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Abstract
Pain is an unpleasant sensory and emotional experience. Understanding the neural mechanisms of acute and chronic pain 
and the brain changes affecting pain factors is important for finding pain treatment methods. The emergence and progress of 
non-invasive neuroimaging technology can help us better understand pain at the neural level. Recent developments in iden-
tifying brain-based biomarkers of pain through advances in advanced imaging can provide some foundations for predicting 
and detecting pain. For example, a neurologic pain signature (involving brain regions that receive nociceptive afferents) and 
a stimulus intensity-independent pain signature (involving brain regions that do not show increased activity in proportion to 
noxious stimulus intensity) were developed based on multivariate modeling to identify processes related to the pain experi-
ence. However, an accurate and comprehensive review of common neuroimaging techniques for evaluating pain is lacking. 
This paper reviews the mechanism, clinical application, reliability, strengths, and limitations of common neuroimaging 
techniques for assessing pain to promote our further understanding of pain.
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Introduction

The current International Association for the Study of Pain 
definition of pain is “an unpleasant sensory and emotional 
experience associated with, or resembling that associated 
with, actual or potential tissue damage” [1]. Pain has a 
certain protective effect on the body from excessive nocic-
eptive behavior. However, an increasing number of people 
suffer from months or years of pain, which can seriously 
impair their quality of life [2]. Pain is widely thought to 
emerge from distributed brain networks involving sensory, 
emotional, and cognitive processes [3]. Acute pain caused 

by noxious stimuli has been explored in many experimen-
tal studies. The general pain pathway of acute pain begins 
with nociceptive neurons in the periphery, detecting signals 
from injurious stimuli and transmitting these signals to the 
spinal cord via primary afferent nerve fibers. These signals 
are then fed into several ascending spinal pathways, which 
serve thalamic targets and brainstem nuclei. Finally, the 
nociceptive impulses project to the cortex, producing pain 
perception and modulation, which will be sent to the spinal 
cord via descending pathway to induce pain modulation. 
Therefore, multiple pathways in the central nervous system 
are involved in pain processing, and distinguishing distinct 
brain functions becomes extremely complex [4, 5]. Given 
the complexity of pain, the research process of pain is long 
and difficult. To date, piecing together the pain system in the 
brain has been a question of frustration and debate. Before 
the advent of neuroimaging technology, our understanding 
of the role of the brain in pain was limited to autopsies, 
a series of experiments in neurosurgery, and correspond-
ing animal models [6]. As a result of the brain’s key role 
in generating pain perception, the ability to noninvasively 
assess brain function in vivo is important. These examples of 
decoding visual perception by analyzing brain activities via 
advanced algorithms provide a theoretical basis for decoding 
pain using functional imaging [7, 8]. Therefore, functional 
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neuroimaging can be used to derive brain biomarkers as 
an objective evaluation of pain to address dependence on 
assessing pain via verbal reports [9]. However, contextual 
factors largely influence the subjective pain experience and 
the report of the pain experience [10], which significantly 
increases the difficulty of the objective evaluation of pain. 
The development of modern noninvasive neuroimaging 
technology allows the study of pain in different directions, 
such as anatomy, physiology, and psychology. A neuroim-
aging study of acute pain caused by noxious stimulation is 
a milestone for understanding the neural basis of pain. The 
brain areas most commonly activated by acute pain are the 
primary somatosensory cortex (S1), the secondary soma-
tosensory cortex (S2), anterior cingulate cortex (ACC), 
insula, prefrontal cortex (PFC), thalamus, and cerebellum. 
These areas are often referred to as the “pain matrix” [11]. 
Although this “pain matrix” has been widely used to build 
models of where and how nociception is processed in the 
brain, convincing experimental evidence demonstrating that 
this network is specifically related to nociception is lacking. 
In addition to these regions, other regions have been shown 
by neuroimaging to have nociceptive input, including the 
nucleus accumbens, amygdala [12, 13], and periaqueductal 
grey (PAG) [14]. In recent years, identifying brain mapping 
for pain perception has been a hotly debated topic because 
the inherently subjective quality of pain and the functional 
multiplicity of the brain largely limit the identification of 
areas that are only activated by pain [15]. For example, the 
“pain matrix” is also activated by non-nociceptive stimuli 
[16], which suggests that the “pain matrix” may involve a 
large-scale sensory matrix containing pain. Therefore, there 
is still disagreement about the extent to which neuroimag-
ing assessments of pain-related brain function are related to 
pain. A novel concept is that pain might emerge from the 
coordinated activity of an integrated brain network. Over the 
past decade, the use of better biomarkers based on multivari-
ate modeling to examine information generated from many 
brain regions has been a hot topic, and some developments 
have been made, such as the neurological pain signature 
(NPS; see details in 2) [15].

Changes in pain-related neurons can be assessed through 
two imaging modalities of these neuroimaging techniques, 
which measure alterations in metabolism (blood flow, vol-
ume, oxygen, and glucose metabolism) and alterations in neu-
rochemistry (neurotransmitter precursor uptake and receptor 
binding) [11]. These common functional neuroimaging tech-
niques are magnetic resonance imaging (MRI), functional 
MRI (fMRI), near-infrared spectrum instrument (NIRS), 
electroencephalogram (EEG), magnetoencephalography 
(MEG), and positron emission tomography (PET). Among 
them, fMRI, NIRS, and PET are based on hemodynamic 
methods, whereas EEG and MEG are based on electrophys-
iological methods [6]. In the acute and chronic phases of 

patients with low back pain, using functional neuroimaging 
to derive brain biomarkers may be an objective evaluation of 
pain level and guide clinical rehabilitation treatment deci-
sions for pain. However, contextual factors largely influence 
the subjective pain experience and the report of the pain expe-
rience, which can significantly increase the difficulty of the 
objective evaluation of pain in the clinical context. Therefore, 
applying and selecting the appropriate assessment tool are 
particularly important. This paper systematically summarizes 
the description, reliability, validity, applications, strengths, 
and limitations of common assessment pain neuroimaging 
techniques that guide pain neuroimaging assessment. The 
limitations and strengths of these neuroimaging techniques 
in pain assessment are compared (Fig. 1).

MRI and fMRI

Description

MRI is a noninvasive medical imaging technique based 
on nuclear magnetic resonance (NMR) and is widely used 

Fig. 1   Common neuroimaging techniques for assessing pain. This 
chart only represents the high and low rankings of various technolo-
gies, not the exact value. Temporal resolution: compared with other 
technologies, EEG and MEG have higher time resolution. Spatial 
resolution: fMRI and PET undoubtedly have the highest spatial reso-
lution. Coverage: fMRI and PET provide detection of all regions of 
the whole brain, whereas other techniques usually cannot detect the 
prefrontal lobe and cerebellum. Signal detection: EEG and MEG 
directly provide neuronal activity, whereas other techniques detect it 
indirectly. Silence: fMRI and PET produce high noise in pain assess-
ment, whereas fNIRS, EEG, and MEG are silent recording tech-
niques. Mobility: the high mobility of fNIRS and EEG can be used 
for bedside monitoring, whereas other technologies do not do this due 
to the limitation of mobility. Affordability: compared with fNIRS and 
EEG, fMRI and PET are costly, followed by MEG
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in clinical and research applications [17]. The two main 
derivative techniques for assessing pain are as follows: 
[1] diffusion tensor imaging (DTI)—MRI quantifies and 
images the characteristics of water diffusion, including 
directivity and anisotropy. On the basis of quantitative 
information to describe microscopic changes in cerebral 
white matter in pain, the main principal diffusivity param-
eters in the assessment of pain are fractional anisotropy 
(FA) and mean diffusivity (MD), which are used to meas-
ure changes in the brain microstructure caused by chronic 
pain. FA is a measure that describes the direction and 
degree of water diffusion. FA decreases in the primary 
somatosensory cortex that represents the lower face in 
patients with trigeminal neuropathy pain. MD describes 
the average degree of water movement; MD is low in the 
globus pallidus but increases in the thalamus and inter-
nal capsule in recurrent abdominal pain [18–20]. Breivik 
et al. [2] Structural MRI (sMRI) is based on voxel-based 
morphometry (VBM) for clear imaging of white and gray 
matter information in the brain. For example, VBM analy-
sis found that the grey matter density of the dorsolateral 
prefrontal cortex (DLPFC), thalamus, and middle cingu-
late cortex (MCC) increased in patients with chronic low 
back pain; thus, gray matter structural changes in pain 
moderation-related areas in chronic pain are important 
[21]. A detailed assessment mechanism is shown in Fig. 2.

fMRI is a neuroimaging technique for measuring hemo-
dynamic changes after pain, especially the influence of emo-
tion and cognition on pain. fMRI also has two frequently 
used derivative techniques to assess pain: [1] blood-oxygen-
level-dependent (BOLD) imaging is the current standard 
in pain neuroimaging. When pain stimulation is applied, 

neural activity increases, causing local cerebral blood flow 
(CBF) and cerebral metabolic rate of oxygen (CMRO2) 
to increase. The vasodilatation reaction occurs to reverse 
deoxygenated hemoglobin (dHb) accumulation and oxygen-
ated hemoglobin (HbO2) reduction. dHb is paramagnetic 
and causes endogenous gradients. Gradient refocused echo 
(GRE) methods can be used to acquire BOLD signals [22, 
23]. Breivik et al. [2] Arterial spin labeling (ASL) fMRI 
uses arterial water as an endogenous tracer to acquire the 
so-called labeled and control images, obtain the difference 
image (by “control” images– “labeled” image), and con-
vert the difference image to the CBF image. Given that the 
endogenous tracer is arterial water, ASL fMRI is a noninva-
sive and repeatable imaging technology [24].

