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Pain is a multidimensional subjective experience with biological, psychological, and social factors. Whereas acute pain can be a
warning signal for the body to avoid excessive injury, long-term and ongoing pain may be developed as chronic pain. There are
more than 100 million people in China living with chronic pain, which has raised a huge socioeconomic burden. Studying the
mechanisms of pain and developing effective analgesia approaches are important for basic and clinical research. Recently, with
the development of brain imaging and data analytical approaches, the neural mechanisms of chronic pain have been widely
studied. In the first part of this review, we briefly introduced the magnetic resonance imaging and conventional analytical
approaches for brain imaging data. Then, we reviewed brain alterations caused by several chronic pain disorders, including
localized and widespread primary pain, primary headaches and orofacial pain, musculoskeletal pain, and neuropathic pain, and
present meta-analytical results to show brain regions associated with the pathophysiology of chronic pain. Next, we reviewed
brain changes induced by pain interventions, such as pharmacotherapy, neuromodulation, and acupuncture. Lastly, we reviewed
emerging studies that combined advanced machine learning and neuroimaging techniques to identify diagnostic, prognostic, and
predictive biomarkers in chronic pain patients.
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Introduction
As a multidimensional and highly complex subjective experience consisting of biological, psychological, and social
factors, pain occurs when something hurts, causing an uncomfortable or unpleasant feeling. Acute pain, caused by
specific causes, usually comes on suddenly. It goes away
when there is no longer an underlying cause for the pain, and
a person can go on with life as usual.
In contrast, chronic pain lasts longer than three months,
*Corresponding author (email: huli@psych.ac.cn)

and does not act as a warning signal that acute pain does. It
brings tremendous personal and societal burden: chronic
pain patients often have increased therapeutic needs and
reduced life quality, and society needs to cope with a great
number of people with this condition (Davis et al., 2017).
Chronic pain is one of the most common reasons for physician visits (Hart et al., 1995) and the leading cause of
disability globally (Vos et al., 2012). In China, there are more
people living with chronic pain than patients with cancer,
heart disease, or diabetes. For example, chronic low back
pain (cLBP) is the second leading cause of years lived with
disability burden disease in China (Wu et al., 2019). To date,
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treatments for chronic pain are often unsatisfactory (Mao,
2012), which at least partly due to our limited understanding
of the underlying pathophysiology of chronic pain.
In the field of pain neuroscience, the emergence of neuroimaging techniques has enabled researchers to noninvasively investigate the role of the central nervous system
in the maintenance and development of chronic pain. These
technologies, including magnetic resonance imaging (MRI),
positron emission tomography (PET), electroencephalogram
(EEG), and magnetoencephalography (MEG), have been
used to study the abnormal brain functions and structures in
patients with chronic pain. Moreover, studies that aimed to
develop new pain intervention approaches also applied
neuroimaging techniques to associate the changes of brain
responses with the changes of chronic pain symptoms, exploring a deeper understanding of the treatment mechanism
thus facilitating treatment protocols.
Recent developments in data science, in particular machine learning, have advanced the understanding of chronic
pain by exploring large scale and complex clinical and
neuroimaging data (Lötsch and Ultsch, 2018). Using datadriven computational approaches, researchers have identified potential neuroimaging-based biomarkers for the diagnosis and prognosis of chronic pain. Furthermore, neural
markers that can predict patient’s responses to interventions
have the great potential to facilitate individualized treatment
for chronic pain.
The present review mainly focuses on the studies using
MRI technique to study the central nervous system in chronic
pain patients. In the first part of this review, we briefly introduce MRI and computational approaches for MRI data.
Then, we will review the functional and structural alterations
caused by several typical chronic pain disorders, including
localized and widespread primary pain, primary headaches
and orofacial pain, musculoskeletal pain, and neuropathic
pain, and present meta-analytical results to demonstrate the
brain regions involved in the chronic pain pathophysiology.
In the third part, we will review the brain changes induced by
pain interventions, such as pharmacotherapy, neuromodulation, and acupuncture. In the last part, we will review studies
that combined advanced machine learning and neuroimaging
techniques to identify diagnostic, prognostic, and predictive
biomarkers of chronic pain.

MRI and related analytical approaches
Functional MRI
Functional MRI (fMRI) detects brain signal changes that are
associated with blood flow, since neuronal activation and
cerebral blood flow are highly coupled. The primary form of
fMRI, called blood oxygen level dependent (BOLD) imaging, measures small changes of oxygen level in blood. In-
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creases of neuronal activity are associated with increased
demand for oxygen, and an increase of oxygen level in blood
flow reflects increased neural activity. Hence, tracking
changes in blood oxygenation levels can be a proxy of brain
activity.
Depending on the context, there are two main experimental
settings for fMRI: resting-state fMRI and task fMRI. For
resting-state fMRI, a participant is required to keep still and
stay awake during the fMRI scan (duration of scan may vary
from several minutes to hours). Since brain activity is intrinsic, present even without an explicit task, the BOLD
signal in any brain region will have spontaneous fluctuations.
Researchers have developed several approaches to quantify
the intrinsic brain activity and connectivity. For example,
Zang et al. (2007) developed the amplitude of low frequency
fluctuations (ALFF) to quantify the regional intensity of
spontaneous fluctuations in BOLD signals by calculating the
square root of power spectrum within the low-frequency
range (0.01–0.08 Hz). To reduce the noise from physiological sources near the ventricles and large blood vessels, an
improved version of ALFF, called fractional ALFF (fALFF),
was developed to calculate the ratio of the power spectrum of
low-frequency range (0.01–0.08 Hz) to that of the entire
frequency range (Zou et al., 2008). Since brain regions are
not independent but intrinsically organized as networks,
resting-state functional connectivity, which measures the
interactions between different brain regions, has been extensively studied in healthy and patient populations (Biswal
et al., 1995; Rosazza and Minati, 2011). The functional
connectivity can be calculated as the correlation (e.g.,
Pearson’s correlation, partial correlation) between the time
series of BOLD signals in two regions of interest, indicating
the pattern of synchronous activity in these two regions.
Recent studies have shown that functional interactions between brain regions are not static during the entire fMRI
scan, but can vary considerably in different temporal scales
(Damaraju et al., 2014; Hutchison et al., 2013; Kucyi and
Davis, 2014; Tu et al., 2019a). The time-varying characteristics may represent spontaneous alterations in the intrinsic
networks and may reveal neural mechanisms that cannot be
discovered based on the conventional static functional connectivity analyses (Fu et al., 2018a; Fu et al., 2018b; Marusak et al., 2017). Therefore, by adding temporal
information, researchers have developed pipelines to analyze
dynamic functional connectivity for resting-state fMRI data
(Fu et al., 2019; Tu et al., 2019a).
In task fMRI, a participant is instructed to perform an
explicit task in the MRI scanner, and his/her brain activity is
simultaneously recorded by the MRI. With a clear hypothesis, researchers design a large variety of tasks to investigate
the brain functions associated with cognition, motor, or
memory. To identify the brain regions and activities involved
in a task, a univariate analytical approach called the general
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linear model (GLM) has been a core tool (Friston et al.,
1994). In brief, the GLM aims to model a dependent variable
by a linear combination of several independent variables.
Here, the dependent variable can be the observed voxel-wise
fMRI time course, and the independent variables can be the
expected fMRI time courses for different conditions in an
experimental paradigm. The expected fMRI time course is
typically obtained by convolving a conditioned course with a
standard hemodynamic response function.
Structural MRI and diffusion MRI
Structural MRI examines the anatomy and pathology of the
brain. It provides information to qualitatively and quantitatively measure the shape, size, and integrity of gray and
white matter structures in the brain. There are many pulse
sequences for structural MRI which emphasize different
contrasts between brain tissues. For example, the T1weighted sequence provides a good contrast between gray
matter and white matter tissues, and the T2-weighted sequence provides a good contrast between cerebrospinal fluid
and brain tissues (Symms et al., 2004). Analytical approaches for structural MRI normally measure the volume,
thickness, or surface area of the cerebral cortex, or the shape
of gray matter structures.
Diffusion MRI maps the diffusion process of water in the
brain. A primary form of diffusion MRI, diffusion tensor
imaging (DTI), has been extensively used to map white
matter tractography in the brain. There are several common
DTI measures, for example, mean diffusivity, fractional anisotropy, radial diffusivity, and axial diffusivity. A complete
review of those DTI measures can be found in Alexander et
al. (2007).

