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As a technique that can guide brain plasticity, non-invasive brain stimulation (NIBS)
has the potential to improve the treatment of chronic pain (CP) because it can
interfere with ongoing brain neural activity to regulate specific neural networks related to
pain management. Treatments of CP with various forms of NIBS, such as repetitive
transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation
(tDCS), using new parameters of stimulation have achieved encouraging results.
Evidence of moderate quality indicates that high-frequency rTMS of the primary motor
cortex has a clear effect on neuropathic pain (NP) and fibromyalgia. However, evidence
on its effectiveness regarding pain relief in other CP conditions is conflicting. Concerning
tDCS, evidence of low quality supports its benefit for CP treatment. However, evidence
suggesting that it exerts a small treatment effect on NP and headaches is also
conflicting. In this paper, we describe the underlying principles behind these commonly
used stimulation techniques; and summarize the results of randomized controlled trials,
systematic reviews, and meta-analyses. Future research should focus on a better
evaluation of the short-term and long-term effectiveness of all NIBS techniques and
whether they decrease healthcare use, as well as on the refinement of selection criteria.

Keywords: non-invasive brain stimulation, chronic pain, neuromodulation, tDCS, rTMS

INTRODUCTION

Conceptually, chronic pain (CP) is a process of neuroplasticity disorder caused by excitatory and
inhibitory imbalances in pain processing pathways (Peyron and Fauchon, 2019). According to the
United States Centers for Disease Control and Prevention, the prevalence of CP in the general
population in 2018 is between 11 and 40%, and it costs the economy between $560 billion and $635
billion annually in the United States alone (Steglitz et al., 2012; Dahlhamer et al., 2018). A systematic
review of 19 studies conducted in the United Kingdom showed that the mean prevalence of
CP is 43.5% (Fayaz et al., 2016). Approximately 40% of patients with CP report difficulty in
pain control, and over 60% reveal inadequate pain relief from medications (Breivik et al., 2006).
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CP is the dynamic result of a range of biological, psychological,
and social factors, and the most common medications no longer
provide sufficient analgesia for most patients. Therefore, specific,
predictable, and effective modalities of CP management must be
explored and developed.

USING BASIC SCIENTIFIC KNOWLEDGE
TO DEVELOP AN EFFECTIVE, NEURAL
CIRCUIT-BASED TREATMENT FOR
CHRONIC PAIN

Non-invasive brain stimulation (NIBS) has the potential to
improve the treatment of CP because it can regulate specific
neural networks related to pain processing in the brain, such
as the anterior cingulate cortex (ACC) and the thalamus, and
promote a downward pain suppression mechanism to relieve
pain (Peyron et al., 2007; Figure 1). Imaging studies in humans
have suggested that CP is the result of changes in neural
networks and central pain mechanisms, including perception,
sensitization, and pain regulation pathways (Perocheau et al.,
2014). Moreover, pain is a personal experience that requires
different brain circuits to process. Therefore, NIBS technique may
be effective in relieving pain by exciting or inhibiting specific
neural networks associated with pain processing.

As an alternative intervention to invasive brain stimulation,
NIBS can remarkably reduce the incidence of invasive
stimulation. Over the past 20 years, the number of studies
that used NIBS techniques for pain treatment has exponentially
grown, a trend that possibly reflects the importance of this
field (Figure 2 and Table 1). Thus far, NIBS has been applied
to manage various CP conditions, including fibromyalgia
(Forogh et al., 2021), neuropathic pain (NP) (Galhardoni
et al., 2019), and migraine (Schading et al., 2021). Although
the neural mechanisms underlying the analgesic effects of
NIBS are not yet fully understood, the mechanisms behind
the functional effects of each NIBS technique are different
(Leocani et al., 2019). Moreover, the analgesic effects of
NIBS seem to be highly correlated with the stimulated brain
regions. Therefore, we hypothesize that patients with different
types of CP may benefit from stimulation of different target
brain regions through different NIBS techniques. At the
cellular level, stimulation can change the electrical state of
individual neurons; at the neurohumoral signal level, stimulation
can cause neurotransmitter activity; at the network level,
stimulation can change neuronal circuits; at the behavioral
level, stimulation can cause changes in pain and function
(Knotkova et al., 2021).

Given that most NIBS techniques modulate neural activity in a
frequency- or polar-dependent manner, most applications of CP
research have involved excitatory NIBS, such as high-frequency
transcranial magnetic stimulation (TMS) or anodal transcranial
direct current stimulation (tDCS) (Figure 3). In this review, we
outline the possibilities and limitations of the NIBS approach
in CP research, with particular emphasis on best practices and
selected developments.

REPETITIVE TRANSCRANIAL
MAGNETIC STIMULATION

Underlying Neurophysiological
Mechanisms of Repetitive Transcranial
Magnetic Stimulation in Chronic Pain
Treatment
Transcranial magnetic stimulation uses dynamic magnetic fields
to generate induced currents to regulate individual neurons and
neuron groups in the cortex and the neural networks connected
to them (Young et al., 2014). Strong effects can sufficiently
depolarize neurons to trigger action potentials (Young et al.,
2014). If TMS pulse stimulation is repeatedly given, it is called
repetitive TMS (rTMS).

Regulating the Excitability of the Pain Loop
In general, the stimulatory effect of rTMS depends on
the frequency: high-frequency stimulation (≥5 Hz) increases
cortical excitability, whereas low-frequency stimulation (≤1 Hz)
decreases it (Hoogendam et al., 2010). The excitability induced
by high-frequency rTMS (HF-rTMS) may be the result of
the weakened intracortical inhibition mediated by the gamma-
aminobutyric acid (GABA) rather than directly caused by
increased excitability (Ziemann, 2004). By contrast, low-
frequency rTMS (LF-rTMS) may enhance GABA-mediated
intracortical inhibition, thereby reducing cortical excitability.

