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Abstract

Assessing clinical pain and metrics related to function or quality of life predominantly relies on
patient reported subjective measures. These outcome measures are generally not applicable to the
preclinical setting where early signs pointing to analgesic value of a therapy are sought, thus
introducing difficulties in animal to human translation in pain research. Evaluating brain function
in patients and respective animal model(s) has the potential to characterize mechanisms associated
with pain or pain-related phenotypes and thereby provide a means of laboratory to clinic
translation. This review summarizes the progress made towards understanding of brain function in
clinical and preclinical pain states elucidated using an imaging approach as well as the current
level of validity of translational pain imaging. We hypothesize that neuroimaging can describe the
central representation of pain or pain phenotypes and yields a basis for the development and
selection of clinically relevant animal assays. This approach may increase the probability of
finding meaningful new analgesics that can help satisfy the significant unmet medical needs of
patients.
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Introduction

There are undoubtedly inherent differences and limitations to preclinical pain states in
comparison to clinical pain, which can make laboratory to clinic translation difficult and
confound the overall analgesic drug discovery process. For example, in clinical populations,
chronic pain may be present for months to years and physically disabling, while preclinical
models may harbor pain on the scale of hours to weeks with little to no observable impact on
physical functioning (Figure 1). The poor translation between preclinical and clinical pain
research may also be a consequence of how pain is distinctly assessed between preclinical
and clinical pain states. In many preclinical pain experiments, transient, evoked
somatosensory responses that are largely mediated by the peripheral and spinal segments of
the nervous system are often studied, and these are not representative of or pertinent to many
chronic pain conditions. In order to address this experimental disconnect, a number of
strategies have evolved to evaluate drug effects on chronic pain such as conditioned place
preference (Navratilova et al., 2012; Park et al., 2016), and probing normal rodent behaviors
(Andrews et al., 2011; Muralidharan et al., 2016) including mobility or activity (Ishikawa et
al., 2015; Miyagi et al., 2013). Using these novel approaches (Park et al., 2016; Xie et al.,
2014), the efficacy of known analgesics has been back-translated to the preclinical setting,
but to the best of our knowledge, identification of new analgesic drugs using these strategies
has yet to come to fruition.

Functional brain imaging has emerged as a standalone tool with high potential to unravel the
intricacies of central nervous system (CNS) pain neurobiology and neuropharmacology
(Upadhyay et al., 2013; Zhao et al., 2014). With brain imaging techniques such as functional
magnetic resonance imaging (fMRI), CNS structures and circuits hypothesized to mediate
distinct aspects of pain processing (somatosensory, affective or motivational) and pain
chronification have been characterized. Moreover, fMRI may be used in combination with
other physiological and psychological methods to assess and monitor the evolution and
resolution of acute and chronic pain states in a more holistic manner (Abaei et al., 2016; Xie
et al., 2014). To date, multiple fMRI studies have also quantified central pharmacodynamic
effects of current analgesics (Duff et al., 2015; Upadhyay et al., 2011a; Wager et al., 2013).
The findings stemming from patient characterization and pharmacological fMRI studies
suggest a framework by which central regions of interest are initially and reproducibly
identified as key drivers of a clinical pain state, while subsequent investigations aim to
determine if novel analgesic strategies normalize aberrant brain function in a robust and
dose-dependent manner. Should parallel, functional modulation within the CNS be observed
between a clinical pain cohort and the respective preclinical model(s) of pain, a fundamental
component of a neuroimaging strategy would encompass preceding preclinical fMRI studies
where early indications of a potential analgesic effect may be sought. We propose that fMRI
studies have the potential to help identify the most relevant and valid animal assays (Table 1)
for clinical pain conditions and provide experimental paradigms that could improve
translation and validity of pain and analgesia research (Figure 1).

This review demonstrates the rationale of utilizing brain imaging to improve lab to clinic
translation in pain research. We aim to show the value of fMRI in describing clinical pain
neurobiology, discuss the gaps and limitations in studies to date and consider where and how
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fMRI might project back into the preclinical space with the end goal of enhancing the
discovery of novel analgesics. To meet this aim, an initial synopsis is given of known
commonalities and differences of CNS properties across species as well as a description of
functional responses measured during evoked stimulation in healthy animals and humans. In
the following sections and for multiple clinical indications, we first overview the clinical
phenotypes of a disease state, followed by the corresponding clinical pain imaging literature
for that condition and where available, central properties of preclinical pain models
elucidated with a neuroimaging approach. Clinical pain states reviewed herein were chosen
based on the presence of a substantial body of neuroimaging work highlighting how CNS
function and at times, structure are altered in those conditions. Importantly, pain indications
where translational datasets were not available (i.e., fibromyalgia) were not excluded as such
a gap reflects the need for preclinical to clinical translational neuroimaging studies in these
specific domains. The body of work reviewed herein stems from PubMed searches where
clinical pain conditions were combined with the following terms: ‘brain’, ‘CNS’, ‘pain’,
‘analgesia’, ‘fMRI’, ‘MRI’, ‘neuroimaging’, ‘resting-state’, ‘evoked-pain’, ‘volumetric’,
‘preclinical’, “‘mouse’ or ‘rat’. Moreover, our review only incorporated manuscripts
published in English, while no bounds on the time of publication were implemented.

The Complexity of the Clinical Pain Condition

To pursue the goal of improving the translational process in chronic pain research,
independent of whether neuroimaging is utilized or not, it is believed that current unknowns
and hurdles present in the clinical space must be kept at the forefront. If there are substantial
unknowns regarding the physiological, psychological or behavioral properties causing
chronic, clinical pain, then the parameters that are important to recapitulate and
therapeutically modulate in the preclinical setting can remain equivocal. With this in mind,
we discuss factors that are associated with clinical phenotypic heterogeneity and ambiguity,
which in turn, can pose challenges in translational pain research.

Pain Types and Pain Triggers

Two types of pain that are commonly present across patient populations include spontaneous
pain (also referred to as clinical or ongoing pain) and evoked pain. Spontaneous pain is
defined as pain occurring at rest and is difficult to objectively measure clinically or
preclinically. Further complicating the overall clinical picture is that evoked pain may be
disease-specific and is very often concomitant with spontaneous pain in the same patient.
Depending on the disease population or patient, pain can be evoked by normally benign
daily functions (walking or chewing), changes in environmental factors (temperature) or
psychological factors (emotional stress and anxiety). These pain triggers are associated with
intra-patient and inter-patient variability and impose distinct levels of impact on routine
activities of daily function and quality of life. Given the multiple mechanisms underlying
pain subtypes and the multiple factors that may contribute to a clinical pain condition,
defining parallel processes in preclinical pain experiments is a challenging but important
endeavor.
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Phenotypic Heterogeneity

Although phenotypic descriptions are used clinically, these are at times far from uniform or
diagnostic within a particular pain condition. Even in common chronic pain conditions such
as knee osteoarthritis pain, the individual phenotype varies between patients in terms of the
contributions of peripheral and central pathophysiology, psychological factors and the nature
of disease evolution (Egsgaard et al., 2015; Neogi et al., 2016). Though pharmacological and
non-pharmacological treatments have long been available for many pain conditions, what
makes certain patients prone or resistant to therapy, or relatedly, prone or resistant to disease
progression, is unknown. These uncertainties challenge our ability to produce clinically
accurate pain assays within the preclinical setting.

Phenotype and Symptom Fluctuation

The intensity and duration of pain as well as the frequency of painful attacks can vary across
time, gender and anatomy as well as between patients and distinct pain patient populations.
In patients, chronic pain may last for many months to many years. During this time frame,
pain, together with other associated symptoms such as stiffness, psychological distress or
sensory hypersensitivity may fluctuate (Birklein et al., 1998a; Birklein et al., 1998b), thus
adding complexity to the accurate characterization of pain patient populations.
Comparatively, the pathophysiological changes underlying prolonged pain states in
preclinical assays are often similar to the clinical counterpart but they progress and resolve
over a time period of days to weeks.

