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IN BRIEF:

This perspective highlights the significance of chronic pain, its underpinning biology and the need
for composite biomarker signatures alongside self-report. Combining evidence from animal and
human research spanning genetics through to neuroimaging, we highlight a few key areas of
promise.

What is Pain?

Pain is our body’s alarm system, warning us either of danger in the environment, injury or
the presence of disease. It is necessarily intrinsically unpleasant (hurts) which enables
protection by driving immediate attention, action and adaptive learning. To be effective,
protective pain must be so overpowering that we cannot ignore it. Consequently, it is
intimately linked to negative emotions. Physiologically, it is triggered by the activation of
high threshold primary sensory neurons — the noxious stimulus detecting nociceptors, by
specific transduction machinery in their peripheral terminals (Woolf and Ma, 2007). This is
the nociceptive pain evoked by pin prick, touching something too hot or any potentially
tissue damaging chemical, thermal or mechanical stimulus. Lack of the capacity to
experience nociceptive pain is catastrophic, tips of fingers and toes are damaged, lips and
tongues are mutilated, and life expectancy is reduced, as witnessed in individuals with
congenital insensitivity to pain due to rare recessive gene mutations resulting either in loss
of nociceptors or their functional disruption (Bennett and Woods, 2014).
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Post injury or infection, adaptive processes are engaged both in the peripheral and central
nervous systems (PNS and CNS, respectively) that manifest as an amplification of noxious
inputs resulting in an exaggeration and prolongation of pain (hyperalgesia) due to peripheral
and central sensitization (Hucho and Levine, 2007). Additionally, there is the generation of
hypersensitivity such that normally innocuous inputs now produce pain — the phenomenon
of allodynia - a warm shower becomes painful after sun burn or a skin cut is tender to touch
— this helps drive guarded protection of the injured area until it heals (Latremoliere and
Woolf, 2009). Both nociceptive and acute inflammatory pain and the neurobiological
mechanisms responsible are key then to survival. Treatments that block nociceptive and
inflammatory pain need, therefore, to be used with caution. Elimination of the protective
elements of acute pain are only required temporarily and in a highly controlled fashion, as
for surgery, obstetrics or dentistry. Control of inflammatory pain needs to be a tight balance
between reducing suffering and enabling healing, such as postoperatively or after trauma.
There is a particular challenge though for pain reduction in arthritis patients using either
non-steroidal anti-inflammatory drugs or a promising new treatment with anti-nerve growth
factor antibodies, where pain needs to be managed such that the underlying joint disease is
not worsened by overuse of pain-free but still damaged joints (Denk et al., 2017).

Chronic pathological pain is entirely different from acute nociceptive pain. Chronic pain is
defined clinically as pain that persists beyond normal tissue healing time — normally 3-4
months. This includes chronic inflammatory pain, such as rheumatoid arthritis, neuropathic
pain arising from injury to or disease of the nervous system, such as diabetic painful
neuropathy or post-herpetic neuralgia, and dysfunctional or idiopathic pain, such as
fibromyalgia or irritable bowel syndrome (https://www.iasp-pain.org/terminology). Chronic
pathological pain rarely may also be the consequence of gain-of-function mutations in
voltage-gated sodium ion channels expressed in nociceptors (Bennett and Woods, 2014;
Dib-Hajj et al., 2015). Pathological pain includes conditions where the pain is not signaling
the presence of an ongoing noxious stimulus (i.e. it is not nociceptive) nor ones which are
enabling healing (i.e. not acute inflammatory pain), the pain here is not protective and is
instead pathological. Persistent maladaptive pains are major sources of disability globally
with 1/5 adults fulfilling this definition and a consequential high socioeconomic burden and
cost (~$600 billion per annum in the USA)(10M, 2011). The opioid crisis in the USA is a
stark reminder of the suffering and a need for better non-addictive treatments (HEAL).

Such clinical pain has a complex biology and pathophysiology with multiple diverse
pathways affected. These include abnormal peripheral drivers such as ectopic activity in
injured axons, alterations in transmission and processing in the spinal cord and higher brain
centers due to sensitization, amplification and disinhibition, through to modifications in
perception. Exactly what is responsible for the transition of acute to chronic pain and why
some individuals are more susceptible than others is an area of active research; mitigating
the development of persistent pathological pain by targeting the responsible mechanisms
being the goal.

Figure 1a, b provides a simplified overview of acute and chronic pain pathways and some
mechanisms.
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Chronic Pain as a Symptom or Disease

The recognition that most chronic pain is maladaptive and mechanistically quite different
from acute protective pain has been a major conceptual breakthrough within the pain field.
Nevertheless it is hard to manage chronic pain effectively because the processes in the
nervous system driving the pain are not easily identified and targeted for treatment. Pain in
these circumstances is not a simply a symptom of some distinct disease pathology but rather
the expression of a pathologically functioning nervous system. Of course there are some
conditions, such as osteoarthritis, where there is a primary peripheral pathological driver and
replacement of the joint can ameliorate the chronic pain. However, even here the response to
such interventions is not universally beneficial, as the pain might become centralized in
some patients (De Oliveira Silva et al., 2018; Soni et al., 2018). Furthermore, most effective
treatment of pain (especially its prevention) needs to be not simply symptom suppressing
(switching off the sensation of pain) but rather targeted at the underlying pathophysiological
mechanisms within the nervous system that drive the chronicity, and are, in consequence,
disease-modifying. For example, within the PNS, a local anesthetic that temporalily silences
ectopic activity in an injured nerve is symptom suppressing while one that reduces
expression of those ion channels that drive this pacemaker like activity would be disease
modifying. Within the CNS a short lived inhibition of activity in nociceptive projection
neurons in the spinal cord would be symptom suppressing while one that prevented long
lasting changes in synaptic input strength would be disease modifying. The International
Association for the Study of Pain has recently classified chronic pain for the International
Classification of Diseases (ICD-11) as a disease or symptom, with either chronic primary
pain, such as fibromyalgia where there is no known trigger, or chronic secondary pain, such
as chronic neuropathic pain that develops after a lesion to the nervous system (Treede et al.,
2019). This classification is welcome as it recognizes chronic pain as a disease in its own
right.

So, although we use a single word “pain’, multiple distinct mechanisms contribute to the
generation and maintenance of this complex, multidimensional and subjective experience.
The ACTTION-American Pain Society Pain Taxonomy (AAPT) provides an evidence-based
and multi-dimensional (or composite) approach to classifying chronic pain that attempts to
address the need for mechanism based assessment and treatment (Fillingim et al., 2014). We
similarly argue for an approach where pain is defined by the primary pathophysiological
drivers responsible (Vardeh et al., 2016), as this will help better identify targets for
successful intervention. However, to do this well we need biomarkers of mechanisms.

Composite Biomarker Signatures for Pain

Similar to other complex neurological diseases like Alzheimer’s, it is highly unlikely that
one biomarker will be able to capture ‘pain’ in its entirety. Exploiting advanced analytical
tools like neural networks, artificial intelligence or machine learning algorithms to combine
multiple objective biomarkers into ‘composite pain biomarker signatures’ is more likely to
be successful for understanding pain and developing new treatments (Baskin et al., 2016).
We need to abandon the view that pain categorized as mild, moderate and severe determines
therapeutic choice, to a model where we recognize that the pain patient’s experience is the
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consequence of multiple diverse neurobiological processes each of which offer an
opportunity to be managed differently. We recognize that this is not trivial to achieve. We
must develop therapies (drug, surgical, physical, psychological) that selectively target these
mechanisms, and we must develop objective ways to assess the presence of the mechanisms
and the efficacy of any modulation of them. We need to follow oncology where there has
been a shift from general cytotoxic agents to treatments aimed specifically at the unique
features of the cancer in an individual patient.

