants) MRI
studies), the authors found significantly lower activity, connectivity, and
GM volume in the right anterior insula in patients with OA than in
healthy controls. Consistent with these findings, the anterior insula was
previously proposed as a key element driving changes in the brain of
chronic OA pain patients [20]. Using graph theory with modular analysis
on resting-state fMRI data, two studies have identified whole-brain
network organization changes including alterations of connectivity in
the anterior insula as well as other areas (para-hippocampal gyrus and
parietal cortices) in OA pain [21,22].

The anterior insula is involved in many processes such as the ability to
sense internal physiological and homeostatic condition of the body
(interoception), but also the emotional experience and subjective feeling
associated with nociception. The potentially lower right insular volume
in OA compared to healthy controls might imply the dysfunction of this
core region in the interoceptive awareness and the emotional context of
sensory experience that contributes to OA pain. It is also well-known that
the anterior insula is highly interconnected with sensory brain areas and
therefore plays a central role in coordinating information on the physical-
somatic nature of a noxious stimulus in the brain [9,23], which is why its
alteration in OA could influence the perception of pain intensity and
concomitant behavioral responses [24]. This interpretation is speculative
and should be interpreted with caution since homogenous and larger
neuroimaging studies are required in OA. However, its control over in-
formation passing between brain pain networks [25] is logically a locus
of vulnerability, as has been reported for several brain disorders
including other chronic pain conditions [26].

The anterior insula from the neuroimaging literature comparing OA
and healthy controls emerged as the most consistently implicated region
and associated with pain intensity. This finding indicate that dysregu-
lated anterior insular activity represents a potential neurofunctional
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maladaptation in OA, but its involvement in the chronicity of OA pain
remains unclear.

Beyond comparison between OA patients and controls, the site of OA
may also influence neuroimaging features: the insula has been implicated
in both knee and hip OA, but hip OA was associated with additional
changes in the medial prefrontal cortex [19]. In addition, some studies
found that the activity and/or connectivity of these two regions (anterior
insula and orbital part of the prefrontal cortex) correlated with pain in-
tensity (VAS) of OA patients [12,19,21,27,28], suggesting that activity of
these two brain regions could serve as a potential surrogate biomarker.
Brain imaging may also serve to decipher the mechanisms involved in
placebo effect in OA: along this line, expectancy may reinforce the
analgesic procedure in OA patients through activation of the medial
prefrontal cortex and anterior cingulate cortex [29]. This contextual
modulation of the pain experience may work through different pathways
depending on the treatment modality, and probably, according to the
pathophysiological states of the participants [30].

There have been several studies examining brain anatomical changes
after joint replacement in OA. Abnormal structural properties of the
brain's limbic circuitry (particularly the amygdala, hippocampus,
together with the thalamus) and brainstem areas (such as the rostral
ventromedial medulla) were associated with pain persistence after total
arthroplasty [31,32]; whereas thalamic volume changes may reverse
after successful arthroplasty and were associated with decreased pain
and increased function [16]. These studies were motivated by the fact
that the neural mechanisms for the persistence of pain after a technically
successful arthroplasty in OA remain unclear. These findings demon-
strate the presence of presurgical subcortical brain factors that relate to
postsurgical persistence of OA pain. They challenge the view that
mechanisms of OA pain predominantly underlie local joint mechanisms,
implying to further include brain assessment to investigate OA pain,
before or after joint replacement, and to improve pain characterization.

4. Effects of treatments on brain activity in OA

Several MRI works have investigated the effect of pharmacological
and non-pharmacological treatments on brain activity in OA. The study
of Lopez-Sol�a et al. (2022) [33] has shown that a single dose of naproxen
reduces the brain activity in the pain neural circuit (“neurological pain
signature”) compared to a placebo injection in OA. In line with previous
studies [34], the effects of naproxen were located in the second so-
matosensory cortex, bilateral insula, basal ganglia, ACC, thalamus and
amygdala [35]. Although these studies provide detailed insight about the
brain regions that weremodulated by naproxen over placebo, they lacked
sufficient statistical power.