Common CNS Circuits Across Species

Critical differences in size, structure and function are present between the rodent, non-
human primate and human brain. While cortical differences such as those involving the
prefrontal cortex are profound, subcortical structures have a more shared status across
species in terms of phylogeny and function. Despite known functional or structural
disparities, a preservation of CNS networks across species has in fact been observed using
functional brain imaging (Gozzi and Schwarz, 2016). Notably, the default-mode network
(DMN) and other intrinsic resting-state networks have been detected in rodents, non-human
primates and humans (Becerra et al., 2011; Belcher et al., 2013; Jonckers et al., 2011; Lu et
al., 2012; Mantini et al., 2011; Schroeder et al., 2016; Stafford et al., 2014; Upadhyay et al.,
2011b). Further cross-species parallels viewed with pharmacological MRI (phMRI) stem
from the consistent pharmacodynamic responses in the CNS reported for opioids (Becerra et
al., 2013), NMDA-receptor antagonists (Becker et al., 2016) and other pharmacological
compounds with analgesic profiles (Borsook and Becerra, 2011). (In-depth overview of
phMRI methodology and its application in neuroscience research has been reviewed
elsewhere (Jenkins, 2012; Jonckers et al., 2015). We consider these interspecies
commonalities as fundamental grounds for using CNS circuits as key translational units in
pain research.
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Brain Activation During Experimental Pain in Healthy Populations

CNS Response to Acute, Evoked Pain in Healthy Human Volunteers

Experimental or evoked pain (noxious heat or cold, capsaicin and incision) activates
nociceptors in an otherwise intact nervous system where no maladaptive plasticity or altered
immune function exists. When nociceptors are activated, there is a normal physiological
response consisting of signal propagation through the peripheral nervous system (A-delta
fibers, C-fibers and ganglia) to the CNS (spinal cord, brainstem, subcortical and cortical
regions). In neuroimaging studies, the central response to noxious heat stimuli is often
measured; however, a range of mechanical, electrical, chemical and other types of stimuli
have been explored in block and event related study paradigms. In general, administration of
noxious pain stimulation induces a robust, widespread and rapidly reversible activation and
deactivation pattern in the brainstem (periaqueductal gray (PAG), raphe nucleus and rostral
ventromedial medulla (RVM)); subcortical structures (thalamus, basal ganglia, amygdala,
hippocampus and hypothalamus); cortex (frontal, somatosensory, supplementary motor,
cingulate and insular cortices); and cerebellum (lobule V1, Crus I, and VI1b) (Moulton et al.,
2011b; Peyron et al., 2000; Tseng et al., 2015; Upadhyay et al., 2010; Wager et al., 2013)
(Figure 2). The existence of a specific neuroimaging-based “pain matrix” in the CNS was
hypothesized (Loggia et al., 2012; Tracey and Johns, 2010). The concept of a pain matrix
has recently been challenged (Geha and Waxman, 2016) given the extensive overlap of brain
activation by phasic noxious, non-noxious sensory, auditory and visual stimuli (Mouraux et
al., 2011), which is also reflective of the multifaceted nature of pain processing (Kucyi and
Davis, 2016). Relatedly, previous reports demonstrate activation of a salience detection
network in response to phasic pain stimuli (i.e. attention towards the phasic stimulus in an
otherwise stimulus free environment) (Legrain et al., 2011). In order to decrease a non-pain
specific, saliency-type effect, tonic pain stimulation in conjunction with 18F-2-fluoro-2-
deoxy-D-glucose positron emission tomography (X8F-FDG-PET) can be employed. Such an
approach has revealed that the dorsal insula is specifically activated during tonic pain
stimulation, while mid-insular cortex activation correlates with pain unpleasantness ratings
(Schreckenberger et al., 2005).

CNS Response to Acute, Evoked Pain in Healthy Animals

Pain fMRI paradigms that have utilized noxious thermal, electrical or mechanical stimuli in
healthy volunteers, have been adapted for studying acute pain processing in rats (Abaei et
al., 2016; Chang et al., 2016; Suzuki et al., 2015; Zhao et al., 2012), and to a lesser extent,
non-human primates (Asad et al., 2016). When comparing evoked BOLD responses or
changes in regional cerebral blood flow (rCBF) to pain stimuli between humans and other
species, common activation can be observed in primary and secondary somatosensory
cortex, cingulate cortex, frontal cortex, thalamus, cerebellum and brainstem (Figure 2). One
obvious difference is the evoked deactivation observed in rodents within the caudate-
putamen - a region normally possessing strong activation in healthy human subjects.
Although the exact cause of this disparity between humans and other species in unknown, it
is hypothesized that administration of anesthesia during fMRI acquisition may lead to
differential activation patterns (Jonckers et al., 2014; Schlegel et al., 2015; Seah et al., 2014).
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Translational Assessment (Table 2)

Application of noxious stimuli results in a highly parallel CNS response in both healthy
human subjects and preclinical species. Differences in activation and deactivation patterns
elicited by stimulation may result from experimental procedures (i.e., use of anesthetic) or
region-specific differences between species. Whether evoked pain fMRI is performed pre-
clinically or clinically, commonality in the CNS in response to acute pain stimulation may
exist with other sensory types, for example, unpleasant visual or olfactory stimuli.

Brain Activation in Clinical Pain Populations

Migraine

Episodic Migraine Phenotype—Episodic (0-14 headaches/month) and chronic (>15
headaches/month for at least 3 months) migraine are complex conditions with evolving
understanding of its pathophysiology, yet the clinical presentations of migraine are well-
defined (Supplemental Table 1). Migraine symptoms vary across patients, but often involve
aura, headache, sensory hypersensitivity, nausea, vomiting, deficits in cognition, memory or
attention, increase urination, change in affect and fatigue (Bigal et al., 2008; Hirsch, 2005).
Triggers of a migraine, while are also patient-dependent and multi-factorial, can include
hormonal fluctuations, specific olfactory, visual or somatosensory stimulation, changes in
environmental factors such as temperature or barometric pressure and excessive physical or
psychological distress.

A migraine attack can consist of up to 4 phases: prodromal (pre-ictal), aura (peri-ictal to
inter-ictal), headache (ictal) and post-dromal (post-ictal). The prodromal phase may occur
hours to days before the migraine attack encompassing symptoms such as cognitive or
language dysfunction, fatigue, pain and changes in mood. Migraineurs that do experience an
aura phase, may perceive body distortion, allodynia, photophobia, hallucinations or vertigo.
If visual auras are existent, the patients’ visual fields are commonly compromised by
scotoma, wavy or blurry vision and flashes of light. Headaches are commonly the most
debilitating phase of migraine, where the intensity of pain can range from mild to severe.
The duration of a migraine headache can be between 4-72 hours with a uni- or bilateral,
pulsating or throbbing-like pain that intensifies during physical efforts. In addition to
headache, the migraine phase may involve allodynia, photophobia, phonophabia,
osmophobia, autonomic dysfunction (dizziness, nausea and vomiting), diminished affect and
cognitive or memory deficits. Lastly, the post-dromal phase of migraine can last from hours
to days with a sense of fatigue, sleepiness, cognitive and memory deficits as well as diminish
or heighted affect.

Treatment of migraine is primarily accomplished via management of symptoms, mainly
migraine headache. Multiple classes of small molecule, pharmacological compounds have
historically been prescribed to migraine patients (triptans, nonsteroidal anti-inflammatory
drugs (NSAIDs), tricyclics, beta blockers, anti-convulsants, Ca%* blockers and anti-emetics).
However, recent efficacious results from early stage clinical trials involving monoclonal
antibodies against calcitonin gene-related peptide (CGRP) or its receptor suggest a novel
treatment strategy for migraine appears within reach (Schuster and Rapoport, 2016).
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Imaging Migraine—The peripheral elements of migraine and the alleviation of migraine
attacks via peripheral pharmacological action (dura, vasculature, trigeminal ganglion and
retinal pathways) have been demonstrated (Hostetler et al., 2013; Noseda et al., 2016).
Nonetheless, a multitude of neuroimaging studies have revealed functional and structural
CNS alterations in migraine patients, which like other pain states, may be causal or
correlational to the disease state (Chiapparini et al., 2010; Chong et al., 2016b; Demarquay
and Mauguiere, 2016). From functional imaging studies involving assessment of central
responses to sensory stimulation (thermal, visual or olfactory) applied across anatomical
locations (hand, face and foot), a further comprehension of sensory processing, nociception,
affective processing and aura or cortical spreading depression (CSD) have further
contributed to understanding the neurobiology of migraine and its associated phenotypes.

Altered trigeminal system nociceptive processing of thermal stimuli during the inter-ictal
period of migraine may be driven by temporal pole and entorhinal cortex dysfunction
(Moulton et al., 2011a). Interestingly, if in the same patients, evoked BOLD responses are
measured within a 4-hour period of a migraine attack, the magnitude of response is
comparatively increased in the temporal pole, entorhinal cortex as well as the
parahippocampal cortex. While these functional results reported by Moulton and colleagues
remain intriguing, other investigators employing a differing pain fMRI paradigm, yet still
probing trigeminal nociception in migraineurs, note more cingulate and frontal cortex
involvement (Russo et al., 2016).