The rationale for applying rTMS to treat pain is that it
can modulate neural activity in cortical and subcortical brain
structures associated with pain processing, such as the thalamus,
in both local and remote brain regions. Compared with electrical
stimulation, magnetic stimulation allows the study of local
nerve tissue activation, where the signal is not hindered by
other tissues and is minimally invasive to humans. In turn,
the activation of the cortical structure transmits the action
potential to neural circuits related to pain processing, such
as the cingulate cortex and the thalamus, regardless if it is
forward or reverse (Strafella et al., 2001; Perocheau et al., 2014).
Previous studies have confirmed that rTMS can also directly
excite the thalamus through the cortical–thalamic projection
system, thereby inhibiting the transmission of injury information
through the spinothalamic pathway (Bestmann et al., 2004;
Martin et al., 2013). In other words, when HF-rTMS is used,
the pain information transmitted through the spinothalamic
tract and the ipsilateral thalamic nucleus may be suppressed.
By contrast, when LF-rTMS is utilized, pain transmission may
be unsuppressed.

Synaptic Plasticity
Another mechanism by which TMS alleviates pain is by changing
the plasticity of the nervous system, whereas long-term changes
in neuron excitability are associated with long-term changes
in synaptic effects, especially long-term potentiation (LTP)
and long-term depression (LTD). Similar to basic synaptic
physiology, enhancing the synaptic strength is often referred to
as LTP, whereas reducing the synaptic strength is referred to as
LTD (Figure 4).
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FIGURE 1 | Neural networks related to pain. The primary cortical pain matrix
(thalamus, S1, S2, posterior insula, and parietal operculum) contributes to
pain perception and location. The secondary (ACC, INS, AMY, and
hippocampus) represent common structures identified in the affective
motivational pain pathway, such as empathy for pain. The third (PFC, MCC,
and PCC) represents one component of the cognitive evaluative pain system.
The arrows represent multiple cortical connections between regions and
systems indicating the complex interconnectedness of brain regions involved
with pain. ACC, anterior cingulate cortex; PFC, prefrontal cortex; AMY,
amygdala; PAG, periaqueductal gray; RVM, rostroventral medulla; DH, dorsal
horn; INS, insula; S1, primary somatosensory cortex; S2, secondary
somatosensory cortex; MCC, medial cingulate cortex; PCC, posterior
cingulate cortex; PB, parabrachial nucleus.

Repetitive transcranial magnetic stimulation exerts an
accumulation effect through repeated, continuous, and regular
stimulation that can excite more neurons. More importantly,

rTMS can affect the brain functions of local and remote areas and
realize the reconstruction of cortical functions (Moisset et al.,
2016). Pridmore et al. (2005) reported that a single session of
LF-rTMS reduced the excitability of the primary motor cortex
(M1) region for about 15–30 min. However, after multiple and
continuous sessions of LF-rTMS, the excitability of the M1
region decreased, which lasted for 30 min on the first day and
extended to 2 h on the second day. Therefore, rTMS can probably
cause cumulative plasticity changes in brain neural tissues. A few
words should be added regarding the mechanisms of analgesic
action of rTMS delivered to M1. A previous study highlighted a
significant release of endogenous opioids within a bihemispheric
brain network involved in the perception and modulation of
pain, which was produced by a single session of 10 Hz rTMS of
M1 in a positron emission tomography (PET) study based on 10
healthy subjects (Lamusuo et al., 2017). This was consistent with
previous observations made in CP patients treated with invasive
epidural motor cortex stimulation (Maarrawi et al., 2007, 2013).
However, the mechanisms of action of M1 stimulation in pain
are surely more complex and multiple, involving various pain
modulatory systems concerned with emotion, attention, and/or
sensory discrimination processing, related to various neural
pathways connecting different brain regions, thalamic nuclei,
and/or the spine, and with various neurotransmitter systems
beyond endogenous opioids, such as glutamate, GABA, and/or
dopamine for example (Nguyen et al., 2011; Lefaucheur, 2016;
Moisset and Lefaucheur, 2019). All of these factors can contribute
to the development of long-term synaptic plasticity that provides
significant pain relief beyond the time of stimulation.

Optimizing Neurotransmitter Levels
Many studies have proved that the analgesic mechanism of rTMS
is not only due to the induction of LTP or LTD in the process
of neuron depolarization and hyperpolarization, either of which
leads to changes in nerve excitability and synaptic connections,
but also due to secondary changes in neurotransmitter secretion
related to pain. Studies have reported that the release of
endogenous opioids in the ACC and periaqueductal gray (PAG)
matter is related to the noxious effects of rTMS (de Andrade
et al., 2011). rTMS can optimize neurotransmitter levels, promote

FIGURE 2 | The number of annual publications and annual citations on TMS, tDCS, tACS, tRNS, tFUS, and pain. https://www.webofscience.com/wos/alldb/
basic-search; search dates from 2000 to 2021.
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TABLE 1 | Systematic and evidence-based reviews of non-invasive brain stimulation techniques for chronic pain.

Sample size Disease Intervention Duration of the
trial period

Follow-up Primary
outcomes

Main results AMSTAR-2
rating

rTMS

Zhang et al.,
2021

29 studies (24
for rTMS)
826 participants
(736 for rTMS)

Neuropathic
pain

Intervention: rTMS
Control: sham
stimulation

1 session
(minimum)–15
sessions
(maximum)

NA Pain level (VAS and
NRS)

rTMS successfully relieved the pain symptoms of
715 (97.1%) NP patients. The stimulation
parameters of rTMS that best induce an
analgesic effect are a target cortex of M1, a
stimulation frequency of 10–20 Hz, 1000–2000
pulses, and 5–10 sessions.

Low

Jin et al., 2015 32 studies
589 participants

Neuropathic
pain

Intervention: HF-rTMS
(>1 Hz) over the M1
Control: sham
stimulation,
parallel-group, and
crossover designs

1 session–10
sessions

1 month
(minimum)–
2 months
(maximum)

Pain level (VAS and
NRS)

All 3 HF-rTMS treatments (5, 10, and 20 Hz)
produced pain reduction, while there were no
differences between them, with the maximal pain
reduction found after 1 and 5 sessions of rTMS.
This significant analgesic effect remained for
1 month after 5 sessions of rTMS treatment.