In this perspective, we ask the question: are objective biomarkers of pain and the
mechanisms that drive it possible? However, we first need to interrogate why relying solely
on subjective ratings is inadequate for pain assessment and treatment.

The Challenge of Measuring Pain

The International Association for the Study of Pain currently defines pain as “An unpleasant
sensory and emotional experience associated with actual or potential tissue damage, or
described in terms of such damage. ” This definition does not capture the fact that pain may
be both protective and pathological and also misses key features of clinical pain conditions;
that pain may arise either in the absence of any stimulus or in response to a stimulus that
would normally only evoke an innocuous sensation. Finally, it doesn’t readily serve non-
verbal individuals as it requires the experience to be described.

At its simplest, pain comprises two core dimensions of intensity (magnitude) and
unpleasantness (affect). When it comes to clinical pain there are many subjective variants in
how the sensation is described; stabbing, burning, throbbing, pulsing, grinding and shock-
like are but a few examples. Although an enormous amount of effort has been devoted to
examining these pain descriptors, looking, for example, to see if the subjective sense of
burning specifically reflects neuropathic pain, the results are, to date, generally not clear-cut.
Much of how we describe pain is learned, conditioned by our experiences or shaped by our
language and society or clinicians (Bourke, 2014). While report of the presence of pain is
critical, as in duration, periodicity, location and intensity, descriptors are unlikely to share a
simple one-to-one mapping with any underpinning mechanism.

Nonetheless, the standard way to assess the presence and magnitude of pain is to ask a
person to describe it using rating scales and symptom-based questionnaires. For rating scales
the challenge is how variable is an individual’s assessment of their pain — if you rate your
pain at 7 out of 10 today how accurately can you gauge whether your pain tomorrow is
identical or different? Is your worst pain, moreover, the same as someone with a different
genetic, cultural, or environmental upbringing? Pain experiences are also malleable to
various factors, such as mood, context and cognition, making the consequential pain report
both complex and variable even to the same nociceptive input. Neuroimaging (discussed
below) has shown that these factors influence the pain experience and consequent self-report
via different mechanisms to the ones driving the underlying pathology. So, while these
factors are a key part of the multidimensional pain experience their contribution needs to be
distentangled and mechanistically understood; particularly if we want to know what our

Neuron. Author manuscript; available in PMC 2020 March 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tracey et al.

Page 5

therapy is targeting ‘underneath’ the pain experience that is a mixed represention of all these
inputs and influences.

Figure 2a illustrates the common tools we have to measure pain. Figure 2b illustrates how
we measure pain in children and adults ranging from the awake and cognitively able to the
deeply sedated/anaesthetized and cognitively impaired, and Figure 2c illustrates how pain is
measured in animals.

Current attempts to measure pain - Ratings:

For an awake, conscious and cognitively able individual the commonest way to measure
pain is by rating intensity using a visual analogue (VAS), numeric rating (NRS) or verbal
rating scale (VRS) but the sensitivity and robustness/reliability of these measures is low,
even with training (Smith et al., 2016). Subjective ratings alert us to the patient’s report of
the presence of pain — but it can be challenging to verify if the report is genuine or not.
Capturing pain qualities on a range of single-item descriptors is also difficult; therefore,
multidimensional outcome measures are used to try to reveal the mix of sensory and
affective pain components, but they are empirically based and reveal little about the specific
nature or degree of the pain. Helpful disease specific scales have also been developed (e.g.
DN4 and PainDetect for neuropathic pain) and their specificity, sensitivity and reliability is
being validated (Bouhassira et al., 2005; Freynhagen et al., 2006; Haanpaa et al., 2011).

The subjective assessment of pain — whether acute or chronic - can capture if pain is present,
some degree of its severity and duration, and probably most reliably, where anatomically it
feels to be occurring. Additional features of the pain experience can also be captured, such
as if it is spontaneous or evoked, intermittent or continuous, deep or superficial. However,
the presence of pain as a common endpoint tells us very little or arguably nothing about the
presence of the multiple distinct pathologies that can drive pain. One other important issue
with ratings is that high variance leads to reduced assay sensitivity i.e. the ability of a
randomized control trial to detect an active treatment. First identified by Harris and
colleagues (Harris et al., 2005) in a trial studying the effect of milnacipran on fibromyalgia
pain ratings, the effect of high pre-treatment pain variability was found to significantly
predict a treatment response specifically in the placebo arm. Farrar and colleagues (Farrar et
al., 2014) also found the same phenomenon when they analysed clinical trials involving
diabetic neuropathy (n=1226) and peripheral herpetic neuralgia (n=1514) patients. Both
groups suggested that this problem be mitigated by excluding patients that showed the
highest baseline pain rating variability (the top 20-25%) from the trial. It was made clear
that exclusions must be performed prior to randomization into the treatments to avoid
violating internal validity. However, overall, even with these recommendations on how to
manage the variability of pain ratings, we need to recognize that there is something
problematic and too insensitive with how we’re currently measuring pain and relief. As
patient self-report remains the gold-standard, development of more sensitive rating scales
and even ‘composite’ scales combining rating with physical functioning show promise in
this regard (Dworkin et al., 2012; Patel et al., 2018; Smith et al., 2016). However, it’s time
we argue, for an additional strategy.

Neuron. Author manuscript; available in PMC 2020 March 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tracey et al.

Page 6

What if you cannot rate pain - indirect measures to assess pain:

Obviously animals cannot self-report pain, but neither can a baby, a demented elderly
person, an anesthetised or comatose patient. Crying, grimacing and guarding are taken to
reflect pain in non-verbal awake individuals and in animals, but the extent to which they
reflect the /ntensity of the pain is not clear and specificity is low — babies cry also because
they are hungry or uncomfortable. A baby’s inability to verbally report pain poses an
obvious barrier to pain management, and assessing pain in the elderly demented is equally
problematic (Corbett et al., 2012). Responses to noxious stimulation can be quantified
through a variety of behavioural (e.g. reflex withdrawal) and physiological (e.g. rise in heart
rate, fall in oxygen saturation) changes (Moultrie et al., 2017). While such surrogate
measures can guide treatment options, several studies indicate that these underestimate
likely pain experience in infants and possibly contributes to an under-recognition and under-
treatment of infant pain (Jones et al., 2017; Slater et al., 2008). Similarly, using an isolated
forearm test during anaesthesia has led to the recognition that a minority of anesthetized
patients are ‘aware’ and responsive (Pandit et al., 2014) — alerting us to the need for better
measures to assess if these patients are also in pain (Mhuircheartaigh et al., 2013).
Autonomic/physiological changes are commonly used as pain surrogates including heart
rate, pupil dilation, blood pressure, galvanic skin response (GSR) changes and breathing
rate. However, GSR and heart rate variability can, for example, be modified without
changing nociceptive input, simply by altering the threat value or context of the experience
(Leknes et al., 2013). As pain interferes with daily activities, tools thought to measure some
aspect of pain indirectly in awake individuals, include functionality, mobility, frailty,
emotional state and quality of life (Dworkin et al., 2005); however, they may also be
measuring factors such as anxiety or sleep deprivation, so, as with GSR measures,
interpretation requires caution.

In animal research or veterinary practice indirect behavioral or physiological metrics are the
only option to test for presence of pain. Enhanced behaviors, such as: facial grimacing
(Langford et al., 2010 ), licking/guarding paws/flinches and reactions to previously non-
noxious stimuli; inhibited behaviors, such as: burrowing (Andrews et al., 2012), nest
building (Jirkof et al., 2013), wheel running (Cobos et al., 2012); conditioned place
preference (King et al., 2009); rearing activity (Matson et al., 2007); gnawing (Rohrs et al.,
2018); gait (Angeby Moller et al., 2018)) and EEG (LeBlanc et al., 2016) are all used.
However, they are at best surrogates of and not direct measures of pain.