Many CNS structures and networks showing altered evoked or task-based fMRI responses in
migraine patients also demonstrate functional connectivity and morphological changes
(Chong et al., 2016b; Maleki and Gollub, 2016). For example, along with temporal lobe
hyperactivity evoked by noxious stimulation, increases in both temporal lobe functional
connectivity (Maleki et al., 2012a; Moulton et al., 2011a) and cortical thickness (Maleki et
al., 2012a; Schwedt et al., 2015) have been associated with migraine. The insula also shows
disparate evoked responses to somatosensory stimuli (Lee et al., 2016) in conjunction with
altered functional connectivity (Hadjikhani et al., 2013; Maleki et al., 2012b; Niddam et al.,
2016; Tso et al., 2015) and sex-specific morphometric properties (Maleki et al., 2015;
Maleki et al., 2012b). The observations encompassing the insula are particularly remarkable
as its properties objectively discriminate between migraine patients and healthy controls
(Borsook et al., 2016; Chong et al., 2016a). Yet it remains unknown if functional and
morphological changes of the anterior and posterior insula are specific to migraine
pathophysiology considering other pain indications possessing abnormalities within this
structure (i.e., fibromyalgia). Thus, an important component of future work could be further
emphasis on how predictive insula-related findings are towards clinical symptoms or
endpoints of migraine as well as their reproducibility, specificity and sensitivity. This is
especially important to consider as consistent changes in, for example, cortical thickness or
volume, have not been reported in sub-populations of migraineurs (Hougaard et al., 2016).
Additionally, how use or over use of medication (e.g., triptans) can impact central
morphology (Lai et al., 2016; Riederer et al., 2012), while also being a contributing factor to
migraine chronification (Bigal and Lipton, 2011) would be pivotal for proper interpretation
of imaging and phenotypic data.
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Although challenging, the longitudinal investigation of patients going through complete
migraine cycles would be fruitful as the fluctuating nature of migraine pathophysiology is
likely better characterized. In a very recent case study, a migraine patient was followed up
with fMRI every day for 30 days, where three complete, untreated migraine attacks were
covered. These authors found that hypothalamic activity in response to trigeminal
stimulation increases towards the next migraine attack. Furthermore, the hypothalamus was
coupled with the spinal trigeminal nuclei and the dorsal rostral pons (so-called “migraine
generator”) during the pre-ictal and the pain phase (Schulte and May, 2016). Such a design
was highly unique and if replicated, the findings could significantly enhance our
understanding of migraine.

Relative to pain processing in migraine patients, vision, olfaction, attention and cognition
have been investigated with fMRI to a more limited degree. Compared to healthy controls
and migraineurs without aura, migraine patients with visual aura have demonstrated
increased primary visual cortex BOLD activity along with a positive correlation between
fMRI signals and other clinical metrics (i.e., visual discomfort score) (Cucchiara et al.,
2015). Moreover, altered excitation-inhibition coupling may underlie primary visual cortex
hyperactivity as well as CSD (Bridge et al., 2015; Hadjikhani et al., 2001; Lauritzen et al.,
2011). While normal olfactory responses may be present during the inter-ictal phase,
heightened BOLD responses can be detected within the amygdala, insula and pons when
olfaction is probed in close proximity to a migraine attack (i.e., 6 hours) — suggesting phase
specific, interactions between the olfactory and trigeminal-nociceptive pathways (Stankewitz
and May, 2011; Stankewitz et al., 2013). Although not ubiquitously observed (Pearson et al.,
2006; Tessitore et al., 2015), deficits involving attention, cognition and memory have also
been reported in migraine patients (Gil-Gouveia et al., 2016; Mickleborough et al., 2011).
Migraineurs that do in fact develop reductions in cognitive capacities may harbor
dysfunction within the so-called task positive and task negative networks (Mickleborough et
al., 2016),(Mathur et al., 2015).

Imaging Preclinical Migraine Models—Migraine is a difficult disease to model, and it
is unclear if the behaviors observed in animal models are driven by parallel pathological
mechanisms occurring in the clinical settings. Current animal models of migraine include,
but are not limited to: (i) a genetic mouse strain based on the gain-of-function mutation of
Cav2.1 channels observed in familial hemiplegic migraine type 1 patients (van den
Maagdenberg et al., 2004; van den Maagdenberg et al., 2010); (ii) models which recapitulate
CSD (Becerra et al., 2016; Eikermann-Haerter et al., 2011; Green et al., 2014; Houben et al.,
2016); and (iii) models where the cranial dura is manipulated with inflammatory soups or
other noxious stimuli (Levy et al., 2008; Lundblad et al., 2015; Yan et al., 2012). From the
preclinical fMRI work performed thus far using migraine models, common pathological
components or phenotypes of migraine can be detected between rodents and migraine
patients (Becerra et al., 2016). For example, seven days of triptan administration, but not
saline exposure produced latent sensitization (observed at 14 days) as evidenced by
sensitivity to bright light environmental stress and modulation within multiple CNS
networks (i.e., default mode, autonomic, basal ganglia, salience, and sensorimotor
networks). In the same triptan treated animals, Becerra et al. also demonstrated induction of
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a low threshold CSD involving cortical and sub-cortical structures. Given the common
presence of CSD in migraine and preclinical, migraine-like conditions (Costa et al., 2013),
CSD may very well serve as a translational imaging biomarker that further elucidates our
understanding of migraine neurobiology as well as identification of new and effective
treatment strategies for this indication.

While translational functional imaging studies in the migraine literature are infrequent,
clinical neuroimaging data could be utilized to better interpret electrophysiological, post-
mortem and behavioral studies probing hyperalgesia and allodynia in rodent migraine
models(Burstein et al., 2010). This strategy would in turn allow a determination of
overlapping and compromised CNS systems between the clinical and preclinical migraine
setting. As shown by Burstein et al., in rats whose dura was chemically stimulated,
hypersensitivity to brush or heat stimulation induced enhanced electrophysiological activity
within sensory neurons of the posterior thalamus, while similar somatosensory stimuli
yielded thalamic hyperactive BOLD responses in migraineurs (Figure 3). Further validation
of the rodent model of migraine utilized by Burstein and colleagues is perhaps achieved by
measuring functional connectivity within CNS structures and networks implicated in the
clinical migraine and a determination of dysfunctional visual processing as has been
performed in other settings (Bailey et al., 2013).

Translational Assessment (Table 3)—Characterizing CNS function and structure in
migraine patients can be considered as one of the more mature components of the pain
imaging literature. However, a synonymous level of effort in preclinical migraine models is
missing. From the preclinical migraine imaging literature performed thus far, key
neurobiological components recapitulated from the clinical setting included detection of
CSD and posterior thalamic hyperactivity. Similar to other pain indications (i.e.,
fibromyalgia), it is unknown how the rodent or human CNS is perturbed during normally
benign environmental changes, or conversely, what role a maladapted CNS plays in
amplifying the effect of external environmental or internal psychological factors to produce
a pain state.

Neuropathic Pain (NP)

Neuropathic Pain Phenotypes

Injury or dysfunction of peripheral sensory nerve fibers can lead to chronic, neuropathic pain
states characterized by positive (i.e., burning or shooting pain), but also negative (i.e., loss of
sensation) symptoms. Distinct phenotypic expression of neuropathic pain, for example,
burning versus shooting pain, may stem from differences in the nerve fiber type(s) that are
pathologically affected, and from mechanisms behind nociceptive activity generation (Maier
et al., 2010; Rowbotham and Fields, 1996). There is also evidence that somatosensory
phenotypes can discriminate between mild neuropathic pain and moderate to severe
neuropathic pain populations (Themistocleous et al., 2016). A wide range of medical
conditions associated with nerve damage or dysfunction (diabetes, human
immunodeficiency virus (HIV), herpes zoster, limb amputation, alcoholism and
chemotherapy-induced peripheral neuropathy (CIPN)) as well as a number of core
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pathological events (hypoxia, aberrant ionic cellular influx, heighted inflammatory
stimulants or nerve compression) modulate functional and structural properties of peripheral
nerves (Supplemental Table 2). As a result of this diversity in conjunction with ill-defined
pathological mechanisms, neuropathic pain can at times be a difficult to treat pain state.
Adding to the complexity of neuropathic pain, sub-populations of pain patients classically
described as possessing nociceptive pain (e.g., osteoarthritis (Hochman et al., 2011; Moreton
et al., 2015) or rheumatoid arthritis (Koop et al., 2015)) or with a strong central pain
component (e.g., fibromyalgia (Gauffin et al., 2013; Uceyler et al., 2013)) may also present
with neuropathy and neuropathic-like pain features (Clauw, 2015). Pharmacological
therapies used to treat neuropathic pain patients, include a very wide range of NSAIDs,
opioids, anti-depressants, anti-convulsants and local or topical analgesics. Unfortunately,
objective factors that link to either susceptibility or resistance to anti-neuropathic pain
medication treatment remain largely unknown.