Moderate

Saltychev and
Laimi, 2017

7 RCTs
210 participants

Fibromyalgia Intervention: rTMS
Control: sham
stimulation, other
treatment, or no control
treatment

8 sessions–24
sessions

1 week–
3 months

Pain level (VAS and
NRS)

Both pooled results of pain severity (−1.2 for
NRS and −0.7 for VAS) were below the minimal
clinically important difference of 1.5 points. There
is moderate evidence that rTMS is not more
effective than sham in reducing the severity of
pain in fibromyalgia patients.

Moderate

Knijnik et al.,
2016

5 RCTs
143 participants

Fibromyalgia Intervention: rTMS
Control: sham
stimulation

10 sessions–14
sessions

NA Pain intensity (VAS
and BPI)
Depression (HDRS
and BDI)
QoL (FIQ)

In comparison with sham stimulation, rTMS
demonstrated a superior effect on the QoL of
patients with FM 1 month after starting therapy.
rTMS showed a trend toward reducing pain
intensity but did not change depressive
symptoms.

Moderate

Stilling et al.,
2019

34 studies (6 for
TMS, 16 for
rTMS)
631 participants

Headache
(19/22 studies
for migraine)

Intervention: TMS and
rTMS
Control: sham
stimulation or
alternative standard of
care (i.e., botulinum
toxin, headache drug)

1 session–23
sessions

4 weeks–
20 weeks

Headache
frequency, duration,
intensity, use of
abortive
medications,
depression, anxiety,
and QoL.

There is moderate evidence for rTMS contributes
to reductions in headache frequency, duration,
intensity, abortive medication use, depression,
and functional impairment. However, only a few
studies reported changes greater than sham
treatment.

Low

Lan et al., 2017 5 RCTs
313 participants

Migraine Intervention: rTMS
Control: sham
stimulation

1 session–23
sessions

NA Pain intensity Single-pulse transcranial magnetic stimulation is
effective for the acute treatment of migraine with
aura after the first attack (p = 0.02). The efficacy
of TMS on chronic migraine was not significant
(p = 0.14).

High
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TABLE 1 | (Continued)

Sample size Disease Intervention Duration of the
trial period

Follow-up Primary
outcomes

Main results AMSTAR-2
rating

tDCS

Zhang et al.,
2021

29 studies (5 for
tDCS)
826 participants
(95 for tDCS)

Neuropathic
pain

Intervention: tDCS
Control: sham stimulation

1 session–10
sessions

NA Pain level (VAS
and NRS)

Five studies involving 95 NP patients (76.0%)
showed that tDCS successfully relieved NP. The
most effective parameters of tDCS are a current
intensity of 2 mA, a session duration of
20–30 min, and 5–10 sessions.

Low

David et al.,
2018

8 studies
127 participants

Neuropathic
pain

Intervention: tDCS
Control: sham stimulation

1 session–20
sessions

90 min–
6 months

Pain level (VAS
and NRS)

All of the studies showed significant effects of
tDCS on NP (spinal cord injury, stroke, and
amputation) when compared to the control
group, except for one with SCI and another
related to radiculopathy. Positive effects in the
follow-up studies lasted up to 7 days.

Low

Mehta et al.,
2015

5 studies
83 participants

Neuropathic
pain after spinal
cord injury

Intervention: tDCS
Control: sham stimulation

1 session–10
sessions

NA Pain level (VAS
and NRS)

The pooled analysis found a significant effect of
tDCS on reducing neuropathic pain after SCI
post-treatment (p = 0.012); however, this effect
was not maintained at follow-up (p = 0.194).

Moderate

Lloyd et al.,
2020

14 studies
452 participants

Fibromyalgia Intervention: tDCS
Control: sham stimulation

1 session–10
sessions

NA Pain level (VAS
and NRS)

Meta-analysis of data from 8 controlled trials
provides tentative evidence of pain reduction
when active tDCS is delivered compared to sham.

Zhu et al., 2017 6 studies
192 participants

Fibromyalgia Intervention: tDCS
Control: sham stimulation
alone or sham
stimulation combined
with other interventions
for fibromyalgia

1 session–10
sessions

NA Pain level (VAS
and NRS)

Significant improvement in pain and general
fibromyalgia related function was seen with
anodal transcranial direct current stimulation over
the primary motor cortex (p < 0.05). However, the
pressure pain threshold did not improve
(p > 0.05).

High

Stilling et al.,
2019

34 studies (12
for tDCS)
413 participants

Headache
(8/12 studies
for migraine)

Intervention: tDCS
Control: sham stimulation
or alternative standard of
care (i.e., botulinum
toxin, headache drug)

5 session–20
sessions

NA Headache
frequency,
duration, intensity,
use of abortive
medications,
depression,
anxiety, and QoL.

There is moderate evidence for tDCS in the
treatment of headaches concerning reduction in
headache frequency, intensity, abortive
medication use, depression, and anxiety.

Low

Feng et al.,
2019

9 studies (4 for
tDCS)
276 participants
(115 for tDCS)

Migraine Intervention: tDCS
Control: sham stimulation
or no control treatment

10 session–20
sessions

1 month–
12 weeks

Pain level (VAS
and NRS)

tDCS over the M1 or the DLPFC showed
significant effects on reducing headache intensity
in patients with migraine.

Moderate

Alwardat et al.,
2020

9 studies
411 participants

Chronic low
back pain

Intervention: tDCS
Control: sham stimulation

1 session–15
sessions

3 weeks–
6 months

Pain level (VAS
and NRS)

The meta-analysis showed non-significant effect
of multiple sessions of tDCS over M1 on pain
reduction (p = 0.249) and disability (p = 0.434)
post-treatment, respectively.