In recent years, MRI and fMRI research on pain has 
become more extensive and gradually more mature. 
Recently, in the PubMed database, the keywords “MRI” or 
“fMRI” and “pain” returned over 53,600 related articles, 
whereas the keywords “fMRI” and “pain” returned over 
46,900 related articles. Both values showed that the number 
of MRI or fMRI research articles on pain has shown a signif-
icant upward trend since the 1980s. In particular, fMRI has 
been extensively used for the study of pain brain processes. 
When subjects perform pain tasks or other related neurologi-
cal events, fMRI can show dynamic brain processing, which 
is critical for the neural pathway, regulation mechanism, and 
treatment of pain.

Clinical Applications

The application of MRI and fMRI to the study of pain 
focuses on the mechanisms of pain perception and analgesia. 

Fig. 2   Overview of data acquisition and data preprocessing of the 
main derivative techniques of MRI and fMRI. MRI-DTI obtains the 
quantification of diffusivity based on 3D water diffusion quantita-
tive information (WDQI) and then measures the microscopic changes 
in brain structure caused by pain according to the main diffusion rate 
parameters (MD, mean diffusivity, FA, fractional anisotropy). MRI-
structural obtains the mean subject image based on voxel-based mor-
phometry (VBM) and then obtains the white matter (WM) and gray 

matter (GM) in the region of interest (ROI) after image segmentation. 
fMRI-BOLD obtains BOLD signal according to the increase in cere-
bral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO2) 
caused by pain, which leads to the increase in deoxyhemoglobin (dHb) 
and the decrease in oxyhemoglobin (HbO2). fMRI-ASL obtains a CBF 
image by quantifying CBF and then obtains an ASL signal. The data 
analysis for these technologies is usually general linear model (GLM),  
block analysis, connectivity analysis, and time series analysis
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Investigating pain-specific and pain-selective brain activity 
is central to pain perception. For example, for specific brain 
activity that encodes the intensity of pain stimuli, Zhang et al. 
used multisensory fMRI and found nociceptive-specific brain 
regions (the dorsolateral part of superior frontal gyrus, sup-
plementary motor area, and medial part of superior frontal 
gyrus) and nociceptive-preferential regions (the Rolandic 
operculum, dorsolateral part of superior frontal gyrus, and 
opercular part of inferior frontal gyrus). However, confused 
stimulus intensity processing with pain perception may 
obscure nociceptive-specific brain regions and nociceptive-
preferential regions [25]. In another study investigating differ-
ent stimulus intensities around the pain threshold to separate 
brain processing of pain stimulus intensity, they applied nox-
ious stimuli of gaseous carbon dioxide to the nasal mucosa 
of 24 healthy subjects. They changed the concentrations of 
gaseous carbon dioxide from below the pain threshold to 
above the pain threshold. Their results suggest that the brain 
processing of pain qualitative changes caused by nociceptive 
stimuli may be restricted to the posterior insular cortex [26]. 
Similarly, Horing et al. found that insular and peri-insular 
regions are strongly involved in processing painful stimuli, 
and an area in the posterior parietal operculum showed pain 
preference [27]. This result suggested that neurons are selec-
tive for pain in this area and exhibit a response preference for 
pain [8]. Extensive work has been carried out to explore the 
cerebral cortex of pain perception through pain specificity 
and sensitivity. Despite some achievements, defining further 
anatomy is challenging due to heterogeneous microscale neu-
ronal processing units in fMRI [15].

Moreover, cognitive and emotional factors have a signifi-
cant influence on pain perception. The medial pain system is 
involved in the emotional dimension of pain [28], and soma-
tosensory circuits are reciprocally interconnected in pain 
perception and converge on the same anterior cingulate cor-
tical and subcortical structures [29]. The neural mechanisms 
of different cognition, emotions, and mood states that impact 
pain perception and ability are also part of the neuroimaging 
assessment of pain. For example, Orenius et al. investigated 
the interaction of negative and positive emotions with pain at 
the nerve level and found a valence-independent interaction 
of emotion and pain in SII [30]. By contrast, pain attracts 
attention to interfere with cognitive functioning via a pain-
specific interruptive mechanism that disrupts visual encod-
ing to impaired memory over and above the unpleasantness 
of a stimulus. At the nerve level, the activity of the right 
anterior hippocampus and the functional connectivity (FC) 
of this region with extrastriate regions decrease [31]. These 
findings indicate the current absence of a specific brain sys-
tem for pain.

Multi-variate pattern analyses (MVPAs) based on func-
tional neuroimaging allow the integration of information 
from multiple areas of the brain network [32, 33]. Previous 

fMRI studies by MVPAs examined all voxels in the brain and 
used the finite impulse model of task-evoked hemodynamic 
responses to avoid the limitations of temporal and spatial 
assumptions. The results showed a supramodal network 
involved in orienting attention to, detecting, and reacting to 
salient events, including a sensorimotor response network, 
salience-mediated attention network, and a default-mode 
network [34, 35]. Moreover, Mano et al. used the MVPA 
approach of fMRI and decoded detailed information about 
subjective visual perception [36]. Wager et al. used machine-
learning (ML) analyses for fMRI data of many brain network 
activities associated with thermal pain, and they called this 
“decode method” NPS. The NPS, as a multivariate brain pat-
tern tracking nociceptive pain, demonstrates high sensitivity 
and specificity for distinguishing somatic pain and nonpainful 
warmth pain, pain anticipation, and pain recall [37]. How-
ever, a meta-analysis suggested that NPS is not effective for 
tracking modulated pain (placebo analgesia) [38]. If NPS 
predicts pain experience based on above and beyond clas-
sic nociceptive pain-related brain regions, then it may pro-
vide a more comprehensive pattern of pain prediction. Woo 
et al. developed a multivariate pattern signature to predict 
activity patterns involving brain regions that do not show 
increased activity in proportion to noxious stimulus inten-
sity, including the nucleus accumbens, lateral prefrontal, and 
other regions. This multivariate pattern signature response 
mediates psychological manipulations of expectations that 
NPS cannot mediate. They called this multivariate pattern 
signature the stimulus intensity-independent pain signature 
[39]. Recent developments are based on neural signatures to 
identify brain-based biomarkers of pain. For example, Lee 
et al. developed an fMRI signature based on the FC of the 
whole brain that tracks experimental tonic pain. This sig-
nature showed high sensitivity and specificity to tonic pain 
and predicted clinical pain severity [40]. Overall, the use of 
neuroimaging biomarkers based on multivariate modeling 
provided some foundation for the prediction, prognosis, and 
detection of pain.

These interconnections provide the theoretical basis or 
hypothetical model for analgesics. Expectations and antici-
pation of pain are considered major contributors to placebo 
analgesia [41]. Anticipation modulates pain through a top-
down mechanism, whether in nonpainful or painful condi-
tions; individual psychophysical pain intensity is positively 
correlated with the activation of contralateral SI and bilateral 
ACC, anterior insula, and medial PFC [42]. Schmid et al. 
conducted a further placebo study on this basis; they applied 
positive and negative treatment expectations for 36 healthy 
subjects in visceral pain. Compared with neutral expecta-
tions, they found that positive expectations significantly 
reduce activation of S1 and S2 during anticipation and signif-
icantly reduce activation of the insula, somatosensory cortex, 
and amygdala during pain stimulation, thereby explaining 
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the central mechanism of placebo analgesia [43]. Thus, the 
modulatory system associated with placebo analgesia may be 
similar to the emotional modulation of the pain system. The 
circuitry involved in placebo analgesia with the attentional 
modulation of pain appears to be independent [44].