Imaging Clinical Neuropathic Pain Conditions

Presence of nerve injury or nerve dysfunction over a long period are each capable of
producing maladaptive changes within the CNS. A potential consequence of such an
adaptation is the central generation of spontaneous pain or amplification of normally, non-
nociceptive peripheral signals to produce evoked pain. By probing central function in
conditions such as trigeminal neuralgia, it has been possible to begin understanding common
and distinct central mechanisms associated with spontaneous or evoked, disease-specific
neuropathic pain (Borsook et al., 2007).

Patients with trigeminal neuralgia or multiple sclerosis often present with neuropathic pain
in the V1-V3 distributions of the trigeminal system. The cause(s) of trigeminal neuropathic
pain can be manifestations of trauma, inflammation, demyelination or vascular
abnormalities, yet a central etiology may also be a driving factor of the pain experienced. On
one hand, regional functional connectivity changes involving the amygdala are perhaps
reflective of a robust affective component of trigeminal neuralgia (Wang et al., 2015). Such
findings are in line with those observed in multiple sclerosis patients that develop chronic
pain, as this population harbors functional and structural plasticity within motivational and
affective systems (i.e., dorsal and ventral striatum as well as frontal-parietal and temporal
cortices) (Seixas et al., 2016). On the other, increases in functional connectivity along the
pre- and postcentral cortex may relate to patient reported pain severity (Wang et al., 2015).
This latter functional finding in trigeminal pain is in accord with earlier work incorporating
structural MRI, where pre- and postcentral cortex thinning overlapped with regions activated
or deactivated during what was perceived as painful brushing (DaSilva et al., 2008) and
whose abnormal function was mitigated by lamotrigine (Scrivani et al., 2010). Beyond the
somatosensory cortices, structural MRI performed in trigeminal neuralgia patients revealed
gray matter reduction in the fusiform and cuneus gyrus - brain areas associated with phasic
pain processing and regions engaged in multisensory or cognitive processing (Obermann et
al., 2013; Parise et al., 2014). Furthermore, successful surgical treatment of trigeminal pain
reversed white matter changes in the trigeminal root entry zone and cortical thinning in the
anterior insula, suggesting that these morphological changes, although potentially
maladaptive, are reversible (DeSouza et al., 2015).
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In spinal cord injury (SCI) patients, evoked fMRI data collected within the spinal cord and
brainstem showed activation was either diminished or absent entirely - reflecting either pain,
loss of sensory function or a combination of the two (Stroman et al., 2016). The reduced
spinal cord and brainstem activation may also relate to an impairment of the descending pain
control system as evidenced by functional connectivity changes between the hypothalamus
and brainstem. Another potential source of persistent neuropathic pain experienced by SCI
patients could originate at the primary somatosensory cortex level (Wrigley et al., 2009).
The CNS atrophy reported in somatosensory cortex, anterior cingulate and insula as well as
increases in motor cortex thickness certainly support the assertion of cortical drivers of
neuropathic pain in SCI (Jutzeler et al., 2016). However, gray matter atrophy is also detected
in the thalamus and spinal cord, and the correlations between cortical functional
reorganization and pain intensity were not ubiquitously reported across neuroimaging
studies performed in SCI patients (Jutzeler et al., 2015).

Conditions such as diabetic peripheral neuropathy (Scherens et al., 2009), CIPN (Geber et
al., 2013) or idiopathic small fiber neuropathy (Forkert et al., 1989) can be painful or
painless, with CNS factors differentiating between the two states. For example, compared to
control subjects as well as painless diabetic patients, individuals with painful diabetic
neuropathy possessed greater evoked responses to heat stimuli throughout the limbic system,
striatum and somatosensory cortex (Tseng et al., 2013), where the magnitude of BOLD
activity correlated with the duration of neuropathic pain. The involvement of the CNS in
painful as well as painless diabetic neuropathy is further supported by structural changes
observed in the spinal cord (Selvarajah et al., 2006) and supraspinal structures
(somatosensory, supramarginal and cingulate cortices) (Selvarajah et al., 2014). In multiple
myeloma patients with CIPN, heat stimulation applied to the foot or thigh induced decreased
(relative to healthy volunteers) frontal cortex and increased precuneus activity (Boland et al.,
2014). Interestingly, Nudelman and colleagues also reported similar cortical involvement in
breast cancer patients with CIPN (Nudelman et al., 2016). In their work, increased blood
perfusion in frontal and cingulate cortices was measured, with a correlation between rCBF
with both gray matter density and CIPN symptom severity. What remains largely unknown
is if various chemotherapy agents access and modulate the CNS by toxic effects directly in
the brain or if a long-term presence of CIPN is the key driving factor of the observed central
phenotypes. Similar to CIPN, HIV patients often present with neuropathy and neuropathic
pain (Ellis et al., 2010; Wiebe et al., 2011), but here, nerve injury can be due to the infection
itself or result from treatment-induced toxicity (Kranick and Nath, 2012). In HIV, changes in
CNS structure (Chiang et al., 2007; Jahanshad et al., 2012; Keltner et al., 2014; Thompson et
al., 2005; Thompson and Jahanshad, 2015), for instance, those occurring in posterior
cingulate cortex, may contribute to the spectrum of symptoms reported by HIV patients and
also objectively distinguish painful vs. painless HIV neuropathy (Keltner et al., 2016).

Generally speaking, neuropathic pain has been investigated with neuroimaging across many
patient populations, yet common limitations of these clinical studies are their cross-sectional
nature, small cohort sizes or paucity when considering a single neuropathic pain indication.
Further emphasis on CNS imaging markers informing on spontaneous pain, rather than
experimentally evoked pain is likewise much needed for improved characterization of
neuropathic pain phenotypes. Nonetheless, the results stemming from this recent body of
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work involving these neuropathic pain patients importantly lend themselves towards initial
comprehension of condition-specific central changes as well as better hypotheses generation
for future work.

Imaging Preclinical Models of Neuropathic Pain

Common neuropathic pain models often involve unilateral transection (spared nerve injury
(SNI)), loose ligation (chronic constriction injury (CCI)) or tight ligation (spinal nerve
ligation (SNL)) of peripheral nerves (e.g., sciatic, tibial or sural nerves). Administration of
exogenous substances such as chemotherapy agents (vincristine, paclitaxel or oxaliplatin),
proteins (HIV-1 protein GP120) or hyperglycemia-inducing agents (streptozotocin) are often
utilized to recapitulate mechanisms causing nerve injury unique to a specific disease with
neuropathic pain. Reviews of preclinical models of neuropathic pain have been provided
elsewhere (Bennett et al., 2003; Colleoni and Sacerdote, 2010; Mogil, 2009).

Preclinical imaging studies assessing neuropathic pain have primarily involved the CClI,
SNL or SNI models, where biological processes occurring at the periphery or within the
CNS have been monitored. Functional brain imaging in the SNL model revealed increased
resting-state functional connectivity across the hippocampal formation, limbic system,
somatosensory cortex and basal ganglia (Hooker et al., 2014); a finding in accord with other
SNL-based investigations utilizing magnesium-enhanced MRI (Jeong et al., 2016).
Interestingly, the function of these CNS systems in the presence of a neuropathic state can
be pharmacologically modulated by acute gabapentin administration (Governo et al., 2008;
Hooker et al., 2014; Takemura et al., 2011). Similar to fMRI studies performed in healthy
volunteers and pain patient populations, CNS activity in the preclinical setting has been
evoked using capsaicin, mechanical, electrical or thermal stimulation. In a recent
longitudinal study by Hubbard et al, cold stimulation via application of acetone was
performed during fMRI data acquisition in SNI animals (Hubbard et al., 2015). At the 20-
week time point, primarily decreased fMRI responses were observed in subcortical regions
(i.e., thalamus, hippocampus and periaqueductal gray) and increased activity was observed
in cortical structures (i.e., limbic and somatosensory cortex). Yet these findings, particularly
the decreased evoked fMRI responses in subcortical regions, are in contrast to functional
observations in other pain models (Abaei et al., 2016). It can be considered that in
preclinical neuropathic or neuropathic-like pain models investigated with fMRI, the
observed mix of activation and deactivation patterns stem from a combination of factors
ranging from stimulation paradigms to anesthetic protocol to time point(s) of model
evaluation.