Low

Reviews selected to avoid redundancy with text and other reviews. AMSTAR-2 ratings represent a grading system for systematic reviews, with confidence in findings rated as high, moderate, low, or critically low based
on 16 items (13 for reviews without meta-analyses). AMSTAR, A Measurement Tool to Assess Systematic Reviews; NIBS, non-invasive brain stimulation; RCTs, randomized controlled trials; TMS, transcranial magnetic
stimulation; sTMS, single-pulse TMS; dTMS, deep transcranial magnetic stimulation; rTMS, repetitive transcranial magnetic stimulation; HF-rTMS, high frequency transcranial magnetic stimulation; tDCS, transcranial
direct current stimulation; VAS, Visual Analog Scale; QoL, quality of life; NP, neuropathic pain; SCI, spinal cord injury; RMT, resting motor threshold; BPI, brief pain inventory; HDRS, Hamilton Depression Rating Scale;
BDI, beck depression inventory; NRS, Numeric Rating Scale; MPQ, McGill Pain Questionnaire.
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the release of endogenous opioids and the secretion of brain-
derived neurotrophic factors, and increase the concentration
of GABA, thereby improving pain (Dall’Agnol et al., 2014).
Lefaucheur et al. (2006) found that HF-rTMS of M1 can
reduce pain and enhance cortical inhibition, and the degree
of pain reduction is positively correlated with intracortical
inhibition. They speculated that rTMS may regulate the balance
between inhibitory neurotransmitters and excitatory glutamate
neurotransmitters in the cerebral cortex, thus achieving an
analgesic effect.

Improving Regional Cerebral Blood Flow and
Metabolism in the Brain
Notably, changes in regional cerebral blood flow (rCBF) and
metabolism after rTMS treatment may be correlated with the
decrease in pain score. Tamura et al. (2004) found that after
LF-rTMS treatment, the rCBF of the medial prefrontal cortex
was remarkably reduced, and the rCBF of the tail of the ACC
and the contralateral premotor area was considerably increased.
Meanwhile, the subjects’ pain was substantially reduced. In
addition, the degree of pain relief was positively correlated with
the decrease in rCBF in the medial prefrontal cortex, suggesting
that the analgesic effect caused by rTMS is related to changes in
rCBF (Tamura et al., 2004).

Repetitive Transcranial Magnetic
Stimulation for Neuropathic Pain
The pathophysiological mechanism of NP may be related to
changes in the structural or functional plasticity of the central
nervous system (Leung et al., 2009). The maintenance of NP
mainly depends on central sensitization. Central sensitization
refers to the abnormal increase in excitability or synaptic
transmission of central pain-related neurons, including the
increase in spontaneous discharge activity of neurons, the
expansion of sensory domains, and the reduction of the threshold
value to external stimuli, thus amplifying the transmission of
pain signals (Nickel et al., 2012). rTMS acts on the cerebral
cortex and adjacent structures under the cortex through high-
level regulation of the central nervous system, and it exerts
various effects on the pain process, thereby exerting an analgesic
effect. Yang et al. (2018) suggested that HF-rTMS may reduce
central sensitization and relieve NP by downregulating the
overexpression of neuronal nitric oxide synthase in ipsilateral
dorsal root ganglions and inhibiting the activity and proliferation
of astrocytes in the L4–L6 spinal dorsal horns ipsilateral to NP.

A meta-analysis of 25 studies (589 long-term follow-up
patients) evaluated the efficacy of HF-rTMS for the treatment of
NP (Jin et al., 2015). Pooled analgesic results showed a statistically
significant effect size of −0.86 (p < 0.05), indicating that rTMS
can effectively reduce the pain intensity of NP from different
sources. The result indicated that a single rTMS treatment can
remarkably reduce the pain intensity of patients with NP. When
the number of sessions was increased from 2 to 10, the subjects
also produced considerable pain relief, especially among patients
with pain after suffering from central stroke. After 1–2 months
of follow-up (161 participants), the analgesic effects of multiple
rTMS treatments (≥5 sessions) were observed to last at least

1 month but not more than 2 months, indicating that the different
analgesic effects of rTMS may depend on the neuroanatomical
source of the pathophysia of NP, that is, the more effective source
of the therapeutic effects of rTMS on NP is the “top” (supraspinal,
cranial, or spinal) rather than the “bottom” (nerve roots or
peripheral nerves). Similarly, Zhang et al. (2021) systematically
reviewed 29 studies (24 for rTMS, 736 participants), and found
that rTMS successfully improved the pain symptoms of 97.1%
of patients with NP (715 participants). The analgesic effect of
rTMS was maintained for 2 weeks after the last session, but
this beneficial effect usually lasted for less than 1 month. In
addition, the M1 region was targeted in almost all patients (82.5%,
607 participants).

As recent reviews have concluded, the application of HF-
rTMS of M1 may alleviate various types of NP. Some of the
NP conditions with the greatest response to rTMS include
post-stroke central pain and trigeminal neuralgia, whereas NP
conditions with more peripheral anatomical origins, such as post-
traumatic peripheral NP, are less reactive to rTMS (Lefaucheur,
2016; Leung et al., 2020). Although a few studies suggest this
conclusion, we think it is premature to present this type of
assertion which is not based on published data on large series. It
is unclear whether any particular type of NP would be considered
a better indication for rTMS treatment.

Repetitive Transcranial Magnetic
Stimulation for Fibromyalgia
Fibromyalgia is usually insensitive to conventional treatment.
Previous studies indicated that rTMS may work by modulating
pain pathways (Bestmann et al., 2004; Yoo et al., 2008), such as
the descending inhibitory pathway, and by modulating social–
affective areas of the brain, such as the right temporal lobe
(Boyer et al., 2014). A meta-analysis (7 studies, 210 patients)
evaluated the efficacy of HF-rTMS of M1 in the treatment of
fibromyalgia (Saltychev and Laimi, 2017). Based on the patients’
scores on a 0–10 numerical rating scale, their pain intensity
before and after the last rTMS session decreased by 1.2 points.
Moreover, the pain intensity before the last stimulation and
1 week to 1 month after the last stimulation decreased by 0.7
points. Both pooled results were statistically significant but below
the cut-off point of a minimum clinically significant difference
of 1.5 points. In a narrative review that analyzed 12 studies
on fibromyalgia, 9 studies concluded that rTMS of M1 was
effective in relieving pain in patients with this condition (Yang
and Chang, 2020). By contrast, the remaining three randomized
controlled trials (RCTs) denied that patients with fibromyalgia
benefited from rTMS.