Real-time fMRI (rtfMRI) is a technique that allows simul-
taneous BOLD fMRI data analysis and image acquisition. 
Neurofeedback allows subjects to observe their own brain’s 
fMRI signal and modulate it. RtfMRI neurofeedback is a 
novel technique that combines rtfMRI and neurofeedback 
techniques, allowing subjects to learn to modulate the brain 
regions of pain perception and control pain [45]. The use 
of rtfMRI feedback trained to modulate rACC in healthy 
controls and patients with chronic pain activity and alter 
pain perception allows the control of the endogenous pain 
modulatory system. This may help pain patients directly 
activate the endogenous pain modulatory system for better 
pain relief [46, 47].

In addition, the central mechanism of analgesia is the 
focus of fMRI research on acupuncture. Acupuncture 
achieves analgesia by inhibiting the activity of pain stimula-
tion activation areas, and optimal intensities of acupuncture 
will achieve better analgesia effects [48]. Given that acu-
puncture is not given once in clinical practice but is repeated 
several times, Li et al. repeated acupuncture stimulation for 
40 healthy subjects at acupoint Zusanli (ST36). Their results 
indicated the cumulative effects of acupuncture analgesia 
response by bilateral MCC, bilateral paracentral lobule, S2, 
and right thalamus [49]. Another study indicated a longer 
duration of acupuncture analgesia effects than the needling 
period, which may explain the cumulative effects of acu-
puncture analgesia from the side [50].

Assessment of clinical pain via fMRI focuses on chronic 
musculoskeletal pain, chronic neuropathic pain, and chronic 
and chronic visceral pain. Fibromyalgia (FM) is chronic 
musculoskeletal pain with clinical symptoms such as sleep 
disturbance, fatigue, and cognitive disturbance; its pathogen-
esis remains unclear [51]. The central mechanism of com-
mon intervention methods for FM pain is to activate the 
pain regulation areas and inactivate the pain sensory areas. 
Exercise therapy in FM has been proven to be highly effec-
tive in recent years. McLoughlin et al. applied heat pain 
stimulation and physical activity in 16 patients with FM, 
and their results found that physical activity is positively 
correlated with activation of the DLPFC, posterior cingu-
late cortex (PCC), and posterior insula but negatively cor-
related with activation of S1 and superior parietal cortices. 
These results indicate that the central mechanism of exercise 
therapy is increased activation of pain regulation areas and 
inhibition of pain sensory areas [52]. Given that patients 
with FM experience exercise difficulty, cognitive behavioral 
therapy (CBT) is widely used to treat FM. A randomized 
controlled trial showed that CBT increases the activation 

of pain regulation areas and changes the brain process of 
pain [53].

fMRI is used for the assessment of neuropathic pain 
to study the central mechanism of pain and intervention 
methods. Postherpetic neuralgia (PHN) is a complex neu-
ropathic pain that is directly caused by herpes zoster, and 
it is the most frequent chronic complication of herpes 
zoster [54, 55]. Compared with healthy subjects, activa-
tion in patients with PHN increases in the left striatum, 
right thalamus, left S1, left insula, left amygdala, and left 
inferior parietal lobule but decreases in the frontal cortex. 
The reward circuitry is highly correlated with symptoms 
of patients with PHN [56]. The use of rtfMRI neurofeed-
back to self-regulate the activation of the rostral anterior 
cingulate cortex (rACC) may be an effective treatment for 
PHN [57].

Irritable bowel syndrome (IBS) is a functional disorder 
of the gastrointestinal tract with a high prevalence world-
wide [58]. Berman et al. applied aversive pelvic visceral 
distention to 14 patients with IBS and 12 healthy subjects; 
compared with the control group, they found that patients 
with IBS exhibit significant inactivation in the right poste-
rior insula and bilateral dorsal brainstem (DBS). Inactivation 
of DBS appears to interfere with descending corticolimbic 
inhibition, leading to enhanced pain sensitivity in patients 
with IBS [59].

Reliability of fMRI Assessment of Pain

To examine the consistency, stability, and reliability of 
fMRI assessment of pain, related reliability studies are 
essential. We included articles about the reliability of 
fMRI assessment of pain studies in the PubMed database. 
Test–retest reliability is a measurement theory concept 
that quantifies the stability of a measure under repeated 
measurements [60]. Given that the intraclass correlation 
coefficient (ICC) is widely used to examine the reliability 
of neuroimaging technology [61, 62], the ICC value may 
be used as an indicator to assess the test–retest reliability. 
ICC, based on the analysis of variance, is a widely used 
reliability index in the medical field [63]. In the studies of 
neuroimaging assessment of pain, typical ICC is defined 
as the proportion of total measured variance; the between-
subject variance is in the numerator and within-subject 
variance is included in the total variance in the denomina-
tor: ICC =

between−subject variance

between−subject variance+within−subject measurement variance
 . 

Therefore, a decrease in the ICC ratio represents subjects 
becoming more similar to each other and/or within-subject 
measurements becoming more distinct [61, 64, 65]. The 
ICC ratio index ranges from 0 to 1, where 0 means com-
pletely unreliable, less than 0.4 means poor reliability, 
between 0.4 and 0.6 means fair reliability, between 0.61 
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and 0.8 means good reliability, greater than 0.8 means 
excellent reliability, and 1 means completely reliable [66]. 
Information related to these studies is in Table 1.

The analysis of the included studies found that the reli-
ability of fMRI focuses on the reliability of fMRI brain 
imaging, especially BOLD-fMRI. Most studies show 
high test–retest reliability, indicating that the results have 
high reliability and compared with the test–retest reli-
ability of the VAS pain rating. To assess the reliability 
of fMRI for pain-related regions, Letzen et al. performed 
three fMRI scans on 22 young healthy subjects (mean 
age = 22.6, 13 females) during heat pain stimulation, and 
their results appeared reliable (0.32 < ICC < 0.88). How-
ever, higher reliability of VAS pain ratings was reported 
(0.93 < ICC < 0.96) [67]. A subsequent study yielded simi-
lar results; the test–retest reliability of BOLD-fMRI is also 
reliable (0.5 < ICC < 0.859), and subtle differences may be 
due to subject differences, such as all subjects being males 
and the mean age being 31. The reliability of VAS pain 
ratings showed almost no difference (ICC = 0.938) [68]. 
Moreover, Letzen et al. reported the test–retest reliability 
for FC of pain-related brain regions and VAS. FC showed 
that they varied widely in reliability (0.174 < ICC < 0.766) 
for different regions, and FC between the right nucleus 
accumbens and medial PFC showed the highest reliability 
(0.649 < ICC < 0.766) [69]. These findings suggest that 
fMRI provides reliable results of pain brain response, but 
complex influences may make fMRI a poor substitute for 
the self-reporting of pain in aspects of the psychological 
properties of pain.

In a longitudinal fMRI pain study, different brain 
regions showed various degrees of reliability, namely, high 
reliability in ACC, MCC, AI, and S2 but low reliability 
in pregenual ACC, S1, and PI [70]. The reliability of pain 
stimuli differed between levels, and a higher level of pain 
stimuli appeared to have more reliable results [68]. Time 
may also affect the reliability of fMRI assessment of pain. 
Han et al. found different reliability of fMRI-based NPS in 
within-day (ICC = 0.84), 5-day (ICC = 0.74), and 1-month 
(ICC = 0.46) [71].

To improve the feasibility, reliability, and breadth of 
fMRI assessment of pain, new pain stimulation devices 
and methods have been proposed. For example, to better 
assess central nervous system processes following den-
toalveolar tactile stimulation using fMRI, Moana-Filho 
et al. provided a dental chair-side device and obtained 
reliable results (ICC = 0.89) [72]. In addition, Gay et al. 
proposed a novel MR-compatible device to apply pres-
sure pain stimulation in the lumbar spine of 8 patients 
with LBP and 5 healthy subjects (mean age = 42.5); their 
results found good to excellent reliability for peak-voxel 
T-score (0.78 < ICC < 0.89) and fair reliability for cluster 
size (0.43 < ICC < 0.76) [66].

Strengths of fMRI for Pain Assessment

High Spatial Resolution

The millimeter-level high spatial resolution of fMRI pro-
vides fine soft-tissue contrast and accurate dynamic physi-
ologic changes to assess pain brain processing [73]. This 
high spatial resolution of fMRI is useful in multivariate pat-
tern analysis under specific decoding of pain-related brain 
regions [74].