For all these assessments, absence of signs does not necessarily mean absence of pain;
similarly, their presence may also not reflect the experience of pain. Some measures in
animals are closely related to the ethogram of the animal and others are surrogates of human
clinical measures. For translational success preclinical to man, it is important to have metrics
that are also translatable. This is where composite pain biomarkers can help us.

The growing need for biomarkers

Figure 3 illustrates situations where objective biomarkers for pain would benefit society.
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Let’s take the development of new analgesics as an illustrative example. Existing approved
analgesics provide 50% or more pain relief in far less than a third of patients (Breivik et al.,
2013). Many promising new compounds fail to reach the market as analgesics because they
are discarded in early drug development due to a lack of significant reduction in pain in
randomised placebo-controlled trials (Hewitt et al., 2009). Pain relief in the placebo arm—
which is often large— can confound, therefore, potentially valuable, mechanistic, and
pharmacodynamically active analgesic effects of the study drug (Chizh et al., 2009).
Negative expectation may drive a self-report of no analgesia even if the drug has effective
action on a key underpinning mechanism (e.g. attenuating ectopic firing of peripheral nerve,
down-regulating central sensitization, etc) (Bingel et al., 2011). Therefore, there is a clear
need for objective outcome measures of pharmacodynamic efficacy that demonstrate target
engagement and modulation of pain related mechanisms in early patient drug studies. They
provide early confidence that a compound has reached the tissue, for example the brain and
receptor being targeted, and ideally can be used both in preclinical and clinical studies.
Failure of efficacy in the face of proof of target engagement is a better filter for eliminating
targets. We rely on preclinical mechanistic target validation to guide us on the analgesic
potential of novel targets, but we need to note that sometimes the wrong mechanism is
targeted. For example, a program that developed both mechanism-based and target
engagement biomarkers for a compound with some preclinical efficacy yet delivered a major
clinical trial failure, is that of a fatty acid amide hydrolase (FAAH) inhibitor (Huggins et al.,
2012). This showed complete lack of analgesia in a phase 2 clinical trial for osteoarthritis,
despite clear mechanism-based increases in endogenous cannabinoids. Was the wrong
mechanism targeted? Contrasting that is the development of antibody therapies targeting
NGF and its use as a mechanistic based biomarker, as illustrated in Figure 4. This provides
an excellent example of successful translation from preclinical to patients with a treatment
that targets a mechanism relevant to the pathogenesis of chronic pain (Aloe et al., 1992;
Indo, 2001; Lewin et al., 1993; Lowe et al., 1997; Sevcik et al., 2005). Interestingly,
although an immunoaffinity LC-MS/MS assay exists that can measure NGF in healthy
volunteers and also in patients (Neubert et al., 2013), the final piece of the NGF story that is
missing is the formal association of NGF levels in a patient population treated with or
without a blocking antibody and assessment of pain.

What is a biomarker?

A joint FDA-NIH working group (Biomarkers, Endpoints and other Tools — BEST)
identified seven distinct biomarker categories that could be applied across the whole
spectrum of biological research (BEST, 2016). Further, the FDA categorized 4 types of
biomarkers relevant to the development of drugs and biologics: (1) diagnostic, (2)
prognostic, (3) predictive and (4) pharmacodynamic. Therefore, a biomarker is a
characteristic that can be objectively measured and evaluated as an indicator of a normal
biological process, a pathologic process, or pharmacological (and non-pharmacological)
response to a therapeutic intervention. In Table 1, we summarize biomarker definitions and
detail situations where they might be used. Currently there are no clinical biomarkers for
pain approved by the FDA or European Medicines Agency (EMA) for use in analgesic drug
development trials.
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In this perspective, we will not review and assess all potential pain mechanism biomarkers.
Several recent and excellent reviews summarize the possibilities for immunohistochemistry/
skin biopsy (transduction), microneurography (transmission), quantitative sensory testing
(QST) and electroencephalography (EEG)/neuroimaging (perception) as potential pain
biomarkers (Davis et al., 2017; Gasparotti et al., 2017; Smith et al., 2017). Instead, we focus
on a few promising biomarker opportunities and discuss how they might be deployed as part
of a future pain biomarker composite signature.

Neuroimaging Based Biomarkers

Probably the area that has caught most attention as a pain biomarker is neuroimaging. There
is something appealing about supposedly ‘seeing’ pain, which lends itself to being thought
of as an ideal objective biomarker; however, the standard biomarker criteria must be
rigorously applied. Brain imaging is not a surrogate of self-report. In fact, it reveals far more
than just the neural processing underpinning one dimension (e.g. intensity) of pain often
captured in a self-report; it is an activity-dependent correlate of the entire experience
generating countless possible signatures (Tracey and Mantyh, 2007). One early approach by
neuroimagers has been to deconstruct the complex signal of the pain experience into
constituent elements, whether as activity within a network or particular set of brain regions
for subsequent selective diagnostic monitoring or targeting (Ploghaus et al., 1999). Chronic
pain is often accompanied by co-morbidities such as depression, anxiety, catastrophizing,
fatigue, sleep disturbance and poor cognition — and these all contribute to the pain
experience. The relationship, therefore, between a patients” self-report of pain and their
concurrent regional brain activity is complex, and studies mostly using acute pain stimuli in
healthy volunteers have shown how these factors profoundly alter the neural processing of
nociceptive inputs — almost acting as central neural amplifiers or attenuators of the
experience (Berna et al., 2018; Berna et al., 2010; Eippert et al., 2009a; Ploghaus et al.,
2001; Sprenger et al., 2012; Tracey et al., 2002; Vachon-Presseau et al., 2016a; Wiech and
Tracey, 2009). Related, even the analgesic effect measured by self-report, of a defined
concentration of an intravenous dose of the fast-acting mu-opioid, remifentanil, can be
enhanced by positive expectation and obliterated by negative expectation (Bingel et al.,
2011). Such experiments reveal that subjective pain reports are highly malleable and that the
processing of nociceptive inputs is modulated by factors like expectation, anxiety and mood.
We now know that as pain becomes chronic, these influences alongside neural expression of
ongoing, spontaneous or evoked pain in chronic pain patients become yet more important
and complex (Harper et al., 2018a; Hashmi et al., 2013; Vachon-Presseau et al., 2016b). If
we can identify the presence of such modulating influences this would greatly help
assessment of the value of self-report, for example in analgesic efficacy trials.