Functional and structural brain abnormalities in
chronic pain
MRI has been widely applied for studying the central nervous system of patients with chronic pain. Using functional
and structural MRI, researchers have extensively explored
the brain abnormalities in different chronic pain patients and
linked those brain abnormalities to the clinical measurements. In the following, we will review the findings for
several common chronic pain disorders and provide a metaanalytical result.
Localized chronic primary pain: chronic low back pain
cLBP is the most prevalent chronic pain disorder and has
been widely studied using different neuroimaging techniques. Studies using MRI have identified abnormal functional
and structural alterations in wide-spread regions, including
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the primary and secondary somatosensory cortices, paracentral lobule, supplementary motor area (SMA), anterior
cingulate cortex (ACC), amygdala, thalamus, and insula
(Kregel et al., 2015; Mao and Yang, 2015; Zhang et al.,
2019a; Zhang et al., 2019b). In a recent study, performing
resting-state fMRI in 90 cLBP patients before and after a
pain-exacerbating maneuver, and in 74 healthy controls
subjects, Zhang et al. (2019a) studied low-frequency oscillations (indexed by ALFF) in cLBP patients. They found that
cLBP patients had increased ALFF in the postcentral gyrus
(PoCG), paracentral lobule, SMA, and ACC, while temporal
pain exacerbation elevated ALFF in common pain-related
areas, such as the insula, amygdala, thalamus, and hippocampus, and decreased ALFF in the default mode network
(DMN). This study novelly separated brain patterns associated with neuropathophysiology of cLBP (i.e., comparing
cLBP to healthy controls) and temporal intensity alterations
of clinical pain (i.e., comparing ALFF before and after painexacerbating maneuver), suggesting that brain patterns distinguishing cLBP patients from pain-free controls may be
different from those associated with clinical pain intensity.
Moving from studying isolated brain regions, functional
connectivity, which measures functional interactions between two brain areas, provides insights at the network level.
For example, the default mode network, which plays important roles in higher-order cognitive functions and reflecting individuals’ emotional states, has been shown
abnormal in cLBP (Apkarian et al., 2004; Baliki et al., 2008;
Loggia et al., 2013; Tu et al., 2019b). The salience network,
which not only monitors possible changes in sensory input
but also coordinates brain activity to facilitate behavioral
responses, has been found to be disrupted in cLBP (Borsook
et al., 2013; Hemington et al., 2016). The sensorimotor
network, which mainly processes sensory information, has
been shown to be abnormal in cLBP patients (Kong et al.,
2013). The important role of functional connectivity also
indicates the prognosis of cLBP. Using the same pain-exacerbating maneuver dataset as that used in Zhang et al.
(2019a), Yu et al. (2020a) found that the functional connectivity between the ventral tegmental area (VTA) and ACC
was decreased in cLBP patients while increased when back
pain intensity was elevated. Different from conventional
fMRI functional connectivity analysis, which assumes a
constant interaction between different brain regions
throughout the entire fMRI scan, Tu et al. (2020a) investigated the transient changes of functional connectivity
and examined the thalamocortical dynamics in cLBP patients. They found that distinct thalamocortical networks
were associated with cLBP pathophysiology and pain intensity. That is, cLBP patients had abnormal functional
connectivity between the ventralateral/posterolateral (VL/
VPL) nucleus and PoCG as well as between the dorsal/
ventral medial nucleus and insula, while temporal pain in-
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tensification altered functional connectivity between the VL/
VPL and PoCG and the DMN. In a longitudinal study of
1 year with subacute back pain (SBP) patients, SBP patients
were divided into two groups: recovering and persisting
patients. Surprisingly, Baliki et al. (2012) showed that initially greater brain connectivity between the nucleus accumbens and prefrontal cortex predicted pain persistence,
suggesting that corticostriatal circuit may be an indicator for
the transition from acute to chronic pain. Furthermore, by
investigating brain white matter properties after onset of
acute back pain, the same group found that white-matter
fractional anisotropy differences between persisting patients
and recovering patients could accurately predict pain persistence over the next year. These results imply that brain
structural differences may predispose individuals to pain
chronification (Mansour et al., 2013).
Several studies have highlighted the decreased cognitive
and emotional regulation in cLBP patients using specific
tasks. For example, Mao et al. (2014) used a multisource
interference task to evaluate the directed attention in cLBP
patients. They found that cLBP patients had reduced task
performance as well as significantly reduced activation in the
cingulo-fronto-parietal network during attention-demanding
trials compared to the healthy participants. In a very recent
study, using a monetary incentive delay task, researchers
found that cLBP patients had abnormal behavioral and brain
responses to reward and punishment. In addition, the decreased brain response in the striatum was related to higher
depression and anhedonia scores in cLBP patients (Kim et
al., 2020b).
Widespread chronic primary pain: fibromyalgia
Fibromyalgia is characterized by widespread musculoskeletal pain. Studies using MRI have found functional and
structural abnormalities in brain regions, including the prefrontal cortex, insula, sensorimotor cortex, and brainstem
(Burgmer et al., 2009; Giesecke et al., 2004; Jensen et al.,
2013; Jensen et al., 2009; Kuchinad et al., 2007; López-Solà
et al., 2017; Martucci et al., 2018; Robinson et al., 2015).
Apart from those studies using task-free design, a series of
neuroimaging studies have shown abnormal responses to a
variety of painful stimuli in fibromyalgia patients (Cagnie et
al., 2014; Gracely et al., 2002; Jensen et al., 2013; Pujol et
al., 2009). Using pressure-pain stimuli and functional and
structural MRI, Jensen et al. (2009) found that fibromyalgia
patients showed decreased functional regional coherence,
decreased brain volumes and decreased cortical thickness in
the rostral ACC. The brain structural changes were more
pronounced in patients with longer exposure to fibromyalgia.
Although the dysfunction of rostral ACC in fibromyalgia
patients has been reported in an early study (Jensen et al.,
2009), this combined integration of structure and functional
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measures highlighted a coherent function-structure brain
aberrations and suggested the dysfunctional endogenous pain
inhibition as a central pathophysiological mechanism in fibromyalgia.
Studies examining brain connectivity have revealed abnormal networks in fibromyalgia patients (Flodin et al.,
2014; Ichesco et al., 2016; Kim et al., 2015; Napadow et al.,
2010; Napadow et al., 2012). During rest, fibromyalgia patients showed decreased functional connectivity between the
premotor cortices and thalamus, between the primary sensorimotor cortex and right insula, and between the prefrontal
and supramarginal cortices (Flodin et al., 2014; Napadow et
al., 2010). A longitudinal study has shown that the reduction
of intrinsic DMN connectivity to the insula was coupled to
the reduction in pain intensity. When receiving nociceptive
stimulation, fibromyalgia patients had increased functional
connectivity between pain-related brain regions (e.g., the
thalamus and insula) and the DMN (Flodin et al., 2014;
Ichesco et al., 2016). In a study with 42 fibromyalgia patients
and 63 pain-free adults, Kim et al. (2015) found abnormal
cerebellar connectivity to temporal, medial prefrontal, and
right inferior parietal lobes. In addition, they explored white
matter connectivity using probabilistic white matter tractography and showed that the number of white matter fibers in
the frontal and cerebellar networks was associated with the
pain sensitivity and clinical pain interference. These converging results indicate that altered gray and white matter
morphometry in the frontal and cerebellar regions may
jointly contribute to pain-related dysfunctions in fibromyalgia patients.
Fibromyalgia patients are also suffered from reward dysfunction. Using pain-related reward/punishment paradigm,
Loggia et al. (2014) found that fibromyalgia patients exhibited reduced activation during both pain anticipation and
relief anticipation within the brain regions associated with
sensory, cognitive, and affective functions. In particular,
activity in the ventral tegmental area, the origin of the dopaminergic reward system, was abnormal during anticipation
of pain relief and punishment. In another study using a
monetary incentive delay task and fMRI to measure neural
correlates of reward anticipation and female fibromyalgia
patients, the authors found altered prefrontal and striatal
brain activity for the monetary anticipation and outcome
(Martucci et al., 2018). Together, these results implicate altered mesocortical and mesolimbic dopaminergic pathways
for reward processing in fibromyalgia patients.
Chronic primary headaches and chronic orofacial pain
Primary headaches are the most common and disabling
neurological disorders worldwide. Neuroimaging studies
have transformed our understanding of headache from a
vascular to neurovascular, and most recently, to a central
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nervous system disorder. Using MRI, researchers have
identified functional and structural brain abnormalities in
cortical and subcortical regions in migraine and cluster
headache patients (Aurora et al., 1999; Coppola et al., 2016;
Hodkinson et al., 2016; Messina et al., 2018; Mulleners et al.,
2001; Schwedt, 2013; Schwedt et al., 2015; von Deneen et
al., 2019).
Almost 132 million people in China are living with migraine (Stovner et al., 2018), and the prevalence is around
10% of the whole Chinese population. Migraine includes
prodrome, aura (migraine without aura patients do not have
this stage), headache, postdrome, and interictal stages. Studies have shown functional abnormalities in the visual cortex, hypothalamus, spinal trigeminal nucleus, and pons in the
prodrome phase (Schulte and May, 2016), while the visual
cortex was also found abnormal in the aura (Arngrim et al.,
2017) and postdrome (Schulte and May, 2016). During aura,
the visual cortex was found abnormal. About 30% of patients
have aura symptoms, which may be due to the cortical
spreading depression, a wave of cortical depolarization that
is followed by neuronal suppression (Goadsby et al., 2017).
Using fMRI, Arngrim et al. (2017) studied different patterns