Noninvasiveness and Nonionizing Radiation

For fMRI assessment of pain, noninvasiveness is essential. 
Thus, it can be performed in safe, noninvasive conditions, 
repeated multiple times, and provide reliable test–retest 
reliability. Compared with PET, MRI and fMRI do not use 
radiotracers. Radiotracers will put subjects at a significantly 
increased risk of exposure to ionizing radiation, especially 
in children [75].

Multi‑sequence Imaging

Multi-sequence assessments may be valuable for pain, and 
MRI satisfies this point compared with other neuroimaging 
techniques. For example, a multi-sequence fusion of fMRI, 
DTI, and MWI has been used to assess Parkinson’s disease 
[76].

Limitations of fMRI for Pain Assessment

Susceptibility Artifacts

Pain itself or the effects of painful stimuli will cause head 
movement during scanning and generate motion and suscep-
tibility artifacts to confound fMRI data, even though many 
current studies have proposed various ways to remove this 
effect [77].

Acoustic Noise and Indirect Detection of Neuronal Activity

According to related reports, MRI will generate noise in 
the range of 122–131 dB during scanning. Despite wearing 
earplugs, cochlear function can be affected [78]. In the fMRI 
assessment of pain, some ceiling effects on blood flow and 
deoxyhemoglobin/oxyhemoglobin may influence the detec-
tion of neuronal activity and the assessment of pain specific-
ity [79].

Low Portability and High Cost

Traditional MRI scanning needs a specially shielded room 
and bulky, hard-to-move devices [80]. In general, patients 
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with metal or electronic implants in their bodies and with 
claustrophobia or are pregnant are restricted [81]. The cost 
of an MRI is $60, which is generally expensive for nonde-
veloped areas [82]. The use of fMRI to moderate cancer pain 
is difficult due to the high cost [83].

NIRS

Description

fNIRS is a noninvasive, portable neuroimaging technique 
for monitoring cerebral hemodynamic changes to assess 
pain. fNIRS records brain function indirectly in the form 
of fluctuations in the hemoglobin concentration (Fig. 3). 
fNIRS uses a light source into emit near-infrared light to 
the head, and the wavelength is usually 650–1000  nm. 
When passing through the skin, skull, cerebrospinal fluid,  
and cerebral cortex, it is banana shaped in spatial distribu-
tion and then absorbed and scattered, resulting in attenua-
tion to photodetectors 2–5 cm away from the light source.  
The distance between the light source and photodetectors 
is determined depending on the intensity of near-infrared  
light, experimental design, and the basic situation of the 
subjects. The changes in dHb and HbO2 are separated and 
monitored based on the changes in wavelength intensity 
within the spectral range [84]. The three kinds of commonly 
used near-infrared instruments are divided based on specific 
illumination type: [1] continuous-wave instrument (CW) 
emits continuous and constant intensity light and quantifies 
the intensity of light attenuated through the head; [2] time  
domain (TD) produces ultra-short pulses of light and meas-
ures the time profile of the transmitted light pulse; and [3]  
frequency domain instrument (FD), in which light radiations 
and phases are detected using a light source with adjust-
able light intensity (see details in [85]). Among the three 

instruments, the CW instrument is the most commonly used  
to evaluate pain. Although it cannot measure the oxygen 
saturation of tissue, it can accurately measure the changes 
in HbO2, dHb, and total hemoglobin concentration. After 
using a modified Beer–Lambert law to calculate their con-
centration changes, functional brain imaging is performed by 
measuring the hemodynamic response when pain stimula-
tion is applied [86, 87]. Although fNIRS equipment develops 
rapidly, the standard definitions and tools for data process-
ing and statistical modeling are lacking [84]. The common 
software and programs processing data, acquisition, image 
processing, and statistical analysis of fNIRS include HomER 
[88], fOSA [89], NIRS-SPM [90], and NinPy [91]. Selecting  
accurate pain biomarker features is equally important for 
evaluating pain. Gaussian support vector machine (SVM) 
is a relatively accurate learning model for evaluating pain  
biomarker features, with an accuracy rate of 94.17% [92].

Clinical Applications

The application of fNIRS in pain assessment has increased 
rapidly in the recent two decades, which shows that fNIRS is 
favored by clinicians and researchers as an objective method 
of pain assessment. fNIRS records the classic brain dynamic 
response after pain stimulation, as shown in Fig. 4. This 
response was reported in a study on pain activation mode. 
After pain stimulation was applied to the tip of the right 
index finger, HbO2 increased immediately, peaked at about 
20 s, and gradually decreased below the resting state level; 
dHb decreased slightly, decreased to the peak at about 35 s, 
and gradually increased to the baseline level [93]. Specific 
pain-related cortical regions or targets and brain networks 
are reviewed below.

Applications in Normal Subjects

Assessment of the process of pain processing in the brain is 
particularly important to understand the pain mechanism and 
search for pain management methods. Experimental pain in 
healthy subjects is a key point of fNIRS in evaluating pain, 
such as using fNIRS to study the brain processing mecha-
nism of gingival pain. During pain stimulation, the level of 
HbO2 in almost the whole frontal cortex decreases, espe-
cially in the PFC [94]. This is useful for understanding cor-
tical hemodynamics in toothaches, but it lacks the analysis 
and results of hemodynamics with time. A subsequent study 
supplemented this result. HbO2 decreased the most at 20 s 
after toothache was applied and then gradually recovered, 
which was consistent with the classic brain response map 
after pain stimulation recorded by fNIRS; these results indi-
cated a top-down pain regulation pathway in a healthy state 
[95]. A meta-analysis also pointed out the effects of pain on 
the PFC and sensory motor cortex during fNIRS [96].

Fig. 3   Data acquisition of fNIRS. Near-infrared light is emitted by 
the laser source, and the changes in light intensity are acquired using 
a photodetector. Many studies use a source-detector separation dis-
tance of 1.5–4 cm to assess pain. Changes in oxy- and deoxyhemo-
globin concentrations correspond to changes in two wavelength inten-
sities
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Interestingly, in another study of dental pain, resting base-
line functional connectivity (rSFC) between cognitive, emo-
tional, and somatosensory cortical areas and hemodynamic 
responses were found to predict pain experience. Specifi-
cally, subjects’ subjective pain scores at the moderate level 
were influenced by baseline PFC-S1 rSFC and the sustained 
hemodynamic response from expectation to pain. This posi-
tive effect can predict the patient’s nociception, and it per-
sists after the pain has ended [97]. The more widespread 
activation of these brain regions in response to pain also 
predicts a decrease in nociception, especially empathy for 
pain [98, 99]. This phenomenon also offers a way to manage 
central pain. Notably, asymmetric activation and gender dif-
ferences have been reported in the “far” and “near” channels 
when using fNIRS for pain monitoring [100].

Applications in Patients with Chronic Pain

Compared with healthy individuals, patients with pain-
related disorders process painful stimuli differently, per-
haps because pain affects brain function and alters brain 
structure [101]. For example, patients with somatoform 
pain disorder with persistent chronic pain exhibit cognitive 
dysfunction and significantly reduced activation of PFC and 
DLPFC compared with healthy controls [102]. The same 
conclusion was obtained in the fNIRS pain assessment in 
patients with FM, where frontal lobe activity was signifi-
cantly reduced in patients with FM compared with healthy 
subjects [103]. These results explain the cognitive deficits in 
patients with chronic pain at a neurological level, suggesting 

the importance of the frontal lobes and PFC in chronic pain. 
These findings indicate that fNIRS is a potentially valid tool 
for assessing brain function in patients with chronic pain. 
Not all pain is hemodynamically specific, and no hemody-
namic differences were found between chronic lower back 
pain (CLBP) and healthy subjects during sensorimotor stim-
ulation of low back pressure pain [104].

Pain relief is necessary and urgent for patients with 
chronic pain. Research on the neural mechanisms of pain 
relief is a focus of fNIRS, which is important for finding 
treatments and brain region targets for pain. Application 
of fNIRS to the study of pyramidal thorn patches for the 
relief of musculoskeletal pain revealed that HbO2 levels 
are reduced in the left DLPFC, which suggests that the left 
DLPFC should be further investigated as a target for the 
treatment of chronic joint pain [105]. Repetitive transcranial 
magnetic stimulation (rTMS) is a noninvasive neuropathic 
pain treatment with potential for the future [106]. For exam-
ple, results of the fNIRS study on the analgesic of rTMS 
stimulation in patients with neuropathic pain showed that 
the analgesic effect was more significant in the rTMS group 
than in the control group. The activation of motor-related 
regions such as the primary motor cortex (M1) and premo-
tor cortex (PMC) was inhibited. These results suggest that 
the mechanism of high-frequency rTMS analgesia may be 
related to ameliorated M1 and PMC hypersensitivity [107]. 
From another perspective on analgesic methods, the com-
bination of multiple analgesic methods for the treatment of 
pain may be a future field of research for fNIRS.