Neuroimaging Tools in Pain Research

An array of neuroimaging tools are used in the study of acute and chronic pain: functional
magnetic resonance imaging (fMRI) and associated advanced magnetic resonance methods,
such as: spectroscopy, quantitative cerebral blood flow, diffusion imaging for white matter
tract delineation, structural MRI and voxel based morphometric analysis; positron emission
tomography (PET), electroencephalography (EEG) and magnetoencephalography (MEG). A
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growing body of work using EEG/MEG to characterize nociceptive and pain signals exists
but is not discussed further here (see review (Ploner and May, 2017)). Most functional brain
imaging studies use Blood Oxygen Level Dependent (BOLD) imaging and require a phasic
stimulus to elicit a measurable signal. Measuring the brain’s functional response to an
applied noxious stimulus or provoking a clinical symptom, like brush evoked allodynia or a
painful joint squeeze, while producing a painful experience also recruit regions of the brain
contributing to the entire multidimensional experience including attention, fear and anxiety.
While the whole network is a reflection of the multidimensional experience — giving a drug
or providing an intervention that produces changes only in a component of the experience -
may not target those elements related to nociceptive processing or pathogenic mechanisms.
For example, midazolam - a drug targeting anxiety - attenuates brain activity during pain but
this should not be interpreted therefore as ‘analgesic’. A novel paradigm design that
identified brain regions related to pain anticipation/anxiety rather than receipt of nociceptive
afferents (Ploghaus et al., 1999) revealed it was the anticipatory/anxiety related and not
nociceptive brain regions that were preferentially modulated by the drug (Wise et al., 2007).
Other research has further dissected the particular roles brain regions subserve in the
multidimensional pain experience (Woo et al., 2014; Woo et al., 2017). A particular
challenge for brain imagers is that the smallest unit of analysis in fMRI, the voxel, integrates
activity across hundreds of thousands to millions of neurons that have potentially distinct
functional properties. Therefore, there is a “many-to-one” problem when mapping any
sensory percept or psychological process to activity in a particular voxel or cluster. Failure to
grasp this subtlety, coupled with over-reliance on ‘reverse-inference’ (i.e. inferring the
meaning of brain activity in a pain study based upon what is found from another study —
pain related or not) is a real problem and can lead to a lack of apparent reproducibility and
interpretative issues. Nonetheless, meta-analyses reveal consistent results regarding structure
and activity for a range of chronic pain disorders (Dehghan et al., 2016; Huang et al., 2016).
An alternative approach is to relate the entire interconnected network of brain activity,
indirectly assessed using BOLD resting state data (i.e. no exogenous stimulus), as a global
marker of acute and chronic pain, and this might even include response to treatment (Harris
et al., 2013; Kucyi and Davis, 2015; Napadow et al., 2012).

Other neuroimaging areas being developed with potential as biomarkers, include: functional
neuroimaging of the spinal cord (Eippert et al., 2017; Sprenger et al., 2012; Stroman et al.,
2014); and infant pain biomarkers of pain and analgesic efficacy (Moultrie et al., 2017,
Slater et al., 2010). These latter studies demonstrate that pain-related behavioural measures
may underestimate pain experience in infants (Jones et al., 2017).

Here, we will discuss two approaches for developing imaging-based biomarkers: one aimed
at capturing pain perception using a single measurement, and the other aimed at developing
a suite of biomarkers of pathogenic mechanisms, including risk factors for developing
chronic pain (i.e. vulnerability and prognostic). While all these metrics are promising and
have revealed a lot about the neural basis of acute and chronic pain, a concerted effort to
combine these neuroimaging based metrics in disciplined ways for better diagnosis,
prognosis, prediction and pharmacodynamics is how needed.
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Machine-learning to generate biomarkers of pain perception.

Machine learning (ML) exploits the ability of computers to learn from and subsequently
make predictions about data and are being used to identify what pattern or set of regions
predict whether a person experienced pain or not. This approach has the advantage that it
removes the ‘expert’ brain imaging scientist from making an interpretation, which often
relies on the reverse-inference problem detailed above. Remember though, we use reverse-
inference when interpreting a patient’s pain behavior, so it is not a unique problem to brain
imaging data. ML is also useful for solving the problem of overlapping activity within a
single voxel or cluster, because it identifies in spatially separable patterns, the different
responses elicited by different stimuli. What might appear in normal univariate analysis as
one ‘blob’ common to different stimuli or tasks can now be seen using Multi-Variate Pattern
Analyses (MVPA) as having a unique and identifiable spatial pattern ‘under the blob’ for a
specific stimulus (Haynes and Rees, 2006). In the pain field, for example, this has helped
resolve whether somatic, social or empathic/vicarious pain occurs within overlapping brain
regions — which they do not (Krishnan et al., 2016; Woo et al., 2014).

When applied to neuroimaging (functional imaging as well as EEG), MVPA can be used to
detect response patterns associated with a particular subjective feature or experimental
variable (e.g. pain intensity or relief). The data need to be split into: “training” groups, used
to obtain a provisional brain marker and ‘test’ groups, which evaluate predictive accuracy.
Early machine-learning studies in pain relied on single datasets (Brodersen et al., 2012;
Marquand et al., 2010; O’Muircheartaigh et al., 2015), but more recent ones have drawn on
multiple datasets that include a range of pain experiences both from healthy individuals
(Wager et al., 2013) and those subjected to experimental models of pain (e.g. the capsaicin
model of secondary hyperalgesia) and from patients (Duff et al., 2015). Robust regional
networks modulated by analgesics can be identified using this approach from multiple
studies and can be tested for utility as diagnostic, prognostic, predictive and
pharmacodynamic biomarkers. They could also be applied in situations where there is no
self-report (e.g. anesthesia and babies) in conjunction with indirect measures, such as heart
rate, galvanic skin response, pupil dilation, to determine what combination of measures best
reflects the signal revealed by imaging as pain related.

Signatures of pain perception?

Two main networks identified by MVPA are the Neurological Pain Signature (NPS) and
Pain-Analgesic Network (Duff et al., 2015; Wager et al., 2013). For acute nociceptive pain,
the NPS is a distributed pattern of regions that matches commonly reported ‘pain-
processing’ regions in humans and animals and tracks well with the magnitude of pain. For
example, when 2 stimuli are experienced as different in pain intensity by 2 points on a 10-
point numeric rating scale, NPS activity predicts which stimulus is more painful with >90%
accuracy. In addition, the NPS has sensitivity and specificity in distinguishing between
somatic pain and non-painful warmth, pain anticipation, pain recall, or emotionally
evocative images, but is unable to distinguish placebo analgesia (Zunhammer et al., 2018).
As this signature is generated from healthy volunteers experiencing similar and very brief
phasic pain experiences, we need to examine the applicability of the NPS across distinct
types of other acute pain (e.g., heat, cold, mechanical, inflammatory), and research is
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underway to generate new signatures reflective of different chronic pain conditions, such as
fibromyalgia (Lopez-Sola et al., 2017).

Another classification-based protocol has utilized machine learning analysis of several
FMRI analgesic clinical trials to derive neural signatures of pain and analgesic experiences
(Duff et al., 2015). The advantage of these signatures is that they are based on data across a
range of drug classes from chronic pain patients, that from healthy volunteer experimental
models of pain mechanisms and symptoms (central sensitization) and acute pain in healthy
controls. The protocol detects pharmacodynamic effects where a compound shows
consistent effects on brain responses across individuals, and efficacy where the compound’s
effects correspond to an analgesic signature from the classification database. The database
can be used therefore, for assessing novel analgesics. For example, in an independent FMRI
data set (n=24) from a double-blind, randomized, placebo-controlled, three-way crossover
study in a healthy volunteer model of central sensitization (not used in the database and
signature generation), the reduction in the brain response to painful stimuli by gabapentin
could be correctly distinguished from placebo in 79% of individuals (p=0.003) using the
signature. In contrast, responses following ibuprofen (non-efficacious in this model and so a
negative control) could not be distinguished from placebo (45%, p=0.72). In the assessment
for analgesic efficacy, the classifier correctly identified the gabapentin arm in 17 of 24
subjects (p=0.03), whereas for ibuprofen discrimination was below chance (p=0.92).
Specific analgesic compounds may have moreover, distinct signatures; a classifier trained on
an independent study of gabapentin reliably identified gabapentin (p=0.03) while classifiers
trained on studies of the opioid remifentanil failed to identify gabapentin (p=0.5), while
successfully identifying the effects of remifentanil (Wanigasekera, 2018). Such studies
highlight the potential for this approach to aid analgesic drug development in an unbiased
way. Figure 5 illustrates the approach.