Although the results of some studies were negative, the fact
that fibromyalgia is difficult to manage suggests that rTMS is a
potential analgesic method for managing fibromyalgia.

Repetitive Transcranial Magnetic
Stimulation for Migraine
Recent studies suggested that the mechanism of migraine
may be linked to neurological causes, such as cerebral
cell hyperexcitability and altered cortical excitability
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FIGURE 3 | Different forms of non-invasive brain stimulation techniques and chronic pain conditions most amenable to treatment.

(Cosentino et al., 2014; Lan et al., 2017). On the one hand,
rTMS can regulate the excitability of cortical structures
involved in pain control, such as inhibiting cortical spreading
depression (Chervyakov et al., 2015). Therefore, rTMS may
contribute to the prevention and relief of headache symptoms
during migraine attacks. On the other hand, rTMS can
promote the release of endogenous analgesic substances,
such as dopamine and endogenous opioid peptides, thereby
relieving headaches.

Currently, in the United States, acute migraine with aura is the
only FDA-approved indication for single-pulse TMS45. A meta-
analysis also reported that single-pulse TMS was effective in the
acute treatment of aura migraine after the first attack (p = 0.02),
but not in chronic migraine (p = 0.14) (Lan et al., 2017).

However, another systematic review found that TMS and rTMS
contributed to reductions in headache frequency, duration,
intensity, abortive medication use, depression, and dysfunction
in both chronic primary and secondary headaches (Stilling et al.,
2019). In addition, consistent with the findings of Lan et al.
(2017), only a few studies reported greater changes than sham
stimulation (Stilling et al., 2019). Similarly, another systematic
review found that, compared with sham stimulation, the outcome
indicators of patients suffering from migraine who received
HF-rTMS treatment substantially improved, including headache
frequency, pain intensity, headache duration, and dosage (Yang
and Chang, 2020). However, two studies showed that the results
after rTMS were not superior to those after sham stimulation,
and both showed a strong placebo response. Despite conflicting
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FIGURE 4 | Schematic diagram demonstrating the underlying neurophysiological mechanism of rTMS involved in pain management. LTP, long-term potentiation;
LTD, long-term depression.

evidence on its efficacy, rTMS may still be a potential option for
patients with migraine.

Repetitive Transcranial Magnetic
Stimulation for Chronic Low Back Pain
Previous studies have demonstrated that abnormal postural
control of trunk muscles may lead to the occurrence of chronic
low back pain (CLBP) (Deliagina et al., 2006). Furthermore,
the M1 region is believed to play a key role in postural
control regulation (Ambriz-Tututi et al., 2016). Ambriz-Tututi
et al. (2016) evaluated the long-term effects of rTMS on CLBP
and compared them with those of physical therapy and sham
stimulation. Results showed that the patients who received HF-
rTMS of M1 had a remarkable decrease in pain intensity after
1 week of treatment. After 3 weeks of continuous treatment,
their pain intensity was reduced by nearly 80% compared with
the baseline and was substantially lower than that of the group
that received sham stimulation or physical therapy. In addition,
a previous study reported that, compared with sham stimulation,
1 session of HF-rTMS can significantly lessen the pain intensity
felt by patients with CLBP (p < 0.001) (Johnson et al., 2006).

Compared with those on fibromyalgia and headache, there is less
evidence to suggest the efficacy of rTMS on CLBP.

Summary of Repetitive Transcranial
Magnetic Stimulation
In Canada, Australia, Japan, the European Union, and Israel,
TMS devices have been approved for depression, schizophrenia,
and NP (Marangell et al., 2007). However, in the United States,
the application of TMS to pain management is only considered
investigational.

Thus far, most high-quality RCTs and systematic reviews
have shown that rTMS applied to the dorsolateral prefrontal
cortex (DLPFC), the supplementary motor area (SMA), or the
primary somatosensory cortex (S1) lacks analgesic effects, while
stimulation of M1 provides pain relief (Marangell et al., 2007;
Lefaucheur et al., 2020). In 2020, the guidelines for the use
of rTMS developed by an expert panel in Europe stated that
HF-rTMS of M1 has a clear effect on NP and fibromyalgia
(level A evidence) (Lefaucheur et al., 2020). The selection of
stimulation targets and stimulation parameters is the most basic
and important issue that determines the analgesic effect of
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FIGURE 5 | Mechanisms and targets of transcranial direct current stimulation in pain management. DLPFC, dorsolateral prefrontal cortex; M1, primary motor cortex;
INS, Insula; Th, thalamus.

rTMS. Some of the current issues in stimulating targets are as
follows: (1) whether different types of CP conditions require
specific stimulation targets; (2) whether combined treatment
with different stimulation targets will enhance their analgesic
effect; (3) lack of evidence from studies that compared the
analgesic effects of different stimulation targets; and (4) few
use image-guided navigation to improve the accuracy and
repeatability of targeting. Another potential concern with rTMS
is the duration effect. The number of sessions in most TMS
studies ranged from 1 to 10 sessions. Some studies have reported
that the analgesic effects of rTMS are cumulative and require
multiple sessions to achieve clinically significant effects (Brighina
et al., 2009). A single rTMS session may not be sufficient to
induce changes in cortical excitability, and multiple sessions
are required to induce changes in neuroplasticity. However,
prolonged use of rTMS to increase stimulation intensity may
also lead to a reduction or even reversal of the stimulatory
effect of motor cortical excitability, making the treatment

counterproductive. Therefore, the number of sessions with rTMS
should be investigated to provide best practice for the analgesic
effects of rTMS.