Reliability of fNIRS Assessment of Pain

As a neuroimaging technique for assessing pain, fNIRS 
is essential for the study of the validity and reliability of 
its assessment results. Peng et al. investigated the remeas-
urement reliability of the pain response in the anterior 
prefrontal cortex (aPFC) based on the estimated hemody-
namic response functions (HRFs). Their results showed 
that the left inner channel of fNIRS has reliable results 
(ICC = 0.660–0.785), and a general linear model (GLM)-
based detection model was proposed, which obtained rea-
sonable reliability [108]. At present, there are few studies on 
the reliability and validity of fNIRS, as well as calibration 
methods and detection models, and further research on this 
aspect is needed in the future.

Strengths of fNIRS for Pain Assessment

High Portability and Nonionizing Radiation

With the update of the fNIRS device, the current NIRS 
system requires only a suitcase-sized piece of specialized 

Fig. 4   Hemodynamic changes during pain in healthy subjects. A 
The concentration of oxy- (HbO2) and deoxyhemoglobin (dHb) in a 
steady state. B The concentration of HbO2 and dHb in the pain state
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hardware and a laptop computer to perform pain assessments 
[109]. For critically ill patients, pain assessment methods 
that require a specific environment, such as fMRI and PET, 
are not feasible. The high portability of fNIRS allows it to be 
carried directly to the patient’s bedside for long-term moni-
toring and assessment [110]. Nonionizing radiation makes 
fNIRS strongly suitable for prolonged and repeated assess-
ments in infants and children, and it is useful for understand-
ing changes in brain function and structures in response to 
pain from infancy to childhood to adulthood [85, 111].

High Temporal Resolution and Complete Hemodynamic 
Response

Compared with fMRI, fNIRS has a higher temporal resolu-
tion. The acquisition rate of fMRI is reported to be as low as 
1 Hz, whereas fNIRS can provide acquisition rates of up to 
several hundred hertz, thereby providing a complete tempo-
ral image [112]. fNIRS measurements of HbO2 and dHb can 
obtain a detailed measure of cerebral blood volume [113].

Low Cost and Low Use Difficulty

Compared with other neuroimaging techniques, fNIRS 
is inexpensive because it does not require injectables and 
specific rooms, and it involves a shorter test period. fNIRS 
is relatively simple to use and can be performed with only 
minimal training.

Limitations of fNIRS for Pain Assessment

Low Spatial Resolution

Low spatial resolution has been one of the biggest disad-
vantages of fNIRS because NIRS signals are influenced 
by many factors for monitoring cortical hemodynamics. 
These factors include source-detector distance, attenuation 
of NIR light in head tissues (skin, bone, and cerebrospinal 
fluid), and detector sensitivity. Overcoming the attenua-
tion of NIR light by extracerebral tissues is the main dif-
ficulty of fNIRS, which leads to the limitation of fNIRS 
hemodynamic measurements of brain tissue to the outer 
cortex at a depth of about 1.5 cm. Thus, the fNIRS study 
of deep brain tissue for pain processing is limited [114]. In 
addition, separating the hemodynamic responses of extrac-
erebral tissue and cerebral cortex has a significant impact 
on the assessment of pain because the signals generated 
by extracerebral tissue can contaminate the NIRS signal 
in the cerebral cortex, which is a difficult problem for sub-
sequent data processing [115].

Susceptibility Artifacts

The movement of the head and torso during painful stimu-
lation causes changes in the distance and contact between 
the light source and the photodetector. The fiber, which is 
highly sensitive to these changes, causes changes in head 
light coupling, resulting in coarse artifacts in the fNIRS  
signal. Further research on the placement of the fiber and  
the attachment method is necessary [84, 115].

PET

Description

PET is a nuclear medicine imaging method [116]. Using 
PET to study the functional anatomy of the brain is a recent 
trend. Upon intravenous injection of “radioactive drugs” or 
“radioactive tracers” carrying isotopes into the brain, the 
PET camera directly measures the radioactive distribution 
of these biomarkers in the brain, and the relevant physi-
ological changes are measured by the carrying positron-
emitting isotope [117]. Several common positron-emitting 
radioisotopes used in PET are O-15, N-13, C-11, and 
F-18 (from short to long according to half-life) [118]. By 
measuring the changes in rCBF and glucose metabolism, 
the response of neurons to pain stimulation is measured 
indirectly and directly. The rCBF and glucose metabolism 
values obtained under different conditions are statistically 
analyzed to obtain the processing information of the brain 
on noxious stimulation and specific tasks [6, 119]. Given 
that the brain’s response to pain is mainly hemodynamic 
changes, the main application of radioisotope in PET 
research on pain is O-15. However, the most commonly 
used radioisotope in other clinical studies is F-18, because 
it provides a half-life that allows regional distribution and 
minimizes patient radiation exposure [118].

Clinical Applications

Applications in Normal Subjects

The application of PET to pain allows an understanding of 
the general brain processing of acute pain by comparing 
the brain responses to pain and non-pain stimuli and pro-
vides a broad field for research on chronic pain. Pain lacks 
specificity, and an increasing number of people believe 
that pain is the integration of distributed neural net-
works [15]. Thus, cortical regions of interest for different 
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treatments of pain must be separated. Table 2 summarizes 
the results of previous studies on the PET evaluation of 
pain management in healthy subjects.

Anterior Cingulate Cortex  the anterior cingulate cortex 
(ACC) is one of the most frequently activated brain regions 
in which pain stimulation leads to changes in rCBF (only 
after the insula, see Table 2). Andersson et al. used C-fiber 
nociceptive stimulation provided by capsaicin to measure 
the changes in cerebral hemodynamics during pain in dif-
ferent body parts. In the somatotopic contrast of different 
parts of the body, ACC showed no difference, indicating 
that ACC was not related to the localization of pain stim-
ulus [120]. In previous studies, ACC was associated with 
the emotional component of pain experience. For example, 
Tölle et al. conducted a regulation analysis on the experi-
mental parameters related to thermal pain, and they found 
that the unpleasant emotion related to pain is encoded in the 
posterior sector of the ACC and may affect pain intensity, 
which is encoded in the persistent gray and the PCC [121].

Insula/Secondary Somatosensory Cortex (S2)  Given the 
difficulty in distinguishing the regions of some special ana-
tomical structures using the 3D positioning coordinates 
provided by PET, the regions with increased CBF will 
overlap on the insular and S2 cortex in some PET studies 
[122]. Casey et al. found that the activity of bilateral S2 and 
insula cortex increases with stimulation temperature [123]. 
This result was consistent with the results of an animal 
study involving primates [124]. In another study on cerebral 
hemodynamics of acute muscle pain, the activation of the 
insula/S2 cortex was always displayed under several pain 
stimulation conditions [125]. These studies showed that the 

nociceptive stimulation network contains an insular/S2 cor-
tex and encodes the intensity of pain.

PFC and  Cerebellum  Many studies have reported that the 
activation of the PFC and cerebellum is related to pain. 
They are well-known areas involving cognition and move-
ment and have been repeatedly reported in experiments 
related to pain perception, arousal, and cognition. They usu-
ally show the dominant activity of the right cerebral hemi-
sphere, regardless of which side the stimulation is. Thus, 
the PFC and cerebellum may be involved in the intensity, 
localization, and cognitive coding of pain stimulation in the 
experimental pain of healthy people [126, 127].

Thalamus and PAG  Pain stimulation generally activates the 
thalamus, especially in the thermal pathway [128]. Thala-
mus and PAG are also involved in the arousal process of 
acute traumatic nociceptive pain [126]. In the study of 
thermal pain stimulation, the activity of the thalamus may 
reflect pain arousal. In addition, processes involving atten-
tion diversion activate the thalamus [129]. Therefore, the 
hemodynamic response of the thalamus in pain may be part 
of the brain’s processing network for pain discrimination 
and attention.