Cautionary note about machine-learning approaches in pain: These approaches,
while promising, rely on the self-report to train the classifier (e.g. pain or no pain) and
additional ways to classify training data sets without self-report would be of interest. If a
patient complains of pain and a neuroimaging biomarker confirms its presence, then this
needs to be regarded seriously even if a cause for the pain cannot be defined (e.g. idiopathic
pain). Furthermore, emotional pain is as relevant to the patient and should not be treated as
‘second class’ pain despite being challenging to understand and diagnose. Machine learning
methods that generate emotional pain signatures/biomarkers, provided they have specificity
and sensitivity, would be helpful diagnostically in this regard (Krishnan et al., 2016; Woo et
al., 2014). However, the brain decoding of thoughts, feelings and perceptions, while offering
unprecedented opportunities scientifically (Kragel et al., 2018), might have serious societal
and personal/legal consequences and caution is advised to avoid misuse of such data. For
example what to do if there is no neuroimaging pain biomarker/signature but the patient
complains of pain — should the subjective self-report usurp the imaging data or vice versa?
These precise issues have been discussed by a recent task-force (Davis et al., 2017).
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Neuroimaging based biomarkers of pathogenic mechanisms

Neuroimaging can generate a suite of potential biomarkers of mechanisms driving pain as
verified in preclinical models. Structural, functional and neurochemical changes, particularly
when combined, all have potential as pain biomarkers.

Anatomical changes: changes in gray matter volume (voxel based morphometric
increases and decreases) and abnormalities in white matter and brain connectivity are
observed in individuals with different chronic pain conditions (Apkarian et al., 2004; Tatu et
al., 2018; Wartolowska et al., 2012), with some predictive of the conversion from acute to
chronic back pain (Vachon-Presseau et al., 2016b). However, these anatomical changes
reverse upon resolution of the pain condition, so might relate to co-morbid features that also
resolve upon cessation of pain (Gwilym et al., 2010; Rodriguez-Raecke et al., 2009). The
lack of current specificity of these anatomical changes and lack of any cellular
understanding of what these changes in voxel-based morphometry or white matter
connectivity mean (Sampaio-Baptista and Johansen-Berg, 2017) makes their utility as
biomarkers, at this stage, limited.

Resting networks: Resting state networks are a hallmark of normal brain function (Mitra
and Raichle, 2016) and changes in these might provide markers reflective of a specific pain
state or treatment response, as has been shown for a range of conditions (Becerra et al.,
2014; Ceko et al., 2015; Harper et al., 2018a; Harris et al., 2013; Kucyi and Davis, 2015;
Loggia et al., 2013; Napadow et al., 2012). Nevertheless, it is still unclear how specific these
changes are to the underpinning mechanisms of spontaneous pain.

Neurochemical changes: Proton Magnetic Resonance Spectroscopy (H-MRS) reveals
increased levels of the excitatory neurotransmitter glutamate and decreased concentrations
of the inhibitory neurotransmitter GABA in the posterior insula of fibromyalgia patients
compared to healthy controls (Foerster et al., 2012). They suggest the posterior insula may
be a pain promoting region whose overactivity contributes to the pain syndrome. A
neuropathic pain model in the rat generated similar changes, while increasing insular
glutamate and decreasing GABA levels in non-injured rats resulted in mechanical allodynia
(Watson, 2016). Further, pregabalin reduces aberrant posterior insula glutamate/glutamine
signals in patients with fibromyalgia (Harris et al., 2013).

Imaging tonic pain to reveal potential biomarkers?: Much of the work described
above highlights a dominant role for the insula in pain. Involvement of the dorsal posterior
insula in ongoing pain is supported by the sustained changes in its activity, whose magnitude
correlates with nociceptive input and pain intensity, detected using a novel neuroimaging
technique (arterial spin labeling) that allows for measurement of neural events lasting tens of
minutes (Segerdahl et al., 2015b). Also using an ASL approach, Loggia and colleagues
found an association between the magnitude of self-reported clinical pain and connectivity
between the insula, among other regions, and the default mode resting state network in
chronic pain (Loggia et al., 2013). Discussion of the posterior insula’s role in pain by the
literature illustrates nicely some of the challenges in defining regional activity using
univariate analyses and how new techniques, such as arterial spin labelling, offer different
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opportunities to understand how tonic pain might be represented in the brain — giving us
potentially new biomarker signatures (Davis et al., 2015; Loggia, 2019; Segerdahl et al.,
2015a). While we don’t suggest this region alone encodes pain — recent animal work
highlighting a dominant role for the amygdala in pain unpleasantness, for example, reminds
us of pain’s complexity and requirement to activate many brain regions (Corder et al., 2019)
— several results suggest that this region provides potential as a possible biomarker of
nociceptive drive and pain intensity — especially given: the failure to activate it, unlike most
other pain-related brain regions, by empathy, hypnosis, or recalled pain (Fairhurst et al.,
2012; Raij et al., 2005; Wager et al., 2013); it is part of the NPS and Pain-Analgesic
network; predictive coding identifies its role encoding stimulus intensity (Geuter et al.,
2017); it is not encoding saliency (Horing, 2018); and there is alteration of pain upon
posterior insula modulation (acute and tonic) in animals and humans (Dimov et al., 2018;
Garcia-Larrea and Mauguiere, 2018; Han et al., 2015; Lin et al., 2017).

Descending Pain Modulatory System — brainstem potential biomarker?:

The descending pain modulatory system (DPMS) is a brainstem-subcortical-cortical network
that modulates nociceptive processing in the dorsal horn in a brainstem driven anti- and pro-
nociceptive manner to control nociceptive input to the brain (Basbaum and Fields, 1984).
Preclinical studies reveal that the anti-nociceptive component of the system is protective
against neuropathic pain and the pro-nociceptive arm as contributing to spontaneous pain
and tactile hypersensitivity (De Felice et al., 2011; Wang et al., 2013), including a direct
input from the somatosensory cortex to the dorsal horn (Liu et al., 2018). Neuroimaging in
human volunteers has identified regions of the brainstem that become active during the
development and maintenance of capsaicin-induced central sensitisation and secondary
mechanical hyperalgesia, during somatic and visceral pain, and during post-opioid
hyperalgesia (Lee et al., 2008; Zambreanu et al., 2005). Such altered activity (less inhibition
and more facilitation) has been verified in multiple patient cohorts, such as migraine,
fibromyalgia, osteoarthritic hip and knee pain and most recently diabetic painful neuropathy
(Coulombe et al., 2017; Gwilym et al., 2009; Harper et al., 2018b; Mainero et al., 2011,
Marciszewski et al., 2018; Segerdahl et al., 2018; Soni et al., 2018). Stratifying patients
based upon the presence or absence of descending pain modulatory system involvement may
be a potential biomarker for predicting outcome to treatment/surgery. For example,
osteoarthritis pain patients prior to joint replacement surgery who score high on neuropathic
pain measures show increased facilitation within the brainstem compared to those whose
clinical presentation is more indicative of nociceptive pain — and this was predictive of
surgical outcome (Soni et al., 2018). In our view, the brainstem offers a potentially
interesting biomarker of pathogenic pain and for use in drug development.