of brain responses during induced visual aura symptoms.
They found a reduced BOLD response in the visual cortex
when experiencing negative visual symptoms (e.g., scotoma)
and an increased BOLD response in the visual cortex when
experiencing positive symptoms (e.g., flickering).
During headache, i.e., ictal phase, widespread brain areas
were disrupted, including the cerebellum and periaqueductal
gray (Mehnert and May, 2019), hypothalamus (Schulte et al.,
2017; Schulte and May, 2016), pons (Hougaard et al., 2017),
spinal trigeminal nucleus and visual cortex (Schulte and
May, 2016), middle frontal, somatosensory and temporooccipital cortex (Hougaard et al., 2017), and thalamus
(Amin et al., 2018). One recent study included a patient with
migraine without aura and scanned MRI for 30 consecutive
days to identify the migraine “generator” in the hypothalamus (Schulte and May, 2016). The study showed dysregulated functional connectivity between the hypothalamus and
the spinal trigeminal nuclei and dorsal pons during the prodrome and ictal phase. The authors suggested that the hypothalamus may be the generator of migraine attacks.
Another study from the same research group found that an
elevated activity in the anterior hypothalamus responded to
pain only in chronic migraine, but increased activity in the
posterior hypothalamus was found in both chronic and episodic migraine patients during ictal phase (Schulte et al.,
2017), suggesting that the anterior hypothalamus may play a
role in migraine chronification. Since most migraine patients
experience multisensory dysfunction, the thalamus as the
central relay station was found abnormal during spontaneous
attacks of migraine (Amin et al., 2018). At the network level,
some studies reported abnormal functional connectivity
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during the ictal phase in networks that are associated with
attentional, cognitive, and emotional modulations of pain
(Chong et al., 2019; Coppola et al., 2018).
The interictal phase is one of the most extensively studied
stages for migraine. Studies have found functional and
structural abnormalities in regions associated with pain and
multisensory integration, such as the thalamus (Tu et al.,
2019a), somatosensory cortex and visual cortex (Tu et al.,
2020b), periaqueductal gray (Chen et al., 2017), and hippocampus (Chong et al., 2017; Liu et al., 2018). Network-based
analyses have shown alterations in the default mode network
(Hubbard et al., 2014; Tessitore et al., 2013; Xue et al.,
2012), sensorimotor network (Zhang et al., 2017), and cognitive network (Androulakis et al., 2017). Using the dynamic
functional connectivity analysis, Tu et al. (2019a) investigated the transient changes of functional connectivity
and examined the thalamocortical dynamics in interictal
migraine without aura patients. They found that abnormal
posterior thalamus (pulvinar nucleus) dynamic connectivity
with the visual cortex and the precuneus were associated
with the headache frequency of migraine, depicting an extended understanding of abnormal thalamocortical networks
and dysrhythmia in migraine (Tu et al., 2019a). Interestingly,
two recent studies using network-based approaches have
identified the decreased functional connectivity between the
visual cortex (the V3 and V3A) and other cortical areas
(Burke et al., 2020; Tu et al., 2020b), which extended previous findings demonstrating reduced connectivity between
the visual cortex and cortical areas in salience network using
a seed-based approach (Niddam et al., 2016). In particular,
only migraine without aura patients were included in Tu et al.
(2020b), implicating that the significance of the visual cortex
in relation to the pathophysiology of migraine was independent of visual auras. Migraine is twice more prevalent
in females than in males. By collecting structural MRI data
from interictal migraineurs and healthy controls with both
genders, Maleki et al. found that, as compared with male
migraineurs and healthy controls of both sexes, female migraineurs showed thicker posterior insula and precuneus
cortices. They further used heat stimulation to investigate
functional brain activity and connectivity in these two regions, and showed differences of functional connectivity
between male and female migraineurs (Maleki et al., 2012).
These results suggest that sex-specific patterns may be associated with migraine. Moreover, suffering from migraine
could be stressful and modulate brain functions not only in
the pain system in ways that could be maladaptive (Borsook
et al., 2012).
Early neuroimaging studies have suggested a key role of
the hypothalamic region in cluster headache (May et al.,
1998). Specific activation during the pain phase was found in
the posterior inferior hypothalamus for patients with “inbout” cluster headache (May et al., 1998), and a following
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study using structural MRI revealed concurrent increase of
the gray matter volume in the posterior inferior hypothalamus (May et al., 1999). Another study found an increased
hypothalamic volume in the anterior hypothalamus when
patients with cluster headache were compared to migraineurs
and healthy controls (Arkink et al., 2017). These studies have
suggested that the anterior and posterior hypothalamus may
be distinctly involved in the pathophysiology of clustered
headache: whereas the anterior hypothalamus could be associated with the generation of the circadian rhythm of
cluster headache attacks, the posterior hypothalamus might
contribute to the restlessness that is commonly experienced
by cluster headache patients during the attack (Hoffmann and
May, 2018).
One of the most common chronic orofacial pain is the
temporomandibular disorders. Studies have observed functional abnormalities in the primary somatosensory cortex
(Abrahamsen et al., 2010), attentional/emotional, motor and
default mode networks (Weissman-Fogel et al., 2011);
structural abnormalities in the frontal polar, primary somatosensory cortex, and ventrolateral prefrontal cortex
(Moayedi et al., 2011); and aberrant white matter fractional
anisotropy near the primary somatosensory cortex (Moayedi
et al., 2012).
Chronic musculoskeletal pain: osteoarthritis
Among all arthritis conditions, knee osteoarthritis is the most
prevalent and disabling degenerative joint disorder. Chronic
pain is a hallmark of knee osteoarthritis, and the spontaneous
pain of knee osteoarthritis is distinguishable from the acute
pain. Using fMRI, Parks et al. found that knee osteoarthritis
patients had disrupted spontaneous brain activities in prefrontal-limbic regions, which also had been observed abnormal in other chronic pain. In contrast, patients had similar
brain activations to mechanical pain stimuli as compared to
healthy controls (Parks et al., 2011). A later study using
electrical stimulation to induce pain in healthy controls and
knee osteoarthritis patients found that the functional connectivity between the dorsolateral prefrontal cortex and the
pain matrix (a cerebral signature for pain perception (Legrain
et al., 2011)) was disrupted in knee osteoarthritis patients
(Hiramatsu et al., 2014). Brain structure changes have also
been found in knee osteoarthritis patients. A very recent
study investigated the brain gray matter abnormalities in
patients with knee osteoarthritis and hip osteoarthritis using
the conventional voxel-based morphometry analysis (Barroso et al., 2020), and the authors found a lower volume of
anterior cingulate gray matter only in hip osteoarthritis patients. When they flipped the brains to examine the hemisphere contralateral to osteoarthritis pain, the volume of
primary motor cortex gray matter was lower in the knee and
hip pain. However, the reduction of gray matter volume in
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osteoarthritis patients was not significantly associated with
their clinical symptoms (Barroso et al., 2020) and pain sensitivity (Alshuft et al., 2016).
Chronic neuropathic pain: trigeminal pain
Neuropathic pain is a main category of chronic pain associated with neurological lesions in the peripheral or central
nervous system. Trigeminal neuropathic pains have been
widely studied using neuroimaging techniques. Studies have
found disrupted functional brain activities in the anterior
cingulate cortex, prefrontal cortex, and primary somatosensory cortex (Becerra et al., 2006; Henderson et al., 2013;
Moisset and Bouhassira, 2007); abnormal gray matter
changes in the thalamus, anterior cingulate cortex, primary
somatosensory cortex, and insula (DeSouza et al., 2013;
Gustin et al., 2011; Obermann et al., 2013); and aberrant
white matter fractional anisotropy near the primary somatosensory cortex in trigeminal pain patients (DeSouza et al.,
2014; Gustin et al., 2012).
Meta-analytical results for chronic pain
To identify chronic pain-associated brain regions, Neurosynth (http://neurosynth.org/) was used as a metadata reference for neuroimaging literature (Yarkoni et al., 2011).
Under the search string “chronic pain”, 92 studies were
identified. We further screened the studies to exclude (i)
studies using experimental pain on healthy subjects; (ii)
studies performed on nonhuman primates. Then we separated studies using fMRI and sMRI since the functional and
structural abnormalities may not converge. The final list for
the meta-analysis includes 43 studies using fMRI and 20
studies using sMRI. A complete list can be found in Tables
S1 and S2 in Supporting Information. We then run the
standard coordinate-based meta-analysis with activation
likelihood estimation (ALE) (Eickhoff et al., 2009). In brief,
ALE models the reported coordinates from each study in a
probabilistic fashion that the reported foci are treated as the
center of an uncertainty function (with Gaussian probability
distribution). For all activation foci in each subject, ALE
provides probabilities for each voxel and returns an individual activation map. Then ALE estimates the convergence of those individual activation maps by finding the
union of the probabilities and provides voxel-wise scores
representing the convergence of activation at each location.
Last, ALE defines the P-value by comparing the proportion
of values under a null distribution reflecting a random spatial
association between studies. In our analysis, the significance
threshold was set to P<0.001 at the voxel level, and a clusterlevel family-wise error corrected significance of P<0.05
based on 10,000 Monte-Carlo simulations.
Functional abnormalities were mainly found in the insula,
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Figure 1 Meta-analytical results. Brain regions associated with chronic pain were identified and extracted from 43 fMRI studies and 20 sMRI studies. PCC,
posterior cingulate cortex; INS, insula; AMY, amygdala; HIP, hippocampus; THA, thalamus; PoCG, postcentral gyrus; MCC, Middle cingulate cortex;
mPFC, medial prefrontal cortex; CAU, caudate; IFG, inferior frontal gyrus.