TRANSCRANIAL DIRECT CURRENT
STIMULATION

Underlying Neurophysiological
Mechanisms by Which Transcranial
Direct Current Stimulation Relieves
Chronic Pain
Transcranial direct current stimulation works by using two or
more electrodes to apply a low-amplitude direct current (typically
from 0.5 to 2 mA) to specific brain regions to modulate their
excitability, thereby relieving pain (Nitsche and Paulus, 2000).
Traditional tDCS usually uses two sponge electrodes, one as
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the anode and the other as the cathode. HD tDCS utilizes
a set of smaller electrodes, such as 4 × 1, to provide more
focused stimulation.

Selective Excitability of Neurons
Unlike TMS, tDCS employs a weak current and generally
does not cause an action potential but only changes the
resting membrane potential of nerve cells, thereby regulating
the excitability of nerve cells (Nitsche et al., 2008). The
change in membrane potential is the physiological basis of
the immediate regulatory effect of tDCS. The effect of tDCS
on cortical excitability depends on polarity: anodal stimulation
leads to depolarization of the nerve membrane, thereby
increasing excitability, whereas cathodal stimulation results
in hyperpolarization of the nerve membrane, which in turn
inhibits excitability (Lefaucheur et al., 2017; Lefaucheur and
Wendling, 2019; Figure 5). However, changes in cell membrane
potential do not explain the subsequent effects of cessation of
tDCS, such as the persistence of analgesic effects several weeks
after stimulation.

Notably, the cortical excitation effect of tDCS is related to
the direction and intensity of the current, but it is not a linear
relationship, that is, the greater the current intensity, the better
the stimulus effect (Utz et al., 2010). Sometimes this effect
will be reversed with the increase in current intensity. The
immediate to long-term effects of tDCS vary depending on the
selected stimulation parameters (Shekhawat et al., 2016). Studies
have reported that the analgesic effect of tDCS is cumulative,
requiring multiple sessions to achieve clinically significant results
(Lefaucheur et al., 2017). In general, a stimulation lasting for at
least 5 min is needed to produce biological effects. Changes in
neural activity occur not only during tDCS but also several hours
after stimulation has ended.

Network Effect
Aside from regulating local activity at the stimulus site, tDCS
also exerts network effects that alter structural and functional
connections between different brain regions (Cummiford et al.,
2016; Lin et al., 2017). A PET study of patients with CP showed
that motor cortex stimulation acts as a “gate” that triggers the
activity in the stimulated and distant brain tissues, including the
thalamus, anterior insula, and PAG (Garcia-Larrea and Peyron,
2007). Specifically, anodal stimulation of the M1 region alleviates
pain by activating various neural circuits in the precentral gyrus,
which may be afferent or efferent to structures connected to
the sensory or emotional components of pain processing, such
as the thalamus or ACC (Lefaucheur, 2006; Nguyen et al.,
2011). Cummiford et al. (2016) found that, compared with
sham stimulation, applying 20 min of anodal tDCS over left
M1 five times can reduce functional connectivity among the
left ventrolateral thalamus and the medial prefrontal lobe, and
the left auxiliary motor area, as well as functional connectivity
among the right ventrolateral thalamus and the cerebellum and
the left auxiliary motor area in patients with fibromyalgia. These
brain regions are the components of the pain matrix involved in
the processing and regulation of pain, especially the emotional
components of pain (Figure 1).

Synapse Remodeling
Aside from changing the polarity of membrane potential, tDCS
also regulates the synaptic microenvironment and modulates
neuronal function at the synaptic level. tDCS interacts with
several neurotransmitters, including serotonin, dopamine, and
acetylcholine, and affects various neuronal membrane channels,
such as sodium and calcium ions (Lefaucheur et al., 2017). In
general, direct current stimulates cortical neurons to regulate
the expression of NMDA receptors and the release of GABA,
resulting in LTP or LTD, both of which cause synaptic
remodeling (Stagg and Nitsche, 2011). Previous studies have
argued that calcium-dependent synaptic plasticity in glutamate
neurons plays a key role in the mechanism of long-lasting
neuroplasticity in tDCS because blocking NMDA receptors
attenuates the after-effects of tDCS. In addition, tDCS can
alleviate pain by modulating the thalamic inhibitory network
and interfering with the cortex–cortical and cortex–subcortical
synaptic connections related to pain formation (Liebetanz et al.,
2002; Batsikadze et al., 2013).

Non-synaptic Effect
Although tDCS regulates resting membrane potentials at the
synaptic level, it more commonly regulates resting membrane
potentials along the entire axon, which may lead to non-
synaptic effects (Ardolino et al., 2005). These non-synaptic
mechanisms of tDCS are probably due to conformational and
functional changes in various axon molecules. When exposed
to a direct current electric field, various phenomena, such as
transmembrane ion conductance, membrane structure changes,
cytoskeleton changes, or axon transmission, will occur around
axons (Jefferys, 1995). In addition, Zheng et al. (2011) found
that the effect of tDCS is related to changes in cerebral blood
flow. After they administered cathodal tDCS, the blood flow
substantially decreased and lasted for a period of time. This
condition may also be the key mechanism underlying the
analgesic effect of tDCS.

Transcranial Direct Current Stimulation
for Neuropathic Pain
In addition to network effects and changes in central nervous
excitability, tDCS may also alleviate NP by regulating the central
nervous immune system and inhibiting glial cell activation.
Cioato et al. (2016) investigated the effects of tDCS on nociceptive
responses and measured IL-1 β, IL-10, and TNF-α levels in the
central nervous system structure of NP rats. After tDCS, the levels
of IL-1β and TNF-α decreased, whereas those of IL-10 increased,
suggesting that tDCS may modulate the immune system to
alleviate NP. Recent studies have established that microglia and
astrocytes in the nervous system play key roles in the initiation
and maintenance of NP, respectively (Gritsch et al., 2016). As a
common method for regulating cortical excitability in superficial
pain-related areas, tDCS can inhibit neuronal sensitivity after
peripheral nerve injury and downregulate the expression of the
P2 × 4 receptor, thereby inhibiting microglia activity, ultimately
leading to NP remission (Zhang et al., 2020).