Biomarker readouts of pharmacodynamic efficacy versus placebo

Pharmacological neuroimaging is a viable tool in terms of reproducibility, sensitivity and
ability to deliver relevant pharmacodynamic measurements (Wanigasekera et al., 2016; Wise
etal., 2004). It is also used to predict efficacy and treatment response (Harris et al., 2013;
Wanigasekera et al., 2012) and determine whether a drug has action on defined pathologic
mechanisms. Gabapentin, for example, significantly modulates the development of central
sensitisation compared to placebo (lannetti et al., 2005). Activity in the brainstem during
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central sensitisation can differentiate gabapentin versus ibuprofen or placebo with greater
sensitivity than analgesic scores (Wanigasekera et al., 2016). A range of brain and spinal
cord fMRI neuroimaging experiments have identified that placebo analgesia utilizes the
inhibitory arm of the descending pain modulatory system (Eippert et al., 2009a; Eippert et
al., 2009b; Tracey, 2010). Expectation-driven placebo effects are not easy to eliminate since
it is a normal component of any active therapy — as are nocebo (side) effects whose
neurobiology is similarly being elucidated by neuroimaging (Bingel et al., 2011,
Tinnermann et al., 2017). Such effects highlight the problem of measuring
pharmacodynamic efficacy solely by behavioural analgesia. Further, the assumption that
expectation-driven placebo analgesic effects are non-specific and equal in both the drug and
placebo arms is increasingly being questioned (Colagiuri, 2010; Kirsch, 2000), not least
because the neural mechanism driving placebo analgesia might be interfered with by
centrally acting drugs. In a recent study of post-traumatic neuropathic pain patients treated
chronically with pregabalin, tramadol and placebo, we were able to differentiate each arm
using neuroimaging alone; verify that the placebo mechanism was recruited during the
placebo arm by patients and show that the placebo mechanisms was interfered with during
the two drug arms (Wanigasekera et al., 2018). A study in osteoarthritis similarly verifies
imaging’s ability to infer distinct mechanisms in the absence of subjective differences
(Tetreault et al., 2018).

It is clear that by using neuroimaging, placebo-related analgesic mechanisms can be
distinguished from pharmacological-related analgesic mechanisms and, as such, might be
useful in go/no-go decision making during analgesic drug discovery. A further advantage is
that matching studies can be performed cross-species (Becerra et al., 2013; Upadhyay et al.,
2013).

Cautionary note - the Bayesian Brain and Perception

Our assessment on how perceptions are constructed and updated in the brain are beginning
to change. Sensory perception, vision, pain, or touch for example, is an amalgam of inputs
and priors (an internal probalistic model that is updated by neural processing of sensory
information in a manner approximating Bayesian probability) (Edwards et al., 2012; Parr et
al., 2018). A prior might bias the perceptual outcome irrespective of current sensory inflow —
(i.e. model is not updated, normally via a prediction error, by the nociceptive information).
This concept holds true for pain perception (Wiech, 2016; Wiech et al., 2014). This is
important for pain biomarkers because in the presence of pathogenic signal inputs to the
brain, priors might powerfully influence the final perception. So, it is possible that a drug or
treatment might have high efficacy in terms of targeted change in a pathogenic mechanism,
but a subject’s priors might be such that it takes a while for a shift in their pain perception -
creating a discrepancy between efficacy against a mechanism and the patient’s report. So,
subjective ratings might be misleading and decoupled in time from modulation of
underpinning mechanisms. Clearly, this has huge relevance for clinical trial design.

Neuron. Author manuscript; available in PMC 2020 March 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tracey et al.

Page 15

Biobank, Imaging Derived Phenotypes and Polyphenic Imaging for Composite Biomarker
Development:

Combining multiple neuroimaging-based measures of the various pathogenic mechanisms
that each contribute to the overall pain experience will likely provide a ‘composite pain
biomarker’ with greater sensitivity and specificity. This is what is needed and work has
begun. A study used machine learning-based predictions of clinical pain with two types of
neuroimaging (resting state and arterial spin labeling) plus autonomic metrics was recently
published (Lee et al., 2018b). When all three multimodal parameters were combined patient
classification between lower and higher clinical pain intensity states had the best
performance, illustrating the power of a machine learning based composite approach.

In psychiatric conditions and Alzheimer’s disease, combining measures from multiple
modalities (e.g. imaging, genetics, biochemistry, psychological measures) increases
predictive value. For example, combining advanced MRI measures and CSF protein
biomarkers in patients with mild cognitive impairment had 91% accuracy, 85% sensitivity,
96% specificity for predicting conversion to Alzheimer’s disease (Douaud et al., 2013) and a
recent study identified distinct multivariate brain morphological patterns that increased in
predictive value when combined with cognitive and polygenic risk scores in schizophrenia
and bipolar disorders (Doan et al., 2017). Pioneering work predicting acute to chronic pain
conversion is in its infancy due to the challenges and costs of capturing patients early and
following them longitudinally. So far it is limited to patients already in the acute phase of
pain and before converting to chronic pain, or not, but the findings (structural, functional,
genetic) are very promising (Baliki et al., 2012; Vachon-Presseau et al., 2016b).

However, to test hypotheses regarding what brain networks might reflect if a person is
vulnerable or resilient to developing chronic pain (for example, an imbalance in the
brainstem descending pain modulatory system (Denk et al., 2014)), we need to gather data
well before tissue injury, onset of diabetes or exposure to chemotherapy (all of which might
lead to chronic pain) then follow the subjects over time. UK Biobank (imaging component)
aims to address this precise problem for many diseases by acquiring high-quality imaging
data from 100,000 predominantly healthy participants whose health outcomes will be
tracked over several decades. Structural, diffusion and functional imaging modalities are
being collected from the brain, alongside body and cardiac imaging, genetics, lifestyle
measures, biological phenotyping and health records. Discovery of imaging markers at an
early stage of a broad range of diseases, as well as better insight into disease mechanisms, is
the goal and even after the first 5000 participants’ data was released, an impressive range of
associations between imaging derived brain phenotypes (IDPs) and other measures was
realised (Miller et al., 2016). More recently, genome-wide association studies of 3,144
functional and structural brain imaging phenotypes show that many of these IDPs are
heritable (Elliott et al., 2018). More than a 100 areas of the human genome were identified
that influence the brain. As the genetic basis of brain structure is largely unknown, this
newly identified and rich set of genetic effects will greatly help our understanding of the
mechanisms by which the brain develops, functions, becomes damaged by disease and may
heal itself or may enable persistent pathological functioning.

Neuron. Author manuscript; available in PMC 2020 March 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tracey et al.

Page 16

The potential of Biobank is huge, with clear potential to combine polyphenic imaging
derived pain phenotypes with advanced polygenetic biomarkers of pain.

Genetic biomarkers of pain

Although there was, as for most diseases, great excitement in the pain field after the
completion of the full human genome sequence in the early 2000’s, for the potential to
discover genetic drivers of pain, progress in identifying such “pain genes” has been slow and
generally disappointing. This, despite the relatively large heritable component (40-60%)
revealed by multiple twin studies both of pain sensitivity in healthy individuals (Norbury et
al., 2007) and of the pain experienced by patients (Burri et al., 2018; Momi et al., 2015;
Vehof et al., 2014; Visscher et al., 2018). Identification of those genetic variants that
contribute to enhanced pain could potentially both identify/validate novel analgesic targets
and constitute a pain biomarker. What would such a genetic biomarker look like? An
estimate of the degree/nature/extent/duration of the pain likely to be experienced by a
healthy individual in response to a noxious stimulus, the risk of developing pain after a nerve
injury, exposure to cancer chemotherapeutic agents or with diabetes, and its severity, type
and persistence? As well as the likelihood of an analgesic response to defined therapeutic
interventions?

The evaluation of genetic contributors to pain is severely handicapped by the lack of
objective biomarkers of pain, as with all clinical investigations in the field — creating
variable subjective rating phenotypes with which to try to associate gene variants, the
generally small cohorts studied so far, and the difficulty in assessing a familial aspect of
clinical pain if many people in a given family are not exposed to the trigger — e.g. traumatic
nerve injury. Neuroimaging based endophenotypes might help bridge the gap from genetics
to self report (Lee and Tracey, 2013). There has been some success in identifying rare
genetic causes of pain occurring in absence of any pathology, as with gain-of-function
mutations in voltage-gated sodium channels that produce conditions like inherited
erythromyalgia and paroxysmal extreme pain disorder (Kapetis et al., 2017) or in
CACNAI1A in hemiplegic migraine, but there is nothing comparable for common pain
conditions.