Applications in Patients with Chronic Pain

Chronic Neuropathic Pain  Spontaneous pain or chronic neu-
ropathic pain is not easy to study in PET. In these reports, the 
use of anesthetic blocks to relieve chronic neuropathic pain 
was the most commonly used method. For example, Hsieh 
et al. found that persistent chronic neuropathic pain activates 
the part of the classical pain network by comparing the state 

Table 2   Summary of pain 
assessment of healthy subjects 
with PET

Tha, thalamus; ACC​, anterior cingulate cortex; Ins, insula; PFC, prefrontal cortex; Cere, cerebellum; S1, 
primary somatosensory cortex; S2, secondary somatosensory cortex; LN, lentiform nucleus;  N, number 
of subjects; R, right side; L, left side; I, ipsilateral; B, bilateral; C, contralateral; “↑” increased rCBF; “↓” 
decreased rCBF; NA, not available

Reference Pain type N Age Side Reported regions

Tha ACC​ Ins PFC Cere S1 S2 LN

[128] Thermal pain 6 28–50 R C ↑ C ↑ C ↑ I ↑ C ↑
[126] Traumatic  

nociceptive pain
4 27–46 R C ↑ C ↑ C ↑ C ↑ I ↑ C ↑

[120] Capsaicin injection pain 6 22–27 R C ↑ I ↑ I ↑ B ↑
[127] Thermal pain 12 19–47 R I ↑ B ↑ C ↑ I ↑ I ↑ C ↑
[121] Thermal pain 12 23–75 R B ↑ C ↑
[123] Thermal pain 14 18–42 L B ↑ C ↑ B ↑ I↑ C ↑ B ↑
[125] Muscle pain 16 18–40 L C ↑ I ↓ C ↓
[202] Muscle pain 10 21–25 R B ↑ B ↑ B ↑ I ↑
[203] Thermal pain 14 NA L I ↑ B ↑ B ↑ B ↑
[204] Thermal pain 9 20–35 L C ↑ C ↑ C ↑ C ↑ C ↑ C ↑
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of persistent chronic neuropathic pain with that after pain 
relief with lidocaine. Among them, the right ACC is pref-
erentially and significantly activated regardless of the side 
of pain, suggesting that ACC participates in the cognition 
and emotion of pain experience and the right hemisphere is 
lateralized [130]. A follow-up study also showed that chronic 
neuropathic pain causes a decrease in rCBF in the contralat-
eral thalamus. These results suggest that the changes in tha-
lamic pain processing circuit may be the focus of modulat-
ing chronic neuropathic pain [131]. The method of relieving 
pain by stimulating the thalamus has a long history. Relevant 
reports pointed out that somatosensory thalamus stimulation 
may activate the thalamic cortical pain regulation pathway of 
thermal pain, suggesting that the thermal pathway is helpful 
to alleviate persistent chronic neuropathic pain [132]. Davis 
et al. showed that the continuous activation of ACC during 
thalamic stimulation may explain this hypothesis [133].

Another method to study chronic neuropathic pain is 
motor cortex stimulation (MCS). During MCS, the rCBF 
of the thalamus increases significantly, and a nonsignificant 
increase occurs in ACC, insula, and brain stem. The thala-
mus is the key structure to mediating the function of MCS 
[134]. However, after stopping MCS, the analgesic effect 
still exists and exceeds the treatment time of MCS [135]. 
Therefore, the study of PET in this aspect is more inclined 
to the hemodynamic changes after actual MCS. Peyron et al. 
found that after MCS of 19 patients with refractory neu-
rological pain, the CBF of contralateral ACC, MCC, and 
DLPFC increased during MCS compared with baseline. 
After MCS stopped, the activity of the brainstem and most 
cortical and subcortical structures (such as PFC and thala-
mus) increased, and these changes were significantly related 
to pain relief. Therefore, the analgesic mechanism of MCS 
may be through the top-down pain modulation pathway, and 
the clinical effect has a long time window [136]. Another 
method with a low application is cancer pain followed by 
cordotomy (see, [137] for details).

Many patients with chronic neuropathic pain have allo-
dynia (abnormal pain triggered by non-noxious stimulation) 
[119], hyperalgesia (increased pain induced by nociceptive 
stimuli that provoke pain) [138], and wind-up pain (ampli-
fication of nociceptive messages from C-fibers in the spinal 
cord) [139], which results in abnormal pain. In the studies 
using PET for abnormal pain, they usually compared allo-
dynia, hyperalgesia, and wind-up pain stimulation with simi-
lar stimulation in the mirror area on the non-painful side. 
For example, Peyron et al. stimulated allodynia in patients 
with dynamic mechanical allodynia (N = 19; experimental 
group). Compared with the same stimulation applied to the 
non-neuropathic pain area (control group), different types 
of activation were limited to one activation of the contralat-
eral anterior insula, but the contralateral S1, S2, and insula 

and the ipsilateral cerebellum shared a common response in 
the experimental group and the control group. Thermal pain 
stimulation applied to the neuropathic pain area normally 
activates the insula. Considering the type of stimulation, the 
insula is improperly activated by abnormal pain [140]. Simi-
larly, upon comparing wind-up pain with non-neuropathic 
pain regional stimulation, the results showed that wind-up 
pain has more significant activation in the contralateral S2, 
insula, ACC, right DLPFC, thalamus, and cerebellum, but 
wind-up pain has no specific activation compared with pres-
sure pain under the same conditions [141].

Other Chronic Pain  For other clinical chronic pain, PET 
showed that ACC is the target of hemodynamic abnormali-
ties. For example, in atypical facial pain, the rCBF of ACC 
increases significantly and the PFC decreases compared 
with normal subjects [142]. After inhibiting pain, rCBF of 
PFC, anti-insula cortices, hypothalamus, and PAG increases 
significantly, but ACC does not change [143]. These find-
ings not only illustrate the importance of ACC in chronic 
pain but also suggest that it may be related to the interaction 
between ACC and PFC. The specific mechanism of action, 
whether inhibition or promotion, needs further research.

Reliability of PET Assessment of Pain

As a result of radioactive factors, research on the reliabil-
ity of PET in evaluating pain is limited to a great extent. 
However, the reliability of PET in evaluating pain has been 
studied from the technical accuracy of segmental perfu-
sion parameters. For example, Valentina Berti et al. carried 
out quantitative cardiac PET imaging to assess the techni-
cal accuracy of segmental perfusion parameters in patients 
with coronary artery disease and stable angina; PET images 
were analyzed by two observers who were independent 
and blinded to clinical and instrumental data. The overall 
consistency of the analysis results was 90%, the accurate 
recognition rate of patients was 85%, the overall sensitivity 
was 86%, and the specificity was 84%. These results show 
that the measurement results of segmental PET are reliable 
[144].

Strengths of PET for Pain Assessment

Measure Brain Metabolism and Hemodynamic Changes

Metabolism and blood circulation are important for the eval-
uation of pain. PET mainly uses F-18 as a tracer to measure 
brain metabolism and O-15 as a tracer to measure hemody-
namic changes. Under these conditions, PET can accurately 
measure the response of specific receptor distribution areas 
to pain [145].
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High Spatial Resolution

PET 3D imaging technology can provide high energy resolu-
tion and robust scattering suppression, so it has a good spa-
tial resolution (millimeter level). For the evaluation of pain, 
good spatial resolution is the basis for obtaining accurate 
information [6, 118].

Limitations of PET for Pain Assessment

Low Temporal Resolution and High Cost

The half-life of O-15 is only about 2 min, so the required 
regional distribution in a short time period causes low tem-
poral resolution, and current PET scanners require a meas-
urement time of at least 90 min to obtain the best signal-to-
noise ratio [146]. A long evaluation time will aggravate the 
burden of patients [118]. According to the cost-effectiveness  
report of PET, the research cost of PET is US$1800 
[147], which is among the highest of all neuroimaging 
technologies.

Radiation and Low Portability

The injection of a radioactive tracer is inevitable in pain 
assessment with PET, and the potential harm of radioac-
tive tracers to human health and the environment cannot be 
ignored [148]. Moreover, the repeatability of the measure-
ment is limited due to radioactivity, which may reduce the 
reliability of the evaluation. The preparation of commonly 
used radioisotopes requires a cyclotron, and scanning needs 
to be carried out in a special closed environment. These fac-
tors contribute to the fact that PET is not as highly portable 
as fNIRS [118].

EEG and MEG

Description

Unlike fMRI, fNIRS, and PET, which use hemodynamics to 
evaluate pain, EEG and MEG use electrophysiological meth-
ods and have high temporal resolution, but their functions 
in the spatial domain are worse than fMRI and PET [149].