PoCG, thalamus, middle cingulate cortex, amygdala, hippocampus, and posterior cingulate cortex (Figure 1). In addition, structural abnormalities were mainly found in the
medial prefrontal cortex, hippocampus, postcentral gyrus,
and inferior frontal gyrus. The coordinates for the identified
regions can be found in Tables 1 and 2.

Functional and structural brain changes due to the
treatment of chronic pain
Pharmacotherapy is the most common treatments for chronic
pain, and a large number of pharmaceuticals have been
suggested as treatment options for chronic pain. The opioid
analgesics, considered to be the most powerful analgesic
agent for the treatment of chronic pain, have led to consequences of misuse, overdose, and addiction (i.e., opioid
epidemic), and the treatment effect for reducing pain was
limited when comparing to placebo (Baron et al., 2010). In
recent years, researchers are increasingly assessing the potential benefits of neuromodulatory interventions and psychological interventions in treating various pain conditions
(Jensen et al., 2014). Using neuroimaging analytical approaches, studies have explored the underlying mechanisms
of different treatment approaches in chronic pain patients. In
the following sections, we will review recent findings of
functional and structural brain changes due to three different
classes of treatments of chronic pain, including pharmacotherapy, neuromodulation, and acupuncture.
Pharmacotherapy
The subanesthetic ketamine is often recommended for