It well may be that different gene variants contribute to the pain sensitivity occurring in
response to different classes of stimuli (mechanical/thermal/chemical), to the risk of
developing spontaneous pain and/or allodynia, and in the conversion of acute to chronic
pain. None of these features are currently captured in large cohorts like the UK Biobank,
though that is changing with an enhanced series of questionnaires relating to chronic pain
being released to the 350,000 Biobank participants who have consented to be contacted via
electronic media. This phenotyping is designed to capture a wide range of conditions
including headache, chronic widespread pain/chronic fatigue syndrome, post-surgical pain,
musculoskeletal pain and neuropathic pain.

Perhaps one major contributor to the slow progress in identifying pain-driving genetic
variants has been the assumption that pain risk for different types of pain (e.g. headache,
temporomandibular joint pain, fibromyalgia, diabetic neuropathy) will be monogenic largely
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driven by variants in a single gene. While single gene causes of pain do occur, such
mendelian mutations are extremely rare. In contrast while many common single gene variant
contributors to pain have been identified in multiple typically underpowered GWAS studies
(Veluchamy et al., 2018; Zorina-Lichtenwalter et al., 2016), although a few recent studies
are at last beginning to use larger cohorts (Suri et al., 2018), the effect size is generally
small, and many candidates are non-replicable. Interestingly though, replicated variants do
not seem restricted to one anatomical site or type of pathology (Meloto et al., 2018).

Perhaps we have been looking for the wrong thing? Maybe pain is not driven by variants in a
single gene but rather by a polygenic combinatorial effect of common variants in multiple
differing genes and intronic sites, each with an individually small effect? Such a recognition
is occurring for many common diseases where polygenic risk score analyses are identifying
individuals at high risk of developing type 2 diabetes (Mahajan et al., 2018) and
schizophrenia (Alloza et al., 2018), as well as breast cancer, inflammatory bowel disease and
coronary artery disease where the polygenic risk score has a prevalence 20-fold higher than
rare monogenic mutations with a comparable risk (Khera et al., 2018). This is a game
changer — combinations of many genetic variants can be found that influence susceptibility
to disease in many individuals. One paper so far has defined a polygenic contribution to
migraine (Gormley et al., 2018) and another to chronic pain (Mcintosh et al., 2016).
Identification of polygenic risk scores for pain will require very large cohorts (many 100’s
of thousands) and very well phenotyped patients — but the investment is going to be well
worth it. Furthermore, application of machine learning/deep neural network algorithms to
interrogate gene variants across the whole genome (Sundaram et al., 2018) will enable
identification of complex pain risk “DNA fingerprints” likely to comprise tens of thousands
of variants. We need to embrace this complexity as we move away from just seeking single
base variant causes of pain to the identification of the totality of genetic contributors and
modifiers of pain, which will constitute a true genetic pain biomarker. One that will in due
course embrace epigenetic elements such as DNA methylation from blood, CSF and tissue
samples and of course neuroimaging, and may enable us to identify who is at risk and for
what, how badly and how long.

Such a polygenetic approach will complement efforts described above from UK Biobank
with the next steps to link ‘polyphenic’ imaging with polygenetic information to better
understand complex behavior.

Patient derived neurons as pain biomarkers

There are growing opportunities arising from phenotyping neurons differentiated from
patient derived stem cells (induced pluripotent stem cells, iPSCs) for modeling disease,
screening for treatment options, detecting biomarkers or even for acting as biomarkers of
disease risk in their own right (Gendron et al., 2017; Schrenk-Siemens et al., 2018;
Vadodaria et al., 2018; Wainger et al., 2014; Xu et al., 2018). iPSCs contain of course the
genetic background of the patients but not the epigenetic marks derived from environmental
interaction or the effects of aging. It is now possible to differentiate iPSCs into many defined
types of neurons e.g. nociceptors, cortical and motor neurons although a limitation is that
typically they remain immature. For pain, the capacity to generate human nociceptors from
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stem cell is certainly most promising (Chambers et al., 2012; Eberhardt et al., 2015; Wainger
et al., 2015) especially for studying channelopathies like those arising from Nav1.7
mutations (Yang et al., 2018) where the hyperexcitability phenotype is easy to capture either
electrophysiologically or with calcium reporter readouts. More complex three-dimensional
multicell organoids for modelling cortex (Madhavan et al., 2018; Sloan et al., 2018) and skin
(Lee et al., 2018a) are being developed and offer exciting new ways to study complex non-
cell autonomous phenotypes.

Tremendous effort is being devoted to identifying and measuring phenotypes in stem cell
derived neurons that are relevant to disease. For pain this could include membrane
excitability, intracellular calcium levels, gene expression, membrane trafficking,
mitochondrial function, axonal growth, susceptibility to axon terminal withdrawal,
metabolic activity, post-translational modifications, sensitization of TRP channels and
response to stressors (chemotherapeutic agents/axonal damage/hyperglycemia).

Biomarkers of pain risk could include phenotypic changes indicative of developing
inflammatory pain, painful diabetic neuropathy, chemotherapy induced painful neuropathy
or post-surgical neuropathic pain. For example, if patient derived nociceptors displayed
increased relative excitability to axonal injury or a greater degree of TRPV1 responsiveness
on exposure to inflammatory mediators that may be associated with a risk of neuropathic
pain or peripheral sensitization respectively. Biomarkers of treatment response could include
sensitivity to sodium channel blockers in lines with Nav1.7 gain of function mutations.
Ultimately it may be possible to reconstruct dorsal horn circuits to test relative propensity
for the synaptic mechanisms underlying central sensitization, synaptic facilitation and
disinhibition, as well as strength of descending modulatory inputs. As this space is explored
we need to keep in mind line and batch variations, culture-based artefacts due to karyotypic
abnormalities, the possibility that large numbers of lines will be required to define disease
relevant phenotypes and the advantages of using robotics to minimize variance.

Nevertheless, the future looks promising as we can begin to explore disease mechanisms in
human cells and from patients with defined conditions. This will likely contribute to the
identification of new targets and the capacity to conduct phenotypic screens for analgesic
treatments as well as clinical trials in a dish. If the technology becomes sensitive enough this
could be a major feature of precision pain medicine e.g. screen for the risk of an individual
developing chemotherapy-induced neuropathy on exposure to chemotherapeutic agents and
identify the best treatment options for a patient by measuring response of injured neurons to
range of therapeutics alone or in combination. In the end though, success will of course also
depend on how well the patient from whom the iPSC line was generated, was phenotyped
and for that we need to harness the potential of the mechanism-based biomarkers discussed
in this perspective, as well as improved ways of capturing self-report.