EEG and MEG are closely related complementary neuro-
imaging methodologies and should be interpreted together 
when assessing pain [150]. EEG is a graphical represen-
tation of the voltage differences between different brain 
regions over time [151]. When the pain stimulus acts on 
the human body, activated neurons generate synchronized 
synaptic activity in the soma-dendritic membrane and fur-
ther ionic currents generate at the level of cellular mem-
branes. The ionic currents generate an active sink (region 

of negative charge) and an active source (region of positive 
charge) in the extracellular medium. For EEG and MEG, the 
pyramidal neurons of the cortex are the neurons that gener-
ate the electric and magnetic fields, and they are activated 
synchronously and arranged in a parallel fashion. These 
pyramidal neurons are called “current dipoles,” and their 
activity can be detected by electrodes placed on the surface 
of the scalp [152, 153]. EEG can detect two major types 
of dipoles, which are tangent dipoles perpendicular to the 
surface of the scalp and radial dipoles parallel to the sur-
face of the scalp [154]. Unlike EEG, MEG is only sensitive 
to currents perpendicular to cortical fissures; in contrast to 
EEG, MEG signals are mainly generated by the tangential 
component of cortical currents [155]. The propagation of the 
EEG signal is carried out by volume conduction. Volume 
conduction is the process by which a pool of ions repels 
nearby ions of the same charge. Given that volume con-
duction cannot cross to another volume, volume conduction 
cannot cross the dura layers, the skull layers, the scalp, and 
to the electrode. Instead of capacitive conduction, a form of 
capacitance becomes responsible for the signal’s propaga-
tion [153]. For MEG, the above ionic currents generate a 
corresponding single magnetic field when passing through 
the nearby neurons with a similar orientation. The MEG 
sensor distributed on the scalp records the total magnetic 
field intensity added by the single magnetic field to generate 
MEG signals [156].

In pain assessment, the oscillatory activity of neurons 
between euphoria and low excitability is called neural oscil-
lations, which are commonly used as follows (EEG similar 
to MEG [150]): [1] Alpha band: 8–13 Hz. Some research-
ers believe that thalamocortical loop generation is usually 
related to memory, cognition, and pain sensitivity [2]. Theta 
band: 4–8 Hz. This band is generally believed to be pro-
duced in the hippocampus. Chronic pain usually leads to 
an increase in θ band activity [3]. Beta band: 13–30 Hz. 
The presumed mechanism of generation is local pyramidal 
cells and local interneurons. It is usually related to anticipa-
tion, detection of sensory change, and motor planning. (4) 
Delta band: 0–4 Hz. It is most obvious in deep sleep and 
may be produced in the thalamocortical loop. (5) Gamma 
band: 30 + Hz. The gamma band might generate in the local 
interneuron network and local pyramidal cells, and it may be 
related to cognition and saliency to pain [157, 158].

Clinical Application

Electrophysiology Signature of Tonic Pain in Healthy 
Condition

The traditional recording of neurophysiological responses to 
pain stimuli is based on event-related potentials (ERPs), but 
the nociceptive stimuli that induce ERPs are transient and do 
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not truly reflect clinical pain. Continuous EEG has been used 
in many studies to evaluate the perception of tension pain 
because tonic pain is closer to clinical pain compared with 
ERPs [159]. We summarize the research on EEG assessment 
of tonic pain in healthy subjects in the past few decades and 
summarize several common band change areas of EEG in 
the frontal lobe, parietal lobe, and temporal lobe. The more 
specific cortical areas for pain perception will be reviewed 
in the next paragraph, and the details of the research are 
summarized in Table 3.

In most EEG changes caused by tonic experimental pain, 
alpha and beta bands decreased in a wide range of the head, 
whereas delta and gamma bands increased, especially in the 
front and middle of the head. For example, Tiemann et al. 
used EEG to evaluate the EEG data of acute tonic pain in 
healthy conditions. Compared with the painless state, the 
theta band in the left medical front and left superior front 
cortices, the alpha band in ACC, and the beta band in PCC 
decreased in tonic pain [160]. The different results of simi-
lar studies are due to many factors, such as the depth of 
tonic pain. Although the EEG patterns at different depths 
are not exactly the same, they are roughly similar [161]. 
Understanding the contribution of specific neural oscilla-
tions in pain perception is also important for assessing pain. 
For example, studies on dissociative intensity and pain inten-
sity showed that alpha band and beta band frequencies in 
sensorimotor areas decrease to encode stimulus intensity, 
whereas the gamma band in the medial PFC encodes pain 
intensity [162]. Another study investigated the properties of 
peak alpha frequency in pain, and the results showed a stable 

correlation between numerical pain scores and peak alpha 
frequency in tonic pain; thus, peak alpha frequency is critical 
in the subjective perception of pain [159].

Pain is not the expression of a single hurtful sensation but 
a multidimensional experience involving emotion, cognition, 
and attention. EEG patterns for the different dimensions of 
pain are one of the focuses of these studies. A study on ERP 
found that unpleasant emotions lead to a decrease in event-
related synchronization in the theta band but an increase in 
event-related desynchronization in the alpha band. These 
results suggest that the alpha band and the theta band are 
involved in the expression of painful emotions [163]. The 
mechanism by which peripheral pain affects central pain 
has been repeatedly mentioned in many studies, such as 
the imposition of tonic pain in subjects with empathic pain, 
which was found to alter the delta band in the central region, 
thereby affecting pain attention and the degree of cognition 
associated with empathic pain [164]. Interestingly, to avoid 
the effect of attention on pain perception, Giehl et al. inves-
tigated EEG patterns in tonic pain under controlled attention 
conditions and reported lower central alpha-band activity 
and higher delta in tonic pain band activity in the parietal 
and occipital cortex compared with painless thermal stimu-
lation, but confounding pain intensity largely influenced 
EEG results [165].

MEG has higher spatial resolution compared with EEG, 
so MEG is more accurate in locating the brain processing 
area after pain than the latter. The combination of EEG and 
MEG compensates for their respective defects. For example, 
in the evaluation of burning pain ascending through C fibers, 

Table 3   Summary of tonic pain assessment of healthy subjects with EEG

N, number of subjects; Mage ± SD, mean age ± standard deviation; α, alpha band; β, beta band; δ, delta band; θ, theta band; γ, gamma band; “↑” 
increased band; “↓” decreased band; NA, not available

Reference Year Stimulus type N Mage ± SD Reported regions

Frontal cortex Parietal cortex Temporal cortex

[162] 2017 Thermal stimulation 39 24.3 ± 5.6 α↓ β↓ γ↑ α↓ β↓
[159] 2010 Thermal stimulation 18 26 ± 2.1 α↓ α↓
[205] 2012 Thermal stimulation 18 26 ± 2.1 α↓
[206] 2006 Thermal stimulation 16 18–40 α↓ δ↑ θ↓ δ↑ α↓ δ↑ θ↓β↑
[165] Thermal stimulation 20 23.3 ± 3.3 α↓ δ↑ α↓ δ↑
[207] 1994 Cold stimulation 19 22.6 ± 3.3 α↓ θ↓β↑ α↓ θ↓ β↑
[208] 2008 Cold stimulation 15 20.1 ± 2.9 γ↑ α↓
[209] 2021 Cold stimulation NA 18–70 α↓ θ↓ γ↑ α↓ θ↓
[160] 2012 Cold stimulation 26 25.1 ± 3.3 α↓ β↑ θ↓ α↓ β↑ β↑
[210] 2001 Capsaicin injection 15 25.6 α↓ θ↓
[161] 2004 Capsaicin injection 15 25.6 ± 3.2 α↓ β↓ δ↑ α↓ β↓ θ↓
[211] 2016 Hypertonic saline injection 43 22 ± 3 γ↑
[212] 2000 Hypertonic saline injection 12 26.6 ± 5.8 α↑ β↑ δ↑
[213] 2003 Hypertonic saline injection 13 25.9 ± 2.7 β↑ α↓ β↑
[214] 2016 Electrical stimulation 20 26.9 ± 6.9 γ↑ θ↓
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the most contralateral S1 and S2 in MEG are activated 
simultaneously after pain stimulation, and the ipsilateral S2 
is then activated. Finally, the structures of limbic systems, 
such as the insula and cingulate cortex, are activated in EEG 
[166].