Compared to CNS imaging efforts in neuropathic pain models, less emphasis has been
placed on imaging peripheral pathology. Despite this limitation, recent results stemming
from imaging muscle and nerve in preclinical, neuropathic conditions could be utilized to
further hypothesize how peripheral abnormalities track with central function and structure as
well as other markers (i.e., pain-like behaviors or soluble biomarkers). For example, using a
combination of T1 or T2-weighted structural MRI along with 18F-FDG PET/CT, Lasko et al.
and Biswal and colleagues independently demonstrated robust unilateral edema and
enhanced glucose metabolism proximal to the nerve injury site, in distal nerve and in distal
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muscle within the SNI and CCI models, respectively (Behera et al., 2011; Lasko et al.,
2013). It should be kept in mind that unilateral nerve injury can have widespread modulatory
effects on the peripheral nervous system as suggested by bilateral increases of calcium flux
in sciatic nerves (Behera et al., 2013). Importantly, utilization of imaging techniques such

as 11C-PK11195 PET/CT, where macrophage or microglial activity is captured in preclinical
neuropathic pain models may further detail when, where and how immune system responses
are active following peripheral nerve injury (Imamoto et al., 2013).

Translational Assessment (Table 4)

Clinical neuropathic pain populations and neuropathic pain models show functional as well
as structural plasticity within the somatosensory, limbic and reward systems in conjunction
with the peripheral nervous system. What remains lacking in either the clinical or preclinical
setting is a more concrete determination of how key features of neuropathy such as a gain-
or loss-of-function longitudinally predict or are longitudinally predicted by CNS properties.
A better determination of CNS-based measures susceptible to treatment effect is also
needed.

Osteoarthritis (OA)

OA Pain Phenotype

Osteoarthritis, be it in the knee, hip or other joints, embodies multiple structural joint
pathologies that range from degradation of subchondral bone and cartilage to presence of
joint effusion or synovitis (Supplemental Table 3). It is well-known that the degree of
structural degradation does not necessarily correlate with the levels of resting or evoked pain
as well as functional impairment as measured with clinical tools such as the Western Ontario
and McMaster Universities Osteoarthritis Index, Knee Injury and Osteoarthritis Outcome
Scores or Patient Global Impression of Change. Thus, there is a strong need to consider
multiple OA phenotypes outside of joint pathology contributing to the pain experienced by
OA patients. These phenotypes can comprise of psychological distress, nervous system
sensitization and pain catastrophizing levels (Egsgaard et al., 2015).

NSAIDs (topical or oral), opioids, acetaminophen and serotonin and norepinephrine
reuptake inhibitors (SNRIs), which impact functionality of peripheral nerves, dorsal root
ganglia and the CNS, are often prescribed to suppress OA pain, though inadequate treatment
response to these pharmacological strategies is commonplace. Analgesia can also be
achieved in OA using intra-articular injections of hyaluronates or corticosteroids. As
demonstrated by O’Neill and colleagues, steroid treatment reduced synovial tissue volumes
in knee OA patients and concomitantly decreased pain levels, while pain increased in
conjunction with a ‘rebound’ effect on synovial tissue volume (O'Neill et al., 2016). Such
observations are in accord with other findings where infrapatellar synovitis and joint
effusion have shown a linkage with the evolution of knee OA and are suggested as having
predictive capabilities with symptomatic progression (e.g., pain) (Bastick et al., 2015). The
relationship between joint tissue pathology and reported pain levels indicate the key role
played by the afferent sensory system in propagating noxious sensory signals in OA.
Nonetheless, it would be beneficial to considered that factors associated with primary
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afferent drive may work in unison with mechanisms such as neurogenic inflammation (Ji et
al., 2014) and central sensitization to produce an OA pain state.

Imaging Clinical Osteoarthritis Pain

In functional imaging experiments involving OA patients, arterial-spin labeling (ASL),
BOLD fMRI and 18F-FDG-PET have been implemented during the resting-state (Baliki et
al., 2014; Howard et al., 2012; Kulkarni et al., 2007), task performance (Sofat et al., 2013;
Stafford et al., 2014) and evoked stimulation (Brown et al., 2014; Gimenez et al., 2014;
Gwilym et al., 2009; Hiramatsu et al., 2014; Kulkarni et al., 2007). In a longitudinal study
paradigm, Howard et al., demonstrated that individuals with OA of carpometacarpal joints
possessed increased resting-state perfusion within brainstem (periaqueductal gray),
subcortical (thalamus) and cortical (insula) structures, with a subset of regions showing a
correlation with ongoing pain levels (Howard et al., 2012). Such functional alterations at a
basal state are perhaps indicative of the CNS response or adaptation to the chronic presence
of OA pain, but differentiating between the two is difficult. Given that joint movement can
also induce pain, flexion of osteoarthritic, carpometacarpal joints during BOLD-fMRI can
yield enhanced brain activity in pain processing regions such as the amygdala, thalamus,
cingulate, insula and somatosensory cortex (Sanders et al., 2015; Sofat et al., 2013), and
importantly, this activity is suppressed by NSAIDs. Movement of an OA joint during fMRI
data collection offers a unique opportunity to evaluate central responses to OA specific pain.
For example, based on regions of brain activation and deactivation, it may not only be
possible to determine the somatosensory response to OA joint movement, but also, if and
when regions implicated in fear and anxiety are modulated by the task, and as a result,
potentially amplifying the overall pain experience (Timmermans et al., 2014). Similar to the
work by Saunders et al., Gimenez and colleagues reported a suppression of BOLD responses
induced by naproxen treatment in supramarginal gyrus, cingulate, insula, basal ganglia and
amygdala, but here, pressure stimuli was applied to a hypersensitive region along medial
articular interline of the OA knee (Gimenez et al., 2014). By evoking pain during fMRI with
pressure, mechanical or thermal stimuli, particularly at the non-index OA joint, a
determination of an overall hypersensitive, somatosensory state may be possible; yielding a
presence of peripheral and central sensitization and providing a more comprehensive
characterization of the pain phenotype.

From structural MRI work, gray matter atrophy appears to coincide with multiple affective
or sensory processing structures demonstrating atypical function in OA. Using voxel-based
morphometry, a decrease of gray matter in the anterior cingulate cortex, right insular cortex,
operculum, dorsolateral prefrontal cortex (DLPFC), amygdala, thalamus and brainstem were
described in OA of the hip (Gwilym et al., 2010; Rodriguez-Raecke et al., 2009). The
majority of these changes were reversed after 6 weeks and 4 months following total hip
replacement and if pain was successfully abolished (Rodriguez-Raecke et al., 2009). This
longitudinal study nicely supports the specificity of focal grey matter atrophy for OA pain,
but its reversibility challenges the concept of structural changes as a potential brain
mechanism causal for or specific to chronic pain in OA (Rodriguez-Raecke et al., 2013).
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Imaging Preclinical Models of Osteoarthritis Pain

Rodent models of OA that have been utilized to monitor disease progression, disease
modifying OA drugs or analgesics include, but are not limited to the medial meniscus tear
(MMT), anterior cruciate ligament transection (ACLT), destabilization of the medial
meniscus (DMM) and monosodium iodoacetate (MIA) models. Similar to the clinical
scenario, the focus in the preclinical OA imaging literature has centered around MRI, CT,
PET or single-photon emission computed tomography (SPECT) based evaluation of bone
turn over (Piscaer et al., 2013), cartilage degradation (Xie et al., 2014) and immune activity
(Piscaer et al., 2011). This body of work has shown multiple parallelisms in peripheral joint
pathology between preclinical and clinical OA settings. For example, just as in knee OA
patients, cartilage degradation, subchondral bone lesions and synovitis have each been
recapitulated in the MMT model (Bove et al., 2006; Upadhyay et al., 2013). These
peripheral imaging studies can be used to build and test hypotheses related to the interplay
between peripheral pathology in OA and maladaptive CNS processes that may together drive
the evolution of OA pain.

Upon investigating central plasticity with fMRI, MMT compared to sham operated animals
showed increases in functional connectivity (Figure 4); an effect mitigated by prophylactic
treatment with a peripherally restricted, broad-spectrum, matrix metalloproteinase (MMP)
inhibitor. Interestingly, acute administration of celecoxib in MMT animals also resulted in
decreased BOLD signals relative to both baseline and sham conditions with particularly
strong pharmacodynamics measured within the caudate-putamen (Figure 4). More recently,
Abaei et al. investigated nociceptive processing within the MIA model of OA. Relative to
baseline, increases in functional connectivity or BOLD activity were reported especially in
subcortical structures under conditions of intra-articular injection of capsaicin plus MIA
(Abaei et al., 2016). Similar observations were also made (with the addition of cortical
BOLD activation) during von Frey hair stimulation of the hindpaw.