Conclusion:

In this perspective, our aim was to alert the reader to the problem of pain and the complexity
in its measurement across a range of circumstances. Figure 6 summarises our perspective
and suggestions regarding the development of composite pain biomarkers. We challenge the
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notion that self-report using various rating tools is a robust measure, particularly in chronic
pain conditions. As a consequence, objective biomarkers that reflect key underpinning
mechanisms are desperately needed if we are to do things better in terms of analgesic drug
development, diagnosis, patient stratification, and treatment targeting. Fortunately, there are
a range of possible pain biomarkers being developed that span species as well as spatial and
temporal scales. Going forwards consortia that bring these different biomarker groups
together are needed alongside advanced analytical methods that combine the biomarkers in a
supervised manner so that they are diagnostic, prognostic, predictive and pharmacodynamic.
If successful, this truly will herald a new era for determining the presence of pain, assessing
its intensity and underlying pathophysiology and most importantly treating it more
effectively.
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KEY POINTS:

Pain is a subjective sensory experience that can, mostly, be reported, but cannot be
directly measured or quantified. Nevertheless, a suite of biomarkers related to
mechanisms, neural activity and susceptibility, offer the possibility - especially when
used in combination - to produce objective pain-related indicators with the specificity and
sensitivity required for diagnosis, evaluation of risk of developing pain and of analgesic
efficacy. Such composite biomarkers will also provide improved understanding of pain
pathophysiology.
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Figure 1a, b. Mechanisms of acute and chronic pain:
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The normal physiological response to an acute noxious stimulus is depicted in black with the
involvement of A8, and C fiber nociceptors transducing the input from the periphery to the
superficial laminae of the dorsal horn of the spinal cord where they can be modulated. From
the spinal cord, signals are relayed via regions in the brain stem to the brain where pain
emerges as a perception and the sensory and emotional context and learning is applied to
interpret and aid future avoidance of the stimulus. The major classes of chronic pain and the
processes which are believed to lead to chronic pain in susceptible individuals are depicted
in red. During inflammation, while the stimulus e.g. activated immune cells or a skin
incision is present, there exists a status of peripheral sensitization (PS) characterized by
erythema and tenderness to innocuous stimuli, typically heat. PS goes away once the
peripheral pathology resolves. Stimuli activating nociceptors that are noxious, repeated and
sustained e.g. following nerve injury, induce the process of central sensitization (CS) in the
dorsal horn spinal cord. Initially CS is protective and enables the organism to avoid further
injury due to a heightened awareness of its surroundings but at some point CS becomes
pathological. CS produces pain in non-inflamed tissue by co-opting novel inputs e.g. A
fibers, thus mechanical pain is typical of CS and heat pain is more typical of peripheral
sensitization. Recently it has been shown that a subset of corticospinal neurons (CSNs)
known to originate in the primary and secondary somatosensory cortex and to directly
innervate the spinal dorsal horn via CST axons can directly modulate normal and
pathological tactile sensory processing in the spinal cord. Facilitation and descending
inhibition are processes that occur due to different regions of the brain and brainstem
inhibiting or activating (or even disinhibiting) nociceptive inputs to the spinal cord. The
effect can be seen on both mechanical and heat sensations in different forms of chronic pain
and an imbalance in this system (less inhibition, more facilitation) is a key mechanism, as
are changes in the brain’s neurochemistry, structure and functional activity. Shown in green
are the current methodologies that are used to define biomarkers at the particular levels of
nociceptive and pain processing that apply to acute and chronic pain
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Categories for Measuring Pain
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PAIN RELATED MEASUREMENTS IN HUMANS
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Figure 2b. How we currently ‘measure pain’ in humans:
This falls into the following broad categories: (i) self-reports using rating scales/descriptors/

guestionnaires to exogenous stimuli or any ongoing and spontaneous pain; (ii) observed
measures of pain-like behavior; (iii) indirect measures of physiology/autonomic changes. (ii)
currently is subjective and may suffer from cultural and social biases/influences as well as a
lack of sensitivity and specificity but artificial intelligence/machine learning methods may
remove the subjectivity and identify more sensitive components, (iii) are indirect
assessments and make significant assumptions when relating these physiological measures
to the underlying subjective state.
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PAIN RELATED MEASUREMENTS IN ANIMALS
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Figure 2c. How we currently ‘measure pain’ in animals:
Preclinical pain-related categories are shown with increasing complexity from top to bottom.

The vast majority of testing still involves use of exogenously applied thermal and
mechanical stimuli (typically to the plantar surface of the hind paws of rodents) and
reflexive output measures. Other measures of behavior based on choice (avoidance of an
activity or avoidance of an aversive condition) and complex measures of physiological
function are being increasingly introduced. Finally, we anticipate that human observation on
animal behavior will be supplanted by computer-based machine-learning approaches to

identify specific pain-related behaviors, such as facial grimace.
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Figure 3. A need for pain biomarkers:
There are numerous situations that would benefit from the availability of specific, sensitive

and accurate biomarkers for pain. Each of these are in themselves complex areas of
biological science and medicine that require different combinations of the features of
biomarkers listed in Table 1 relative to each other. For example, while routine patient
management would benefit from use of safety and monitoring biomarkers, it would arguably
be of greater benefit for non-verbal patients and neonates for a pharmacodynamic response
biomarker. The consequences of false negative findings from a pain biomarker, include: (1)
trust issues between doctor-patient, employee-patient or family-patient; (2) denial of medical
treatment; (3) mental health, stress, spousal/family issues; (4) financial/insurance and
employment issues; (5) privacy/legal (medical malpractice issues). The consequences of
false positive findings, include: (1) unnecessary, costly, harmful analgesic treatment in non-
communicative patients; (2) human, infrastructure, financial and time resources; (3)
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misunderstanding as a substitute for self-report. These are serious issues to be considered in
the development of any pain biomarker, as has been discussed (Davis et al., 2017).

Neuron. Author manuscript; available in PMC 2020 March 06.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Tracey et al.

Page 37

Increasing level of confidence of NGF as a biomarker of chronic pain

Genetic

In vivo preclinical

Human

e Genetic

Figure 4. Cross species validation of biomarker evaluation:
Nerve growth factor (NGF) has potential as a mechanistic pain biomarker in inflammatory

conditions since its relationship to chronic inflammatory pain translates both across species
and from genetics to therapy. However, for NGF to constitute such a biomarker its

specificity and sensitivity will need to be evaluated and met.
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Pain — Analgesic Signature for Analgesic Drug Discovery
(adapted from Duff et al., Science Translational Medicine2015)
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Figure 5. Machine learning in biomarker development.
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Neurological Pain Signature (NPS)
(adapted from Wager et al., NEJM 2012)

Ilustration of Neurological Pain Signature and Pain-Analgesia Signature for Analgesic drug
development as ‘biomarkers’ currently being developed using machine learning tools and

data from human neuroimaging studies.
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Figure 6.
A Composite Biomarker Signatures for Pain.
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Table 1.

Biomarker Definitions with Present and Future Examples for Pain

Page 40

Type of Biomarker

Definition

Pain Examples (present; future)

Diagnostic To detect or confirm the presence of a disease or condition. QST,; EEG,; intra-epidermal nerve
fibre density;
microneurography; neuroimaging,
Genetics

Monitoring To assess status of a disease or condition or effect of a medical product QST; compound levels in plasma,

by any biomarker that is measured serially.

CSF;

Neuroimaging; EEG; intra-epidermal
nerve fibre density

Pharmacodynamic/

To show that a biological response occurs in an individual exposed to a

QST; neuroimaging; EEG; Changes in

Response medical product. cytokines
Specific mechanistic/biochemical pain
drivers; intra-epidermal nerve fibre
density
Predictive To identify individuals more likely than individuals without the Genetics
biomarker to experience a favourable or unfavourable effect from — - -
exposure to a medical product. Neuroimaging; EEG; intra-epidermal
nerve fibre density
Prognostic To identify likelihood of a clinical event, disease recurrence or Genetics
progression in patients with disease of interest. — - -
Neuroimaging; EEG; intra-epidermal
nerve fibre density
Safety Measured before or after an exposure to a medical product to indicate Treatment related e.g. sedation,

likelihood, presence or extent of toxicity.

tolerance, constipation, respiratory
depression

Neuroimaging; EEG

Susceptibility/Risk

Potential for developing a disease or medical condition

Genetics

Neuroimaging; EEG

Adapted from “BEST (Biomarkers, Endpoints, and other Tools) Resource”, a publication produced by the joint FDA-NIH Biomarker Working
Group, December, 2016 (BEST, 2016)
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