A systematic review (8 studies, 127 participants) suggested
that, compared with sham stimulation, tDCS could notably
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reduce pain intensity in patients with NP associated with spinal
cord injury (SCI), stroke, and amputation, and its analgesic effect
lasted for 1 week after the end of the intervention (David et al.,
2018). However, no significant differences between the groups
were observed in patients with radiculopathy. Similarly, a meta-
analysis reported a moderate effect of tDCS in reducing NP
in patients with SCI; however, the effect was not maintained
at follow-up (Mehta et al., 2015). A mean pooled decrease of
1.33 units on a 10-item scale was found post treatment. In
another systematic review (6 studies, 125 patients with NP),
5 studies found that, compared with sham stimulation, anodal
tDCS remarkably alleviated NP (Zhang et al., 2021). Overall,
many studies have confirmed that tDCS has a moderate effect on
pain relief among individuals with chronic NP, but this effect is
not maintained during follow-up.

Transcranial Direct Current Stimulation
for Fibromyalgia
The pathogenesis of fibromyalgia may be related to the
dysfunction of the central nervous system (Cook et al., 2007;
Brown et al., 2014). As a neuromodulation technique that
targets the central nervous system, tDCS may theoretically help
relieve pain. A meta-analysis of 6 studies (192 patients with
fibromyalgia) reported that, compared with sham stimulation,
anodal tDCS of M1 was more likely to relieve pain and improve
fibromyalgia-related function, whereas cathodal tDCS of M1 and
anodal tDCS of left DLPFC did not produce notable analgesic
effects (Zhu et al., 2017). Although this meta-analysis was
unable to calculate the overall effect of tDCS on fibromyalgia
during the follow-up period, some of the studies it included
concluded that 10 sessions of anodal tDCS over M1 was
more likely to control pain than 5 sessions, and this effect
might last up to 2 months. Similarly, Lloyd et al. (2020) also
reported that active tDCS applied at an intensity of 2 mA
to left M1 for 20 min/days for 10 sessions appears to be
able to lower pain intensity in fibromyalgia. Hou et al. (2016)
reviewed 16 studies (5 for tDCS, 11 for rTMS; 572 patients
with fibromyalgia), found that aside from improving cognitive
function, both tDCS and rTMS had similar positive effects on
pain symptoms, sleep disturbances, and tender spots. However,
rTMS produced a greater analgesic effect than tDCS. Therefore,
excitatory rTMS/tDCS should be considered in the treatment
of patients with fibromyalgia, especially for those with painful
symptoms that are not responding to other therapies or for
whom the continuation of such therapies is not possible due to
their adverse side effects (as is commonly the case with FDA-
approved drugs).

Transcranial Direct Current Stimulation
for Migraine
A systematic review of 12 studies on chronic headache (8 for
migraine, 413 participants) found that, compared with baseline,
tDCS substantially reduced headache frequency in 7 studies
(Stilling et al., 2019). However, only one study showed that,
compared with sham stimulation, tDCS considerably decreased
headache frequency. Six studies reported that tDCS shortened

headache duration, but only one study was statistically different
from the control group. Seven studies found that tDCS reduced
pain intensity, but only two studies showed significant differences
between groups. Similarly, Feng et al. (2019) reviewed 9 studies (4
for tDCS, 115 participants), and found that anodal tDCS of M1
markedly reduced the frequency and intensity of headaches in
patients suffering from migraine. Moreover, tDCS over DLPFC
substantially reduced pain intensity in these patients, but it had
no notable effect on attack frequency. In addition, compared
with sham stimulation, cathodal tDCS applied to the vertex
or visual cortex did not remarkably change the frequency and
intensity of headaches in these patients. Compared with those on
fibromyalgia and NP, there is less evidence to suggest the efficacy
of tDCS on migraine.

Transcranial Direct Current Stimulation
for Chronic Low Back Pain
Unlike acute low back pain, non-specific CLBP usually has
no peripheral cause (Latremoliere and Woolf, 2009). Central
mechanisms have been hypothesized to explain the development
and maintenance of pain. Great functional connectivity between
the dorsal medial PFC–amygdala–accumbens circuit in patients
with subacute low back pain contributes to the risk of
CP (Vachon-Presseau et al., 2016). Therefore, brain network
disturbance is considered one of the possible causes of CLBP.
A recent systematic analysis (eight studies) revealed that,
compared with sham stimulation, 1 session of tDCS treatment
resulted in substantial pain relief (Patricio et al., 2021). By
contrast, multiple sessions of tDCS treatment did not improve
short-term and medium-term pain. In 2019, based on two studies
on tDCS, an expert panel proposed a level A recommendation
against the use of tDCS of M1 for the treatment of CLBP
(Baptista et al., 2019).

Recent systematic analyses did not support the use of tDCS for
CLBP treatment, and evidence of low quality suggests that tDCS
negatively affects CLBP. A possible explanation for these negative
findings is that the pathogenesis of CLBP is affected by multiple
factors. Therefore, the participants enrolled in these reviews
might have had other mechanical diseases or complications, such
as cervical spondylosis or small joint disorders. In addition,
visceral pain involving the lower back can be a misleading
condition, leading doctors to misdiagnose or miss a diagnosis.

Summary of Transcranial Direct Current
Stimulation
In the United States, tDCS has not been approved for any
clinical indications but is only used as a research technique for
pain management. The guidelines for neurostimulation therapy
of CP issued by the European Academy of Neurology gave
“weak recommendations” for the use of tDCS for the treatment
of peripheral NP and “uncertain recommendations” for the
treatment of fibromyalgia (Cruccu et al., 2016; Knotkova et al.,
2021). In the United States, tDCS has not been approved for
any clinical indications but is only used as a research technique
for pain management. The effectiveness of tDCS in relieving
CP may vary according to pain subtype, including spontaneous,
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paroxysmal, and persistent pain (Soler et al., 2010). Thus far,
many high-quality RCTs and systematic reviews have shown that
the application of tDCS to DLPFC, SMA, or S1 lacks analgesic
effects, whereas stimulation of the M1 region provides pain relief
(Lefaucheur et al., 2017). It is worth noting that tDCS is non-local
with a network effect, and cortices adjacent to the stimulation
target may also be affected. As a result, it is essential to combine
tDCS with neuroimaging and functional connectivity analysis so
that we can attribute specific efficacy to neuromodulation of M1
only, but unfortunately, the majority of tDCS studies lack the
corresponding neuroimaging evaluation. In addition, the current
level of evidence supporting the positive effect of the application
of tDCS over M1 on pain relief is considerably lower than that of
rTMS. Compared with that of rTMS, the after-effect of tDCS is
also less obvious (Ngernyam et al., 2013).