Translational Assessment (Table 5)

OA encompasses spontaneous and evoked pain in conjunction with functional deficits
related to movement. Clinical and preclinical functional brain imaging studies involving OA
patients and models implicate CNS structures such as the striatum and other subcortical
regions; observations that may arise from persistent ongoing pain, movement-induced pain
or changes in proprioception. What remains largely obscure is how and to what extent
peripheral pathology (e.g., synovitis, joint effusion, subchondral bone lesions, inflammation
and peripheral sensitization) present in OA longitudinally affect CNS function and vice
Versa.

Rheumatoid Arthritis (RA)
The RA Pain Phenotype

Rheumatoid arthritis is a chronic autoimmune condition consisting of inflammation induced
joint degradation (Supplemental Table 4). Two major sub-populations of RA patients include
those with (most common form and termed seropositive RA) or without antibodies to
citrullinated protein antigens and rheumatoid factor. Factors that can help trigger or add
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susceptibility to development of RA include but are not limited to smoking (Saag et al.,
1997) and the presence of genetic risk alleles (e.g., HLA class Il alleles (Buckner and
Nepom, 2002) and PTPN22 allele (Kallberg et al., 2007)). RA often involves pain, swelling
and long-term deformity in multiple joints, yet patients commonly experience symptoms in
hand joints (carpometacarpal, radius and ulna), which expectedly correlates with loss of
mobility and strength (Horsten et al., 2010). In addition to pathology present within joints,
skeletal (osteoporosis), dermatologic (rash), cardiovascular (vasculitis or atherosclerosis)
and ophthalmologic (dry eyes or scleritis) disorders can often present concomitantly. Similar
to other arthritic conditions such as osteoarthritis, a mismatch may exist between detectable
peripheral pathology and magnitude of circulating inflammatory markers and reported pain
levels (Taylor et al., 2010; Thompson and Carr, 1997). Interestingly, a number of disease-
modifying anti-rheumatic drugs (DMARDs, adalimumab, infliximab, certolizumab, pegol
and tofacitinib) and anti-inflammatory drugs effectively suppress joint inflammation and
mitigate RA symptoms. Nevertheless, substantial levels of pain can remain in some patients.
In accord with other chronic pain conditions, pain may be triggered or exasperated by
environmental factors (i.e., cold temperatures), mental stress and physical activity levels.

Imaging Rheumatoid Arthritis (RA)

Presence of chronic or unresolved pain in RA may emanate in part from maladaptive
plasticity and sensitization in the peripheral and central nervous systems. Early work
measuring rCBF with PET suggested reduced CNS responses to heat stimulation within the
prefrontal and anterior cingulate cortices (Jones and Derbyshire, 1997). Given the
correlation between the evoked heat pain responses in the medial prefrontal cortex and
depressive symptoms in addition to volumetric changes within the basal ganglia, a non-
somatosensory and limbic component to pain perception in RA is likely and superimposed
upon clinically obvious somatic components of RA (Schweinhardt et al., 2008; Wartolowska
etal., 2012). Recently, Flodin et al. used seed region, resting-state fMRI to evaluate
connectivity in RA patients (Flodin et al., 2016). Compared to healthy controls, increases in
functional connectivity involving affective pain processing regions (mid-cingulate and mid-
frontal cortices) and more sensorimotor circuitry (supplementary motor, motor and primary
somatosensory cortices) were observed in the patient cohort. These and other functional
alteration have been proposed to stem from adaptations in top-down processing between
frontal and sensorimotor regions, but may also emanate from alterations in behavior or
motor ability many RA patients experience. It is also noted that similar to many other fMRI
studies involving pain patients, RA cohorts remained on treatment, primarily methothrexate,
during fMRI acquisition, which likely impacts central function and potentially explains the
lack of correlation between fMRI readouts and reported RA symptoms.

In studies by Hess et al. and Rech et al., evoked pain fMRI responses were observed during
joint compression (Hess et al., 2011; Rech et al., 2013) in regions such as the anterior
cingulate cortex, insula and prefrontal cortex. In the same investigations, a sustained
suppression of BOLD activity could also be detected within 3 days (certolizumab pegol) or
24 hours (infliximab) of initiating anti-TNFa. treatment and prior to improvements observed
with conventional clinical assessments. Though the sample size in both studies by Schett and
colleagues was small (N=5-8) and the study designs did not include a blinded, placebo
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controlled arm, single-subject treatment responses can be elucidated in conjunction with
relationships between fMRI-based metrics, pain ratings and other clinical scores. The early
findings in the CNS of RA patients receiving anti-TNFa therapies is of interest given patient
reported improvements prior to robust detection of suppressed peripheral inflammation. The
early therapeutic response to DMARDs may stem from drug effect on the CNS, but
peripheral mechanism (e.g., modulation of the toll-like receptor signaling pathway and
impact on afferent sensitization) must be considered as well (De Rycke et al., 2005; Kato et
al., 2016).

Imaging Preclinical Models of RA

Preclinical imaging studies focusing on a functional assessment of the CNS in RA models
have been sparse, yet from the limited amount of work performed thus far (Amirmohseni et
al., 2016; Hess et al., 2011), parallels in brain function between clinical and preclinical RA
states can be observed. In one study by Hess et al., transgenic mice overexpressing human
TNFa showed higher BOLD signals to heat stimulation in brain regions such as the
somatosensory cortex (Hess et al., 2011). This heightened CNS response was suppressed
with anti-TNFa treatment, which is in accord with the clinical findings described above. In
future preclinical neuroimaging investigations, it would be of interest to determine if joint
compression, which may be more relevant to clinical RA, yields similar responses to thermal
stimuli, or if the collagen-induced arthritis (CIA) model, a commonly utilized model in
preclinical RA investigations, was assessed with fMRI. Moreover, results from studies
implementing 18F-FDG PET/CT and 11C-PK11195 PET/CT in the Complete Freund's
Adjuvant (CFA) model showed robust glucose metabolism and macrophage activity in
inflamed joints (Chandrupatla et al., 2015), a finding similarly observed in the CIA model
(Chaet al., 2012) and RA patients (Chaudhari et al., 2016; Suto et al., 2016). Such outcomes
suggest that it may be feasible to simultaneous track peripheral inflammatory processes with
central ones mediating pain processing in RA.

Translational Assessment (Table 6)

The use of fMRI in RA patients, be it at rest or during evoked pain condition, has not been a
widespread effort. From the limited clinical studies performed, it is known that limbic and
somatosensory circuits primarily show enhanced responses to noxious joint compression - a
functional response modulated with treatment (i.e., anti-TNFa antibodies). In both the
preclinical and clinical setting, it remains unknown if and how factors such as inflammation
or impairments in joint mobility longitudinally track with brain function. Also, whether
pharmacodynamic effects observed with fMRI in RA populations back-translate to
preclinical RA models has yet to be concretely determined.

Clinical Conditions in Need of Translational Neuroimaging Datasets

For some clinical pain conditions, a substantial body of neuroimaging work in the clinical
domain exists, yet the corresponding studies in the respective preclinical pain models are
absent all together. Two examples of this circumstance are Complex Regional Pain
Syndrome (CRPS) and Fibromyalgia. Interestingly, a central phenotype is thought to be key
to the overall pathophysiology for both conditions. By exemplifying the CNS properties

Neurosci Biobehav Rev. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Upadhyay et al. Page 18

elucidated from clinical neuroimaging studies, it is hoped that impetus is provided to pursue
preclinical pain imaging studies in models of CRPS or Fibromyalgia.

Complex Regional Pain Syndrome (CRPS)

Details on the CRPS Phenotype can be found in Supplementary Material and Supplemental
Table 5.