For non-pharmaceutical interventions, acupuncture is one of the most
represented approaches. A recent review suggests that acupuncture-
related therapy could regulate some brain regions in patients with knee
OA [36]. Specifically, it showed that activity and connectivity changes
were located in the prefrontal cortex, anterior cingulate cortex, insula,
periaqueductal grey (PAG) and the limbic system including the hippo-
campus were involved in the regulation of OA during verum acupuncture
compared to sham. These findings suggest that the beneficial effect of
acupuncture could have a central impact on pain-related brain regions
including the descending pain control pathway through the ACC, insula
and PAG [37]. Pilot trials are currently investing in MRI the effect of
non-invasive neuromodulation treatments (e.g. Ref. [38]).

Neuroimaging approaches may be used as complimentary measure of
interest in clinical trials in OA to decipher mechanisms of pain alleviation
or to predict the therapeutic response. Such measures are not intended to
replace measures of patient-reported outcomes but rather serve as rele-
vant neurobiological markers to track different outcomes. For example,
physiological markers may be useful to confirm expected pharmacolog-
ical effects on the physiological processes they are intended to target, and
such results can then be used to make early stop/go decisions in clinical
trials.
4

5. What are the limitations in the current evidence?

Although brain imaging techniques have revolutionized the study of
the brain, there are several limitations. A practice issue of neuroimaging
is its economic costs and constraints on their widespread implementation
in clinical settings. Brain imaging is also limited by its ability to capture
only a snapshot of the brain at a particular moment in time, and it is
difficult to capture the dynamic changes that occur in the brain over time.
To encompass this limitation, multimodal neuroimaging at different
brain scale may be recorded using resting-state as well as task-based
experimental designs [39]. It may help to develop composite bio-
markers (see [40]). Brain imaging can also produce false positives caused
by artifacts or noise in the images or by individual variations in brain
structure or function. Therefore, it is mandatory to follow recommen-
dations [7], correct and test for inter-individual differences (e.g., age,
sex, psychological states, etc.).

Despite an increasing number of brain imaging studies in OA-related
pain, most of them compared patients with OA and healthy controls but
did not investigate specific changes between symptomatic and non-
symptomatic OA patients, which could give more precise insights into
brain alterations associated with chronic OA-related pain. In addition,
interpretation of many studies is limited by the heterogeneity of
methods, small sample sizes, and the absence of validation studies.
Furthermore, although some differences have been found between OA
and rheumatoid arthritis or fibromyalgia, the specificity of such brain
disturbances between painful diseases needs to be addressed [41,42].

OA pain patients have also altered pain thresholds in terms of pain
sensitization assessed by QST [6,43]. Neuroimaging arguments indicate
that this central sensitization phenomenon could be associated with a
disruption of central pain inhibitory pathways, including greater acti-
vation in the PAG matter in response to mechanical stimuli [44,45]. The
sensitization phenomenon was also found to be associated with brain
changes extending beyond strict pain-processing regions with enhance-
ment of activity in general sensory, and non-nociceptive brain areas [41,
46]. However, the link between brain changes and clinical readouts
(Fig. 1) such as QST measures or PROs assessing neuropathic or noci-
plastic pain phenotypes in OA has never really been addressed [19].

One challenge in imaging chronic OA pain is also to consider patient
variability (e.g., disease severity in terms of structural damages and
number of OA sites, disease duration, ongoing medication, depression
and anxiety) and factors influencing findings’ specificity such as sex
differences [47]. Unfortunately, their influence has not been studied in
the current literature. For instance, it seems that brain alterations may
change according to sex in murine model of OA [48]. The effects of sex on
brain patterns have been studied in chronic pain and are now considered
a crucial factor to test, but to our knowledge, no specific studies on
human OA have been conducted to date (see for more details [49]).