treating a variety of chronic pain conditions, especially for
neuropathic pain (Niesters et al., 2014). Rogers et al. (2004)
used fMRI to investigate the analgesic effects of ketamine
and found that ketamine significantly reduced thermal pain
and brain activity in the thalamus and insula. In another
placebo-controlled fMRI study investigating the effects of
ketamine on intrinsic functional connectivity (Niesters et al.,
2012), the authors reported that ketamine increased the
connectivity in the visual cortex and cerebellum, and decreased connectivity in the somatosensory and auditory
cortices. These studies explored the ketamine’s mechanism
in the central nervous system with respect to analgesia for
experimental pain. To link the changes in pain symptoms and
the changes in the brain under chronic pain conditions, researchers recruited chronic pain patients and scanned their
brains before any intervention. Then those patients were
randomized into different intervention groups and received
corresponding treatments in several weeks or months. Another neuroimaging scan was applied at the end of treatment
sessions. In a pilot study, Becerra and colleagues reported the
fMRI brain changes in a patient with complex regional pain
syndrome who received ketamine treatment. They scanned
the patient twice: one during pain state and another after
ketamine treatment in the pain-free state (Becerra et al.,
2009), and found that the patient had different brain activations in the cortical and subcortical regions when receiving
pain stimuli. Moreover, they found that the patient’s restingstate network was modulated towards the patterns of healthy
volunteers. A recent study by Rogachov et al. (2019) further
tested the hypothesis that the effect of pain-relieving due to
ketamine is the result of a reversal of brain abnormalities.
They showed that ketamine decreased regional low-frequency brain oscillations in the posterior cingulate cortex,
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Coordinates of chronic pain-associated brain regions identified from meta-analysis of fMRI studies

Cluster ID

Brain regions

1

Brain stem/midbrain

Peak coordinates
x

y

z

0

−24

−18

a)

Peak T value

Cluster size (voxels)

3.26

45

2

R PHG/HIP/THA/AMY

24

0

−16

5.56

404

3

L PHG/HIP/AMY/STG

−22

−4

−16

4.83

168

4

R INS/PUTA/IFG/STG/Oper

40

4

2

4.94

691

5

L INS/Oper/PreCG/STG

−42

2

0

4.17

260

6

L IFG/INS

−34

26

2

3.84

81

7

L CAU

−10

14

2

4.02

57

8

L THA/PUTA

−12

−20

4

3.90

166

9

L THA/HIP/PHG

−14

−34

6

3.37

40

10

R PoCG/Oper

52

−16

18

3.29

33

11

R ACC/MFG

12

36

16

3.90

56

12

L IFG/MFG/PreCG

−54

4

38

3.10

41

13

R ACC/MCC/

2

2

34

3.55

47

14

L MCC

−4

−22

36

3.86

38
80

15

PCu/IPL

0

−74

42

3.71

16

L MCC/PCC/PCu

−4

−44

42

3.59

32

17

L IPL/PoCG

−46

−32

46

3.67

140

18

R IPL/PoCG/SMG

52

−28

48

3.61

57

a) L, left; R, right; PHG, parahippocampal gyrus; HIP, hippocampus; THA, thalamus; AMY, amygdala; STG, superior temporal gyrus; INS, insula; IFG,
inferior frontal gyrus; MFG, middle frontal gyrus; ACC, anterior cingulate cortex; MCC, middle cingulate cortex; PCC, posterior cingulate cortex; PUTA,
putamen; Oper, operculum; CAU, caudate; PreCG, precentral gyrus; PoCG, postcentral gyrus; PCu, precuneus; IPL, inferior parietal lobule; SMG, supramarginal gyrus.
Table 2

Coordinates of chronic pain-associated brain regions identified from the meta-analysis of sMRI studies

Cluster ID

Brain regions

1
2

a)

Peak coordinates

Peak T value

Cluster size (voxels)

−22

3.81

125

−20

3.66

47

−14

−14

3.26

32

58

−6

3.43

66

x

y

z

L PHG/HIP/AMY

−30

−10

L IFG/SFG/INS

−26

16

3

L HIP/PHG/AMY

−20

4

L MFG/SFG/ACC

−2

5

R MTG/STG

52

−32

0

3.44

31

6

L IFG/MFG/INS

−38

34

4

4.09

143

7

L MFG

−30

46

6

3.84

44

8

L STG/PoCG/SMG/IPL/INS/Oper

−48

−24

12

3.91

117

9

L CUN/SOG

−4

−84

8

3.37

30

10

R SFG/MFG

8

66

16

3.56

35

11

L ACC

−4

18

20

3.31

42

12

L SOG/CUN/PCu/SPL

−16

−64

26

3.58

38

13

R SFG/PreCG/PoCG/SPL

50

−18

38

3.90

67

14

R ParaCG/PoCG/PCu/SPL

18

−40

58

3.54

32

15

R PreCG/PoCG/SFG

40

−24

56

3.70

65

a) L, left; R, right; PHG, parahippocampal gyrus; HIP, hippocampus; AMY, amygdala; STG, superior temporal gyrus; INS, insula; IFG, inferior frontal
gyrus; MFG, middle frontal gyrus; SFG, superior frontal gyrus; ACC, anterior cingulate cortex; STG, superior temporal gyrus; MTG, middle temporal gyrus;
Oper, operculum; PreCG, precentral gyrus; PoCG, postcentral gyrus; ParaCG, paracentral gyrus; PCu, precuneus; CUN, cuneus; IPL, inferior parietal lobule;
SPL, superior parietal lobule; SMG, supramarginal gyrus; SOG, superior occipital gyrus.