Imaging CRPS
Resting-state fMRI has revealed a modulation within the DMN (Baliki et al., 2014; Bolwerk
et al., 2013), with a particular reduction in connectivity between the medial prefrontal cortex
(MPFC) to the posterior constituents of the DMN. Other alterations in functional
connectivity were related to pain intensity ratings, particularly the increased connectivity of
the MPFC to the insular cortex. Supporting these resting-state fMRI results and highlighting
the role of the insula in CRPS, gray matter atrophy in the right insula, right ventromedial
prefrontal cortex (VMPFC) and right nucleus accumbens have been reported (Geha et al.,
2008). Relatedly, 18F-FDG-PET has shown increased glucose metabolism in many pain-
related brain regions (Shiraishi et al., 2006), while magneto-encephalographic (MEG)
studies at rest have demonstrated abnormal electrophysiology in the orbitofrontal-temporal
cortices and somatosensory cortex, which respectively hint at deficits in affective pain
perception and pain localization in CRPS patients (Walton et al., 2010). Although the results
centered around the somatosensory cortex were challenged in favor of adaptive cortical
changes of the healthy hand (Di Pietro et al., 2015), the contralateral, primary
somatosensory cortex response during innocuous tactile stimulation of the affected CRPS
hand was repeatedly reduced in fMRI (Pleger et al., 2006) as well as MEG (Juottonen et al.,
2002; Maihofner et al., 2003) investigations. This impairment was correlated to tactile acuity
and pain. The manifestation of an allodynic state can also be traced to central mechanisms.
A study assessing allodynia in CRPS found that brush stimulation on the non-affected hand
expectedly activated contralateral primary and secondary somatosensory cortices in addition
to the bilateral insula. In contrast, allodynia (brushing the affected hand) led to much more
activation within contralateral primary somatosensory, primary motor, parietal association,
bilateral secondary somatosensory, insular, frontal, and cingulate cortices (Freund et al.,
2010). Allodynic ratings were specifically correlated to activation in the primary
somatosensory, bilateral secondary somatosensory, parietal, insular and cingulate cortices.
Interestingly, successful treatment of CRPS induces a reversal of central reorganization in
addition to aberrant contralateral primary somatosensory and anterior cingulate cortex
activity induced by moving the painful hand and during nociceptive processing (Gustin et
al., 2010; Maihofner et al., 2004). The observed normalizing-type effect in the CNS may
signify the utility of predominantly cortical function as an imaging biomarker of disease
activity or therapeutic effect specific to CRPS.

Investigating the motor function with fMRI in CRPS patients with dystonia has found that
the imaginary movement of the affected hand also induced less activation ipsilaterally in the
premotor, prefrontal cortex, frontal operculum, anterior insula and superior temporal
cortices. Contralaterally, reduced activation was found in the inferior parietal and adjacent

Neurosci Biobehav Rev. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Upadhyay et al.

Page 19

primary somatosensory cortex (Gieteling et al., 2008). There were no differences between
patients and controls when they executed movements, nor when they imagined moving their
unaffected hand. In contrast, fMRI of non-dystonic CRPS patients described increased
activation in several areas of the central motor circuit during a motor task of the affected
hand. Subsequent covariate analyses demonstrated that specific activation of the posterior
parietal cortices (i.e. intraparietal sulcus), supplementary motor area and the primary motor
cortex were related to the extent of active motor dysfunction (Maihofner et al., 2007).

An understanding of the evolution and devolution of CRPS pain-related brain changes can
provide insights into brain plasticity as it relates to pain persistence or resilience. Pediatric
CRPS provides a major opportunity to explore these issues given that the brain is (i.) more
plastic and therefore adaptive; (ii.) most pediatric CRPS gets symptomatically better and (iii)
the potential to evaluate reversal of functional and structural brain changes (Becerra et al.,
2014; Erpelding et al., 2016). Moreover, changes specific to emotional circuitry in children
with CRPS (Simons et al., 2015) may offer insights regarding affective disorders possessing
onset in adulthood (e.g., depression, anxiety and recrudescence of pain).

Translational Assessment

Preclinical models of CRPS (Coderre et al., 2004; Guo et al., 2004; Siegel et al., 2007) have
not been evaluated using a functional brain imaging approach. From a clinical perspective,
modulation of somatosensory and motor cortex in addition to the insula appears as a
consistent phenotype of CRPS; which is reflective of the presence of pain and prevalent
motor deficits in this patient population. Therefore, testing hypotheses centered around
sensory and motor systems in the preclinical setting could be fruitful in terms of assessing
validity of CRPS models.

Fibromyalgia

Details on the Fibromyalgia Pain Phenotype can be found in Supplementary Material and
Supplemental Table 6.

Imaging Fibromyalgia

A central etiology for fibromyalgia pain appears highly plausible considering the body of
neuroimaging work showing modulations in neurotransmitter system function (i.e.,
dopamine and p-opioid receptors) (Albrecht et al., 2016; Harris et al., 2009), and the several
functional studies outlined below describing abnormal brain responses to pain and sensory
stimuli. Initial work by Clauw and colleagues demonstrated that compared to controls,
fibromyalgia patients subjected to a normally non-noxious pressure stimulation, possessed
both heightened behavioral pain measures and BOLD activity in regions such as the insula,
putamen and somatosensory cortex (Gracely et al., 2002). More recent investigations
involving resting-state fMRI, evoked pain fMRI and MR spectroscopy have further
implicated the role of the insula in fibromyalgia pain (Harris et al., 2008; Ichesco et al.,
2016; Ichesco et al., 2014; Pujol et al., 2014). A common trend observed in these studies has
been the presence of altered levels of functional connectivity between the insula and
structures of the DMN and executive network. While atypical evoked functional responses
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and functional connectivity strengths involving other brain regions (e.g., medial prefrontal
and secondary somatosensory cortices) are noted, the functional relationship amongst the
insula and DMN can be considered particularly important for fibromyalgia given its
correlation with clinical pain levels (Pujol et al., 2014). Based on this correlation, one would
hypothesize that ‘effective’ analgesics used to treat fibromyalgia pain may directly or
indirectly alter function of the insula and DMN. Such pharmacodynamic effects in the CNS
have indeed been shown (Harris et al., 2013; Harte et al., 2016; Jensen et al., 2014; Kim et
al., 2013; Lopez-Sola et al., 2010). For example, Harris et al. recently reported pregabalin-
induced decreases in insular glutamate and glutamine levels and decreases in functional
connectivity amongst the insula and constituents of the DMN. Jensen et al., demonstrated
higher posterior cingulate cortex activity during evoked pressure stimulation in milnacipran
responders compared to non-responders. Despite these central pharmacodynamic
observations, the findings must be viewed in the context of clinical value of the analgesics
tested. As with most analgesics, pain relief in fiboromyalgia with drugs such as pregabalin
yield moderate to substantial analgesia in only a minority of patients (Hauser et al., 2010;
Straube et al., 2010). Moreover, other symptoms (fatigue, memory and mood) that markedly
affect quality of life for fibromyalgia patients, but indirectly relate to pain levels
experienced, may not be impacted by currently available analgesics. Therefore, therapies
targeting other peripheral and central systems or mechanisms must be considered.

Translational Assessment

Preclinical models of fibromyalgia (Gibson et al., 2009; Sluka et al., 2001; Sluka and
Rasmussen, 2010; Xiao et al., 2015) have not been evaluated using a functional brain
imaging approach. A dominant feature stemming from the clinical fibromyalgia imaging
literature is the involvement of the insula and DMN structures. While examining insular
function and morphology in preclinical fiboromyalgia models seems logical, interpretation of
imaging data should be performed with caution considering inter-species differences
involving this structure (Craig, 2009). Moreover, it remains unknown how normally
innocuous stimuli (e.g., changes in temperature, low or high levels of activity) elicit a robust
pain state in fibromyalgia patients. Understanding how these environmental triggers are
correlative or causative to CNS function in a fiboromyalgia pain state should be probed.

Conclusions

Functional brain imaging has been widely used across many clinical pain conditions, and to
a lesser extent, in corresponding preclinical pain models. The impetus for further utilizing
the behavior of CNS circuits as translational units in pain and analgesia research stems from
the body of neuroimaging results summarized herein demonstrating that CNS responses can
be: (i) parallel between clinical and preclinical settings; (ii) unique to distinct types of pain
or pain conditions; (iii) correlated with patient reported pain magnitude and duration; (vi)
have a dynamic range amendable to a therapeutic challenge and (v) combined with other
modalities (i.e., peripheral imaging) in order to provide an integrated view of pain or pain
chronification. In conclusion, a neuroimaging approach for analyzing pain and analgesia can
further our understanding of various pathological conditions harboring pain in conjunction
with evaluating novel therapeutic strategies.
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Highlights

. Most clinical measures informing on chronic pain are non-translatable to the
preclinical setting

. Parallels in CNS function are observed between preclinical & clinical pain
states

. Measuring CNS function may further the comprehension of pain and pain
phenotypes

. A translational neuroimaging assay in pain research may facilitate discovery

of new analgesic
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Iterative evaluation of validity, limits of translation, model refinement + generation
and analgesic effect (or lack thereof) in multimodal framework
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Figure 1. Convergence of phenotypes and CNS properties in clinical and pre-clinical settings
A model of clinical and preclinical pain experimentation considers the use of pain-related

phenotypes in conjunction CNS function to assess and improve the overall validity of
preclinical pain investigations.
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Figure 2. Common CNS Circuitry Implicated in Processing Evoked Pain Stimuli in Healthy
Human Subjects and Naive Rats
Noxious thermal stimulation (7/10 pain rating) applied to the dorsum of the foot in healthy

human subjects or noxious electrical stimulation administered to the paw of naive rats
commonly elicit BOLD (human fMRI data) or cerebral blood volume (rat fMRI data)
changes in multiple CNS structures from the brainstem to cortex. C/ — Cingulate cortex, S1
— Primary Somatosensory Cortex, S2 — Secondary Somatosensory Cortex, RSC —
Retrospenial Cortex. Data was adapted and reproduced with permission from (Zhao et al.,
2012) and (Upadhyay et al., 2015).
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Figure 3. Common CNS Functional Responses During Evoked, Sensory Stimulation and CSD in
Clinical and Preclinical Migraine States