Recent studies have pointed out factors that may influence brain ac-
tivity such neuroinflammation and sleep quality. Pain-related sleep
interference (insomnia) in patients with OA contributes to enhanced pain
sensitivity, as measured by quantitative sensory testing [50–52]. There is
a close interaction between sensory hypersensitivity and sleep distur-
bances: a single night of total sleep deprivation has been shown to induce
generalized hyperalgesia and increase state anxiety in healthy people
[53], and sleep curtailment impairs endogenous nociceptive-inhibitory
function and increases spontaneous pain [54]. This may ensue a vi-
cious cycle: poor sleep lowers pain thresholds, which then contributes to
hyperalgesia and subsequent increased incidence and/or severity of
insomnia. The vast majority of trials addressing symptomatic knee OA do
not capture sleep measures, and future research should include formal
sleep-centric assessments measured at multiple time points to analyze
sleep dysfunction and its relationship on treatment effects [55].

In patients with knee OA, elevated cerebrospinal fluid levels of 48
proteins, including monocyte chemoattractant protein 1 and interleukin-
8, have been observed, suggesting the presence of neuroinflammation in
these patients [56,57]. Interestingly, seven of the 48 elevated



Table 1
Research agenda for brain imaging investigations in OA-related pain.

(1) Areas for improvement in study design
� Discovery and validation cohorts
� Longitudinal assessment
� Adequate sample size of patient with homogeneous OA conditions
� Adequate comparator group (eg non-painful OA patients instead of healthy con-

trols or OA patients with distinct pain phenotypes)
� Consideration of bias of analysis related to the patients or to the disease (e.g. sex

differences, characteristics of the disease, demographic, medications,
comorbidities, disease severity, diffuse OA)

(2) Neuroimaging improvements
� Improvement of brain neuroimaging techniques (e.g., glial imaging in TEP;

sophisticated approach with multimodal imaging – temporal, spatial and spectral -
to characterize brain networks topological organization and dynamics at multiple
scales in the aim to isolate composite biomarkers)

� Standardization of brain neuroimaging technics across studies
� Use advanced brain imaging approaches such as connectomics, functional brain

ultrasound, deep learning and the ones targeting glial physiology in patients with
OA

� To create a neuroimaging repository of brain imaging data in OA, where pain
researchers can share their data

(3) Scientific questions and perspectives
� To identify brain changes (morphological, functional) associated with specific

pain phenotype in people with OA pain (eg nociceptive vs nociplastic OA pain) or
with central neuroinflammation features

� To identify brain changes related to the number of OA painful joints
� To specifically assess the effect of sex differences on brain neuroimaging
� Evaluating and/or predicting the efficacy of treatments for pain
� Exploring brain-targeting therapies such as non-invasive neuromodulation ther-

apy (efficacy and mechanism of action)
� Implementation of brain neuroimaging in clinical practice to personalize OA pain

management
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cerebrospinal fluid proteins have established neuroprotective effects, and
are associated with lower pain intensity and milder knee-related symp-
toms in patients with knee OA.

All these factors contribute to analysis bias. Moreover, to study the
chronicity of brain disturbances, future studies would also need to
consider longitudinal follow-up, preferably before and after analgesic
treatment.

Beyond these scientific unmet needs, identification of brain-based
markers of OA requires more standardized technological approaches,
higher sample size with large-scale data acquisition across diverse co-
horts and independent group of individuals for validation, and strict
application of standards of evidence [7]. In this way, recent brain
network analysis has shown promising results to reveal the broader
context of network abnormalities due to chronic OA pain in both sexes;
and to identify the set of brain regions that reliably predicted pain in-
tensity in knee OA; this result generalized to hip OA [21].

In conclusion, brain functional imaging provides opportunities to
accurately address an OA-related pain endophenotype [1]. To encompass
limitations and fill the gaps from the previous studies, we propose a
blueprint for the future (Table 1). Functional neuroimaging in-
vestigations will surely improve our understanding of OA-related pain
and could delineate several profiles of painful patients. Nonetheless,
these kinds of investigations will hold relevance only within a compre-
hensive strategy that integrates a multimodal assessment, combining
PROs, joint imaging, QST, patient characteristics and qualitative expe-
rience of pain. Such a challenge is especially relevant, considering the
emerging field of non-invasive brain stimulation (rTMS and tDCS) as a
potential therapy for OA-related pain sensitization [58], that could open
toward implementation of brain imaging in clinical practice to person-
alize therapeutic management.
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