and the treatment response was associated with the decrease
of functional connectivity between the posterior cingulate

cortex and sensorimotor and salience networks.
Duloxetine is a medicine used to relieve chronic pain and
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improve mood. Studies have suggested that the analgesic
effect of duloxetine may be associated with the modulation
of the endogenous pain inhibitory pathway (Jones et al.,
2005). In several clinical studies, duloxetine is effective in
treating patients with diabetic neuropathic pain (Goldstein et
al., 2005), fibromyalgia (Arnold et al., 2004), knee osteoarthritis (Chappell et al., 2011; Chappell et al., 2009), and
cLBP (Skljarevski et al., 2009; Skljarevski et al., 2010).
Using fMRI, a study found that duloxetine could significantly reduce brain responses to painful stimulation, in
regions of right prefrontal cortex, pregenual anterior cingulate cortex, and pons (López-Solà et al., 2010). Although
duloxetine has been shown effective for treating chronic
pain, few neuroimaging studies have investigated the central
mechanisms in the patient population.
Neuromodulation
With the increasing understanding of the pathophysiology of
chronic pain, non-invasive brain stimulation techniques that
can target pain-related brain regions have been considered as
effective treatments for chronic pain. In particular, cortical
stimulation procedures, such as repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS), have the potential to modulate pain (Jensen
et al., 2014). rTMS is delivered by stimulating cortical tissue
via a magnetic coil placed near the scalp above the target
brain region. A magnetic field is produced to penetrate the
skull when a current is passed through the coil. High-frequency stimulation (≥5 Hz) could lower thresholds of neuronal firing and thereby increase brain excitability, while
low-frequency stimulation (≤1 Hz) could increase the firing
threshold and thereby inhibit excitability. tDCS is delivered
by administrating a weak current (1–2 mA) to the scalp via
pre-placed electrodes, usually for tens of min per session.
The current provided via the positive electrode (anodal)
could lower the firing threshold of the neurons that lie in the
cortex under the electrode, thereby increase neuronal excitability. Whereas negative electrode (cathodal) could increase
the firing threshold of the neurons below the electrode and
inhibit neuronal excitability. Previous studies using rTMS
and tDCS normally targeted the primary motor cortex contralateral to the painful region, since brain activity in the
primary motor cortex may inhibit the processing of nociceptive inputs by sending modulatory signals directly to the
thalamus and consequently reduce pain (O’Connell et al.,
2010; Plow et al., 2012). Preliminary clinical trials have
shown effective pain reduction that could persist days to
weeks after treatment (Fenton et al., 2009; Fregni et al.,
2007; Fregni et al., 2006; Lefaucheur et al., 2006; Mhalla et
al., 2011; Mori et al., 2010; Tzabazis et al., 2013). Using
fMRI and rTMS/tDCS on the primary motor cortex, studies
have reported widespread effects on cortical (e.g., cingulate
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and frontal cortices), subcortical (e.g., thalamus, striatum),
and brainstem (e.g., periaqueductal grey) structures (Marlow
et al., 2013). These findings suggest that the effects of noninvasive brain stimulation may be more general and widespread, other than focusing on the targeted brain area.
Moreover, the modulatory effects can be in the same (Stagg
et al., 2009) or opposite (Antal et al., 2011) direction to that
predicted from the polarity of stimulation over the target
region.
Although promising, several reviews have pointed out the
great variability in pain reduction among studies using noninvasive brain stimulation techniques (Marlow et al., 2013;
O’Connell et al., 2010; Plow et al., 2012). Many factors may
contribute to this heterogeneity. First, the effects may differ
across different types of pain. For example, studies reported
that rTMS was more effective in reducing central neuropathic pain than peripheral neuropathic pain (Leung et al.,
2009), and it was also more effective in chronic neuropathic
pain than in non-neuropathic pain (O’Connell et al., 2010)
using the same stimulation protocol. Second, the influences
of stimulation parameters (including the intensity, frequency,
duration, and the number of sessions) on the analgesic effect
are still not well understood. Combining neuroimaging with
non-invasive brain stimulation, especially with simultaneously recorded neuroimaging data, will greatly deepen our
understandings of these basic questions and facilitate the
development of effective stimulation protocols for relieving
chronic pain (Esmaeilpour et al., 2020; Venkatakrishnan and
Sandrini, 2012).
Acupuncture
As one of the oldest healing arts in the world, acupuncture is
a therapeutic intervention by inserting fine, solid metallic
needles into or through the skin at specific sites. Acupuncture has been widely used as a form of alternative or
complementary treatment for chronic pain. Extensive clinical trials have explored the effectiveness of acupuncture for
reducing pain in different chronic pain disorders. In 2012, A
meta-analysis conducted on data from 29 randomized controlled trials with a total of 17,922 patients showed that
acupuncture was more effective than both sham and noacupuncture controls (Vickers et al., 2012). Patients receiving acupuncture had a greater reduction of pain than sham
controls for back and neck pain, osteoarthritis, and chronic
headache. Following this study, an updated meta-analysis
conducted on 39 randomized trials with a total of 20,827
patients also confirmed that acupuncture was superior to
sham control as well as no acupuncture control (Vickers et
al., 2018). They also found that the analgesic effects of
acupuncture persist over time, with an approximately 15%
decrease only over a year.
Acupuncture is originated from China. As a part of tradi-
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tional Chinese medicine, it is based on an ancient physiological system, but not based on Western scientific empiricism. According to the ancient system, health is considered
as the result of harmony among bodily functions and between body and nature (Berman et al., 2010). Nevertheless,
its unclear neural mechanism has significantly hindered the
development and application of acupuncture treatment in
western countries. During the past two decades, researchers
have been using fMRI to characterize the effects of acupuncture in the central nervous system and visualize its
modulation in the brain. Early in 2000, a study used fMRI to
investigate the effects of acupuncture in healthy participants
and found that the needle manipulation of acupuncture on
hand produced significantly decreased fMRI responses in the
limbic and subcortical regions, including the nucleus accumbens, amygdala, hippocampus, parahippocampus, hypothalamus, ventral tegmental area, anterior cingulate
cortex, caudate, putamen, temporal pole, and insula (Hui et
al., 2000). This study provided a foundation for future studies on neural mechanisms of acupuncture. In 2005, researchers further compared the central effects of
electroacupuncture at 2 Hz and 100 Hz with traditional
Chinese manual acupuncture (Napadow et al., 2005). They
found that in addition to the limbic and subcortical brain
regions modulated by manual acupuncture, electroacupuncture produced signal increases in the anterior middle
cingulate cortex. Later studies have investigated the neural
mechanisms of acupuncture analgesia. Kong et al. (2009)
found that acupuncture can reduce brain responses to noxious stimuli in typical regions involved in pain processing,
including the thalamus, insula, and periaqueductal grey.
Using network-based analysis, Dhond et al. (2008) found
that real but not sham acupuncture produced increased default mode network connectivity with pain (i.e., the anterior
cingulate cortex and periaqueductal grey), affective (amygdala), and memory (hippocampus) related brain regions.
These studies collectively provided solid evidence of acupuncture analgesia that may target both sensory and affective
pain perception and be implicated in endogenous opioidergic
modulation.
Benefited from findings of acupuncture analgesia in experimental pain studies, researchers have also explored the
analgesic effects of acupuncture on chronic pain patients.
Napadow et al. (2007) found that acupuncture can increase
brain activations in the hypothalamus and decrease brain
activations in the amygdala in patients with carpal tunnel
syndrome as compared to healthy controls. This is the first
report showing that as compared to healthy controls, chronic
pain patients respond differently to acupuncture via a coordinated limbic network. Several studies have explored the
modulatory effects of acupuncture on knee osteoarthritis
patients (Chen et al., 2014; Egorova et al., 2015). They found
that real acupuncture decreased the functional connectivity
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between the periaqueductal grey and hippocampus, and the
decrease of functional connectivity was associated with the
pain reduction in knee pain patients. In contrast, sham acupuncture decreased functional connectivity between the
periaqueductal grey and medial frontal cortex, but patients
did not show any pain reduction. In addition to functional
changes in the brain, longitudinal brain structural analysis
showed that knee pain patients who received sham acupuncture (as compared to patients in the real acupuncture
group) had significantly reduced the cortical thickness at the
left posterior medial prefrontal cortex, suggesting that acupuncture may prevent cortical thinning to achieve therapeutic effects in knee pain patients. The therapeutic effects
of acupuncture on migraine patients have been extensively
studied (Li et al., 2015; Li et al., 2016; Li et al., 2017a; Li et
al., 2017b; Zhao et al., 2017). It has been found that for
migraine patients, acupuncture treatment could reverse the
abnormal functional connectivity between the periaqueductal grey and rostral anterior cingulate cortex, which is a
key pathway in the descending pain modulatory system. The
changes in functional connectivity were significantly associated with headache intensity improvement (Li et al., 2016).
Similar brain evidence has also been found in cLBP patients
(Kim et al., 2020a; Yu et al., 2020a; Yu et al., 2020b). Real
acupuncture could increase the functional connectivity between the periaqueductal grey and amygdala, and the increased functional connectivity was associated with
decreased pain scores in cLBP patients (Yu et al., 2020b).
Kim et al. (2020a) found that acupuncture could reduce the
gray matter volume in the primary somatosensory cortex and
increase white matter fractional anisotropy of the primary
somatosensory cortex. The changes in brain measures were
associated with improvements in tactile acuity in chronic
back pain patients.
fMRI has facilitated the innovation of acupuncture for
treating chronic pain. Conventional acupuncture therapies
have been limited by cost and scheduling difficulties. Cao
et al. (2018) combined acupuncture with guided imagery
to develop a novel intervention, called video-guided
acupuncture imagery treatment, which was achieved by
watching a video of acupuncture that was administered
previously on the participant’s own body at baseline while
imaging the brain being concurrently applied. They found
that both real acupuncture and the imagined acupuncture
could significantly increase pain threshold (i.e., less
sensitive to pain) as compared to sham treatments. Using
fMRI, they examined the different analgesic mechanisms
of acupuncture and imagined acupuncture, which may
target the insula and rostral anterior cingulate cortex,
respectively. More recently, they applied the novel imagined acupuncture to cLBP patients and found that it was
also effective in reducing chronic pain (Cao et al., 2020).
Since patients could self-administer the imagined acu-
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puncture after an exposure of a real acupuncture treatment
session, it may be particularly useful for elderly or disabled patients who have limited access to acupuncture
treatment.