Electrophysiology Signature of Chronic Pain

One focus of using EEG to assess chronic pain is FM. Pre-
vious studies of other neuroimaging techniques have found 
that the degree of connectivity between brain regions mod-
erating pain in patients with FM is reduced, whereas the 
degree of connectivity between regions responding to pain 
is increased [167]. The abnormal brain function of FM in 
the source localization analysis of EEG oscillation is helpful 
to understand its pain mechanism. Compared with the pain-
less group, the resting delta band power density and alpha 
band power density of the right insula, right superior and 
middle temporary gyri, central, temporoparietal, and local 
brain areas in patients with FM decreased, whereas the beta 
band in the right middle frontal lobe, midcingulate gyrus, 
and theta band in PFC increased [168–170]. Choe et al. used 
MEG to image the pain network connectivity of patients 
with FM in a resting state and found that patients with FM 
were in reduced connectivity within the default mode net-
work, between the middle/infection temporary gyrus and 
visual cortex [171]. In the nonresting state, patients with 
FM showed similar EEG patterns to healthy patients but 
had earlier pain perception in time [172]. An MEG study 
showed that the healthy control group had stronger alpha 
desynchronization for empathic pain during empathic pain 
stimulation, whereas FM patients did not, suggesting that 
patients with FM may have insufficient sensorimotor cortex 
moderation [173]. The effective treatment for FM analge-
sia is EEG biofeedback [174]. This treatment changes the 
attention and pain perception abnormalities of patients with 
FM by enhancing sensorimotor rhythm, reducing the high 
beta band and theta band, and increasing the sensorimotor 
rhythm/theta wave ratio [175].

Reliability of EEG and MEG Assessment of Pain

As with other imaging techniques, the reliability of pain 
assessment is equally important for the application of 
EEG. Gram et  al. discussed the reliability of EEG in 
evaluating resting and tonic pain (cold compression test) 
and obtained excellent reliability in resting state (α wave 
average ICC = 0.945, β wave average ICC = 0 0.763). In 
tonic pain, the results obtain excellent reliability (α wave 
average ICC = 0.895, β wave average ICC = 0.713). These 
results prove that the EEG frequency band analysis of the 
EEG response induced by tension pain is reliable [176]. 

The reliability of EEG on the spatial information of corti-
cal areas activated by tension pain has also been studied. 
Hansen et al. analyzed the cortical source generators via 
experimental tonic pain and found that all frequency bands 
of EEG showed high reliability, whether in resting state or 
tonic pain (ICC = 0.47–0.83) [177]. These results suggest 
that tonic pain via EEG induced by experimental pain is a 
reliable model for the evaluation of pain, and source locali-
zation of EEG is a reliable method for the objective evalua-
tion of the response of the cerebral cortex to pain.

Strengths of EEG and MEG for Pain Assessment

High Temporal Resolution and Silence

The time resolution of EEG and MEG is the highest among 
all neuroimaging techniques (up to the millisecond level), 
which is advantageous for assessing the time component of 
pain and measuring the rapid changes in brain activity. Com-
pared with fMRI, EEG and MEG have lower noise during 
measurement, which can prevent the interference of noise 
to subjects [156].

Direct Measurement of Neuronal Activity

In pain assessment, EEG directly records the changes in the 
electric field generated by the activity of pyramidal corti-
cal neurons, rather than indirectly recording pain signals 
through hemodynamic changes, such as other imaging tech-
niques [178]. MEG is a direct recording of the magnetic field 
generated by the activity of potential neurons. This direct-
ness indicates that the recording process is not affected by 
other problems, such as neurovascular coupling [156].

High Coverage and Measurement Period

EEG can detect two major types of dipoles, which are tan-
gent dipoles perpendicular to the surface of the scalp and 
radial dipoles parallel to the surface of the scalp. By con-
trast, MEG usually detects the tangential component of cor-
tical currents. Therefore, compared with the MEG signal, 
the EEG signal may be more sensitive to wider brain struc-
tures and deeper brain structures [150, 153, 179]. In terms 
of measurement time, EEG can measure subjects for a long 
time, leading to its wide application. Unlike MEG, EEG 
can be measured during sleep and long-term activity [180].

High Mobility and Affordability

The latest generation of portable digital video 128-channel 
EEG equipment only needs the size of a mobile trolley, and 
subjects can move during evaluation. By contrast, MEG has 
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low mobility during evaluation. In addition, the cost of EEG 
assessment is low at only about $20, whereas cost is a limita-
tion for MEG [178, 181].

Limitations of EEG and MEG for Pain Assessment

Low Spatial Resolution

The spatial resolution of EEG is lower than that of fMRI. 
Therefore, the combination of EEG and fMRI can overcome 
this limitation. The advantage of this method is that it studies 
the temporal components of pain by using the good temporal 
resolution of EEG and the spatial components of pain by 
using fMRI. The combination of EEG and MEG allows the 
spatial resolution to reach 10 mm [11].

Susceptibility Artifacts

Pain stimulus artifacts often interfere with the use of EEG 
and MEG to assess the electrophysiological activity of 
the brain, because pain stimuli are easily confused with 
electrophysiological activities caused by other factors. 
Although many analysis pipelines to reduce artifacts have 
been developed, the limitation of application remains a dif-
ficulty to overcome. For example, when performing spir-
itual cord stimulation in patients with neuropathic pain, 
spatial filters are used to eliminate artifacts and enhance 
activity [182].

Limited Detection of Oscillation Amplitude and Area 
of Cortex

The attenuation of electrophysiological signals by scalp, 
bone, and cerebrospinal fluid and the uncertainty of the 
number and spacing of electrodes lead to poor detection of 
low amplitude oscillations, such as gamma [183] and theta 
oscillations [184]. The response area of the brain region 
to pain is also a factor limiting detection, which is usually 
caused by a small pain activation area and extremely low 
pain intensity [185].

Application of Artificial Intelligence/
Machine Learning in Neuroimaging

Given that each neuroimaging technique involves mul-
tiple layers of data sets and analysis of this complex and 
multivariate brain imaging data is challenging, artificial 
intelligence (AI)/ML provides an automated approach to 
distinguish brain imaging data [186]. Some studies report 
that neuroimaging combining machine learning can diag-
nose, predict, and prognosticate pain biomarkers to further 
research pain [187–190]. In addition, some ML algorithms 

have developed models to assess pain [191, 192], like SVM, 
the most widely applied and high-accuracy rate ML classi-
fier [92, 193]. Therefore, advanced analytical approaches 
have significantly extended our understanding of brain imag-
ing of pain. Moreover, a developing synergy between emerg-
ing analysis techniques and data-sharing initiatives has the 
potential to close the gap between basic neuroscience and 
pain neuroimaging [194]. Future studies can target perform-
ing cross-validation within the same cohort to identify clini-
cal biomarkers for pain further.

Conclusion

Neuroimaging techniques used to assess pain are usually 
divided into two categories. One is hemodynamic meth-
ods with good spatial resolution, including fMRI, PET, and 
fNIRS; these methods broadly identify the brain processing 
areas of pain, including medial and lateral pain systems, for 
affective-motivational and sensory-discriminative process-
ing. Given that MEG and EEG have unparalleled time reso-
lution, they are often used to analyze the time components 
of pain. For example, S2 activity does not change in the 
time dynamics of expectation of pain, whereas the activity 
of MCC increases with time [195].

These neuroimaging techniques are relatively mature in 
the application of pain assessment, but only fMRI has a large 
number of studies to detect the test–retest reliability of the 
assessment and has good reliability. However, there is a lack 
of research on the reliability and validity of pain assessment 
in the literature related to other neuroimaging techniques. 
Limitations of these neuroimaging technologies (e.g., acous-
tic noise and high cost) may have affected pain research. For 
example, such techniques involve low replicability and low 
sample sizes; given the constraints on the participants that 
can be recruited for an imaging study, a convenience sample 
may be used, which usually comprises healthy young adults 
from the university environment. However, such a low sam-
ple size may not represent those disproportionately affected 
by chronic pain [196]. Neurofeedback training through neu-
roimaging technology to modulate pain has recently become 
popular, such as rtfMRI feedback to modulate ACC and pos-
terior insula cortex [197]. EEG feedback strengthens either 
alpha or sensorimotor rhythms and suppresses theta and beta 
bands in brain regions [198]. Although this method has a 
good analgesic effect, large-sample size randomized trials 
are still needed to provide reliable evidence. In summary, 
the development and validation of imaging and electro-
physiological signatures may help infer pathophysiological 
mechanisms in individual patients, thereby supporting the 
use of a personalized medicine approach in the treatment of 
patients with chronic pain and identifying clinically useful 
biomarkers for chronic pain.
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