In 8 migraine patients with extracephalic allodynia, increased thalamic BOLD responses to
heat and brush stimuli were observed during migraine attack in comparison to migraine and
allodynia free states in the same patients (A.) Thalamic activation to mechanical stimuli
following dural administration of an Inflammatory soup (B.). Heightened
electrophysiological responses of sensitized thalamic-trigeminovascular neurons to
extracephalic skin stimuli following application of inflammatory soup to the respective dural
afferents (C.). CSD can be measured and quantified in both migraine patients (D.) and
preclinical migraine models (E.). Br— Brush, CL — Centrolateral thalamic nucleus, CM —
Centromedian thalamic nucleus, CSD — Cortical spreading depression, LI — Limitans
nucleus, MD — Mediodorsal thalamic group, PC — Posterior commissure, PF — Parafascicular
thalamic nucleus, Pi — Pinch, Pr— Pressure, Pul — Pulvinar, VV1 — Primary visual cortex, VPL
— Ventral posterior lateral thalamic nucleus. Data was adapted and reproduced with
permission from (Hadjikhani et al., 2001), (Burstein et al., 2010), (Becerra et al., 2016) and
(Becerra et al., 2017).
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Figure 4. Changes in Putaminal Function Commonly Observed in Knee OA Patients with Pain
and the MMT Model of Knee OA

In 26 knee OA patients with pain, the magnitude of cerebral blood flow (CBF) in the
putamen correlated with patient reported levels of pain with (A.) and without regression of
pain catastrophizing scores (PCS) (B.) Compared with the sham condition, increased
functional connectivity in the MMT model was observed when the left caudate-putamen
(contralateral to MMT knee) was used as the seed region (C.). Following intravenous
celecoxib administration and compared to the saline condition, decreases in caudate-
putamen functional connectivity was measured (D.), while BOLD fMRI signals within the
bilateral caudate-putamen was present only in MMT animals (E.), but not in sham animals
(data not shown). The MMT model possesses not only aberrant functional properties in the
CNS, but also, the expected peripheral pathology in the knee joint (synovial lesions (red
arrow), subchondral bone lesions (yellow arrow) and cartilage hyper-intensities (blue
arrow)) as measured by contrast enhanced MRI (F). Data was adapted and reproduced with
permission from (Upadhyay et al., 2013) and (Cottam et al., 2016).
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Table 1

Definition of Validity in Pain Experiments

Validity

Definition

Construct Validity

Degree to which an assay (paw withdrawal response or thermal pain detection threshold) appears to effectively measure
a specific component of pain (thermal hyperalgesia) without the influence of other potentially related components of
pain (skeletal or sensory deficits).

Face Validity

Degree to which an assay (paw withdrawal response or thermal pain detection threshold) appears to effectively measure
a specific component of pain (thermal hyperalgesia).

Content Validity

Degree to which an assay (condition place preference or WOMAC) accounts for all components of pain (sensation,
affect, function or motivation).

Predictive Validity

Degree to which a pain experiment*evaluating a therapy predicts an analgesic effect in a clinical pain population.

*
The pain experiment is considered to encompass both the preclinical pain model that is utilized in conjunction with the assay implemented to
measure pain. WOMAC - Western Ontario and McMaster Universities Osteoarthritis Index
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Table 2

Validity of fMRI-Based Assessment of Acute Pain Responses in Healthy Volunteers and Naive Rodents

Construct Validity

Preclinical and clinical pain fMRI reliably and accurately elucidates the CNS circuitry mediating acute pain processing.
Factors related to anesthetic use in preclinical setting may limit the level of construct validity.

Face Validity

Independent of mode of sensory stimulation (thermal or mechanical), CNS response to the stimulation can be reliably
and accurately obtained.

Content Validity

Preclinical and clinical pain fMRI studies reflect involvement of multiple systems involved in processing sensory and
affective components of acute pain.

Predictive Validity

A highly parallel response in the CNS to acute pain stimuli between the rodent and human CNS exists. However, given
known functional and morphological differences between the two species, predictive validity of preclinical pain fMRI
may be CNS region dependent.
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Table 3

Validity of fMRI Based Assessment of Migraine

Construct Validity

In migraine models such as those involving a perturbation of the dura with an inflammatory soup, changes in basal
physiology (CBF) may impact the global fMRI signal and thus, potentially impacting accuracy of fMRI readouts
specific to migraine.

Face Validity

Downstream maladaptive CNS processes emanating from pathology within the dura, triptan over-exposure or sensory
stimulation or triggering (e.g., bright lights or mechanical stimulation of trigeminal system) can be measured with fMRI,
in particular if patients are followed-up before, during and after attacks.

Content Validity

Using a combination of evoked and resting-state fMRI, Distinct pathological features of migraine can be measured and
quantified with fMRI including, but not limited to hyper-responsiveness to sensory stimuli or CSD.

Predictive Validity

Various components of the migraine phenotype such as triggering factors or dural perturbation can be modeled pre-
clinically, while the subsequent CNS response with and without treatment can be measured with fMRI. However, a
single preclinical migraine model, in which a therapy can be evaluated, which encompasses multiple, key clinical
phenotypes is currently not available.
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Table 4

Validity of fMRI Based Assessment of Neuropathic Pain States

Construct Validity

In preclinical neuropathic pain models (SNI, SNL or CCI), fMRI readouts may be influenced by surgical procedures,
particularly at early evaluation time points, in addition to factors stemming directly from nerve injury. In clinical and
preclinical neuropathic pain states, the presence of loss-of-function may interact with the fMRI data.

Face Validity

An abnormal CNS response or set of responses to evoked pain can be obtained. Patient fMRI data has more variation
than in healthy controls.

Content Validity

Using a combination of structural MRI as well as evoked and resting-state fMRI, distinct CNS circuits for sensation,
affect, function or motivation can be simultaneously probed during a neuropathic condition.

Predictive Validity

Some neuropathic pain models (CCI) may recapitulate certain neuropathic conditions (sciatica) more than others
(phantom limb pain). Human imaging is often correlative and cannot prove causality. It is therefore still unclear whether
it measures causality for or side effects of chronic pain.
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Table 5

Validity of fMRI Based Assessment of OA Pain States

Construct Validity

In surgical OA models (DMM or MMT), fMRI as well as non-fMRI readouts may be influenced by surgical procedures
particularly at early evaluation time points, in addition to factors stemming from peripheral joint pathology (e.g.,
synovitis and autoimmunity).

Face Validity

An abnormal CNS response or set of responses to evoked pain (experimental or disease-specific) specific to OA may be
identified. Note that CNS responses to experimental pain may not importantly reflect evoked pain induced by joint
movement or manipulation.

Content Validity

Using a combination of evoked and resting-state fMRI, distinct CNS circuits mediating sensation, affect, function or
motivation can be simultaneously probed under an OA pain state. Sensory and affective responses specific to OA joint
movement or manipulation may be possible.

Predictive Validity

While key peripheral (cartilage degradation, sensitization of primary afferent neurons) and central (central sensitization)
pathology is present in preclinical and clinical OA conditions, it is unknown if temporal relationships between joint
pathology vs. pain magnitude/CNS response is preserved in preclinical models.
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Table 6

Validity of fMRI Based Assessment of RA

Construct Validity

Spontaneous remission of RA joint pathology (limb swelling) especially in some preclinical RA models may occur.
Thus, differentiation of fMRI response changes resulting from treatment or normal disease fluctuation may be difficult.

Face Validity

An abnormal response to experimental pain (heat, pressure or mechanical stimulation) may be specific to an RA pain
state. CNS responses to experimental pain may not importantly reflect evoked pain induced by joint movement or
manipulation (compression).

Content Validity

Using a combination of evoked and resting-state fMRI, distinct CNS circuits mediating sensation, affect, function or
motivation can be simultaneously probed under an RA pain state. Sensory and affective responses specific to RA joint
movement or manipulation may be possible.

Predictive Validity

While key peripheral (joint inflammation) and central (aberrant responses to sensory stimuli) pathologies are present in
preclinical RA models and RA patients; it is unknown if clinically efficacious therapeutic strategies (anti-TNFa or anti-
1L6) yield common fMRI signatures between preclinical and clinical settings.
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