Machine learning and neuroimaging for identifying
pain biomarkers
With the development of data science techniques, the strategy of analyzing large scale neuroimaging data has been
transformed from univariate to multivariate ways (Hu and
Iannetti, 2016; Su et al., 2019; Woo et al., 2017). In particular, machine learning is a set of algorithms that can detect
patterns in neuroimaging data automatically and then apply
the identified patterns to observe and extract information
from the data to derive new knowledge to predict or classify
future data (Lötsch and Ultsch, 2018). Accumulating studies
have demonstrated that machine learning is able to extract
useful information from high-dimensional and noisy neuroimaging data, thereby identifying neural “biomarkers” for
behaviors and diseases (Huang et al., 2013; Wager et al.,
2013; Woo et al., 2017). To study chronic pain, researchers
have combined neuroimaging with machine learning to develop biomarkers including (i) diagnostic biomarker which is
a measure to indicate a certain condition or chronic pain
disorder; (ii) prognostic biomarker which has potentials to
predict the transition from acute to chronic pain; and (iii)
predictive biomarker which could be used to predict the response to a treatment, either beneficial or adverse effects
(van der Miesen et al., 2019). In this session, we will focus
on recent studies of combining fMRI with machine learning
classifiers or regressors to identify diagnostic, prognostic,
and predictive biomarkers.

Figure 2
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Diagnostic biomarker
A recent study has reviewed pain research involving machine learning and found an increasing number of publications over time (Lötsch and Ultsch, 2018). Most studies
combined MRI with machine learning to solve a classification problem, i.e., separate patients with chronic pain and
healthy participants. Given the width and depth of machine
learning, we will not explain the algorithms in this review. In
general, a machine learning classifier takes the values of
various features of the brain (e.g., fMRI brain connectivity,
sMRI brain volume) as independent variables or predictors
from a subject, and predicts the class that the subject belongs
to. Figure 2 shows a framework of using MRI and machine
learning to develop a diagnostic biomarker for chronic pain.
To build a reliable MRI-based biomarker, we first need to
recruit many participants, including both healthy participants
and chronic pain patients, and collect their MRI and clinical
data. After preprocessing MRI data, we need to determine
feature types using prior knowledge on brain organization,
and then extract corresponding features, for example, functional connectivity and gray matter volume. The machine
learning classifier requires training, that is, the classifier
learns the association between brain features and their corresponding class labels (i.e., chronic pain patients or healthy
subjects). The trained classifier can be applied to the novel or
unseen data (i.e., a new cohort of subjects) to determine
whether the features contain the discriminative information
between classes of new subjects. If the trained classifier
contained the information about the relationships between
features and labels, it could be able to predict the classes of
samples in the unseen data.
The most widely applied machine learning classifier is the
support vector machine (SVM), which constructs a hyper-

(Color online) Flowchart of machine learning to develop a diagnostic biomarker for chronic pain.
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plane in a high-dimensional space to maximize the margin
between the boundaries of different classes. Using sMRI
gray matter images from patients with chronic pelvic pain
and healthy controls, Bagarinao et al. (2014) found that the
SVM classifier can discriminate two populations of subjects
with an accuracy of 73%, and they identified several brain
regions, including the primary somatosensory cortex, preSMA, hippocampus, and amygdala, which showed a significant discriminative power. A similar approach was applied to gray matter density of cLBP patients, and an
accuracy of 76% for discriminating patients and healthy
controls was obtained. The study found that the somatosensory, motor, and prefrontal cortices contributed most in the
classification (Ung et al., 2014). Using resting-state functional connectivity and SVM, Tu et al. (2019b) identified
abnormal medial prefrontal cortex connectivities, which
were able to discriminate cLBP patients from healthy subjects with an accuracy of 91%. Importantly, they validated
the performance of the classifier in an independent cohort
and obtained an accuracy of 78%, which demonstrated the
potential of generating the biomarker and the classifier to
new subjects. Other sophisticated machine learning methods,
including deep learning approaches, have been applied for
identifying biomarkers for fibromyalgia (López-Solà et al.,
2017), migraine (Chong et al., 2016), cLBP (Lee et al.,
2019), and neuropathic pain (Cheng et al., 2018).
Besides discriminating patients from healthy controls, researchers have attempted to classify different types of
chronic pain. For example, two recent studies revealed that
gray matter volume patterns could discriminate patients with
migraineurs from tension-type headache (Chen et al., 2018)
or persistent post-traumatic headache (Schwedt et al., 2017),
suggesting that different pathophysiological mechanisms
might underlie different types of headaches and the biomarker may be distinct.
Prognostic biomarker and predictive biomarker
The prognostic biomarker has been rarely studied in chronic
pain patients. However, the prognostic biomarker can be
applied to people who are in acute pain conditions, and it can
predict acute pain patients likely to transit from acute to
chronic pain. Baliki et al. (2012) found that functional connectivity between the nucleus accumbent and prefrontal
cortex predicted the transition from subacute to chronic back
pain after 1 year, with an area under the receiver operator
curve (a measure to evaluate the accuracy) of 0.81. Another
study by Kutch et al. (2017) used functional connectivity to
predict the symptom change in urologic chronic pelvic pain
patients. They were able to predict short-term (3 months)
pain reduction with an accuracy of 73.1% but failed to predict long-term (6 months and 12 months) symptom change.
Patients are unique, and they respond differently to a

June (2021) Vol.64 No.6

treatment. Although the treatment can be effective at the
group level, some patients may not respond to it. Predictive
biomarkers aim to use the baseline brain measures to predict
the individual’s responses to a certain treatment or intervention after one month or longer, thereby facilitating the
development of treatment plans to optimize time, cost, and
available resources. Ideally, such a biomarker has the potential to identify patients who have a high chance to benefit
from the treatment and those who may not be able to respond. Two recent studies have explored the fMRI predictive
biomarker for neuropathic pain relief from ketamine infusion
(Bosma et al., 2018; Rogachov et al., 2019). The infusion of
ketamine led to the relief of pain in about 50% of chronic
neuropathic pain patients. The authors found that the magnitude of temporal summation of pain and the dynamic engagement of the descending pain modulatory circuit
predicted the treatment efficacy. In a later study, Liu et al.
(2019) found that the baseline functional connectivity between the dorsolateral prefrontal cortex and the SMA was
able to predict the effect of 3-month mind-body exercise on
pain improvement in knee osteoarthritis patients. An interesting study showed that both 1-month real and sham acupuncture could reduce pain severity in cLBP patients, but
different pre-treatment resting-state functional connectivity
were predictive for real and sham treatment (Tu et al.,
2019c). This phenomenon was also found by another innovative study that used graphical measures to predict the
magnitude of placebo responses to treatment for knee osteoarthritis (Tétreault et al., 2016). The right midfrontal
gyrus was key brain regions to identify placebo responders.
This effect was tested in an independent cohort and had an
area under the curve of 0.95, but the biomarker for placebo
treatment was not effective for predicting duloxetine treatment. In addition, the placebo response in the treatment of
migraine patients was able to be predicted by the DTI white
matter features along the fiber pathways of the mPFCamygdala (Liu et al., 2019).
Guidelines to evaluate neuroimaging-based biomarkers
for chronic pain
Whether pain biomarkers should be used for clinical purposes is still under debate (Davis et al., 2017). Defining
appropriate guidelines to evaluate pain biomarkers should be
cautious. There are many such criteria for a valid and useful
biomarker that should be met. Here, we only discuss several
important criteria that are necessary to facilitate neuroimaging-based pain biomarkers. First of all, the sensitivity (i.e.,
hit rate), which is the possibility that a biomarker will yield a
positive test result when a pain condition is present, should
be carefully evaluated. Second, the specificity, which is the
likelihood that a biomarker will respond in the absence of a
condition, is very important to reduce false alarms (e.g.,
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identify a healthy participant as a chronic pain patient).
Third, generalizability, which refers to whether a prediction
will be valid when applied to novel test data, is necessary to
be evaluated. Last, the interpretability, whether a biomarker
is biologically meaningful and supported by plausible mechanisms, is important to link brain responses to behaviors.
In a recent novel investigation by Tu et al. (2020b), the
authors designed four studies to identify and evaluate an
fMRI based neural biomarker for migraine patients. In the
first study, they identified a neural biomarker with abnormal
functional connectivity that could classify migraineurs from
healthy controls with a sensitivity of 93% and a specificity of
83%. In the second study, they investigated the generalizability of the biomarker by applying it to an independent
cohort of subjects (migraineurs and healthy controls) and
achieved a sensitivity and specificity of 84%, suggesting that
the biomarker could be generalized to new patients. In the
third study, they verified the specificity of the biomarker
towards other chronic pain disorders (cLBP and fibromyalgia) and demonstrated a sensitivity of 78% and a
specificity of 76% for discriminating migraineurs from nonmigraineurs. This finding is key to show that the identified
biomarker might only respond to migraine patients and
captured distinct characteristics of migraine but not respond
to other chronic pains. In the fourth study, they observed that
the changes in the biomarker showed a significant correlation with the frequency changes in headache due to real
acupuncture treatment. Therefore, the biomarker linked
disease pattern changes (i.e., headache frequency) to brain
changes, and held the ability to evaluate the performance of a
treatment for migraine.

Prospects and conclusion
Although promising, identifying chronic pain biomarkers in
patients is still challenging, owing to a number of considerations. First, the patient’s variability is large. As compared with healthy controls, neuroimaging studies have
identified some general abnormalities in patients across
different chronic pain conditions, but these findings vary
markedly between different individuals. Each patient with
chronic pain is marked by a unique contribution of sensory,
emotional, cognitive, and motivational components to the
experience of pain. Therefore, incorporating patient’s
variability in the personal characteristics (e.g., emotions,
personality), experimental design (including measures affect
MRI signals, for example, caffeine assumption), and statistical models (e.g., considering both between-cohort and
within-cohort variability) is highly needed to identify clinically useful biomarkers for chronic pain in future studies
(Wu et al., 2020). Second, the specificity of identified biomarkers is not justified. Yet, no brain areas or networks have
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been specifically and exclusively linked to chronic pain. For
example, since the comorbidity between chronic pain and
mental disorders (such as depression and anxiety) is very
high, the identified brain abnormalities may not be necessarily pain-related, but associated with the comorbidity of
mental disorders. Future studies with more specific experimental controls are needed to isolate biomarkers with pain
specificity. Last but not least, translating the biomarker to
clinical applications is far-reaching. Dozens of neuroimaging-based biomarkers for chronic pain have been developed, but their clinical applications have yet been wellexplored. How to translate the findings from the laboratory
to clinical settings should be carefully carved in the future.
This should not be limited to experimental and technical
considerations, but also be considered as medical, legal, and
ethical issues (Davis et al., 2017).
In summary, the rapid development of neuroimaging
techniques and advanced analytical approaches have significantly extended our understandings of the role of the
central nervous system in the development and maintenance
of chronic pain. Neuroimaging-based diagnostic, prognostic,
and predictive biomarkers have been developed for preclinical applications. Future studies can target and modulate
these biomarkers to study the causal relationships between
brain and chronic pain, moving from neural observations to
mechanistic manipulations. Translating findings from laboratories to develop pain evaluation and intervention applications with high clinical utilities is important to bridge
basic research and clinical applications.
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