TRANSCRANIAL ALTERNATING
CURRENT STIMULATION

Transcranial alternating current stimulation (tACS) changes the
nerve oscillation signal by applying a sinusoidal alternating
current stimulation with a fixed amplitude and frequency to the
brain, thereby regulating pain intensity (Antal and Herrmann,
2016; Tavakoli and Yun, 2017; Arendsen et al., 2018). Previous
studies have confirmed that the neural oscillation signals in the
alpha and gamma bands before pain stimulation can regulate the
individual’s perception of pain stimulation (Tu et al., 2016). Given
that the neural synchronization effect is related to endogenous
neural oscillation signals, the stimulation frequency selected in
analgesia studies is the frequency corresponding to the neural
oscillation signals closely related to pain processing, such as the
alpha and gamma neural oscillation signals (Tu et al., 2016). After
the pain stimulation, the neural oscillation signals in the alpha
band are weakened, whereas the nerve oscillation signals in the
gamma band are strengthened. The neural oscillation signal in
the gamma band is not affected by the saliency of the stimulus but
reflects the individual’s perception of pain intensity, and it can
encode intra- and interindividual pain sensitivity (Zhang et al.,
2012; Hu and Iannetti, 2019). Thus, the use of tACS in regulating
pain perception has a theoretical basis.

So far, only one study has investigated the analgesic effect of
tACS on fibromyalgia. An RCT of 15 patients with fibromyalgia
found that tACS combined with physical therapy administered
5 days per week for 2 weeks effectively reduced pain Visual
Analog Scale (VAS) scores immediately after the intervention
(Bernardi et al., 2021). However, this positive analgesic effect
was no longer present 4 weeks after the end of the intervention.
Similarly, only one study has investigated the effectiveness of
tACS for CLBP treatment. Ahn et al. (2019) found that applying
tACS with an amplitude of 1 mA and a frequency of 10 Hz
to the F3 and F4 electrodes of EEG electrode caps for 40 min
can reduce the pain intensity of patients with CLBP. Moreover,
tACS enhances the alpha oscillation signal intensity of the
electrode near the somatosensory area, and this increase in the
alpha oscillation signal is also strongly related to the decrease
in pain intensity.

Despite its appeal, tACS seems to be rarely used in the field of
CP research. Apart from somatosensory areas, few studies have
evaluated the analgesic effect of tACS on CP in other brain areas
(Ahn et al., 2019; Bernardi et al., 2021). Although previous studies
have demonstrated that the application of alpha tACS over S1 can
enhance alpha oscillations and thus induce pain relief, the quality
of evidence is extremely low.

TRANSCRANIAL RANDOM NOISE
STIMULATION

As an innovative form of electrical stimulation, transcranial
random noise stimulation (tRNS) is based on the principle
of stochastic resonance that uses alternating current with a
frequency randomly varying between 0 and 640 Hz to increase
the excitability of the cortex regardless of the orientation of
the current (Paulus, 2011). Studies have shown that weak tRNS
of M1 led to enhanced motor cortical excitability, where high-
frequency subdivision of the whole tRNS spectrum between 100
and 640 Hz was functionally responsible for inducing excitability
enhancement (Terney et al., 2008; Paulus, 2011; Moret et al.,
2019). In addition, 10 min of tRNS stimulation was reported to
induce a consistent excitability increase lasting over 1 h after
stimulation (Terney et al., 2008). This effect could be attributed
to the repeated opening of sodium channels or to the increased
sensitivity of neuronal networks to field modulation (Terney
et al., 2008; Paulus, 2011). These evidence raise the possibility
that tRNS may prove as an effective and reliable means to relieve
pain perception.

Curatolo et al. (2017) applied 10 sessions of tRNS of M1
to 20 women with fibromyalgia. The results showed that,
compared with placebo, active tRNS remarkably reduced pain
and fibromyalgia impact questionnaire scores. By contrast,
Palm et al. (2016) reported that, immediately after tRNS, no
notable intergroup differences in mean pain VAS score, attention
performance, and mood scale were observed between the tRNS
and placebo groups.

Evidence supporting the effects of tRNS as a single
intervention for CP treatment is limited. Moreover, drawing
conclusions on whether tRNS is useful in this situation is difficult.
Therefore, large multicenter RCTs are warranted to evaluate the
better potential of tRNS for pain management.

TRANSCRANIAL FOCUSED
ULTRASOUND

As a NIBS method that can focus on deep brain structures,
transcranial focused ultrasound (tFUS) can stimulate deep
brain targets with a high level of spatial resolution and
generate superimposed ultrasonic pulses deep in the brain
by using transducers containing piezoelectric elements (Aubry
and Tanter, 2016; Folloni et al., 2019). Through this feature,
tFUS can target almost any part of the peripheral or central
nervous system (Xiao and Zhang, 2018). Previous studies
have demonstrated that adjusting ultrasound parameters can
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produce different physiological effects on the nervous system,
ranging from reversible activation or suppression of neural
activity (low intensity, low-frequency ultrasound) to irreversible
tissue ablation (high intensity focused ultrasound) (di Biase
et al., 2019). tFUS can produce an analgesic effect through
various mechanisms, such as by increasing blood–brain barrier
permeability, improving the concentration of central acting
analgesics in the central nervous system, or modulating gene
expression in pain perception (di Biase et al., 2019). If the
neuromodulation of tFUS can act on specific neural networks
related to pain processing, it may be developed for pain
management. Currently, tFUS has been approved only for
thalamotomy in chronic NP and for ablation of specific tumors
(di Biase et al., 2021).

In a cross-controlled study of 19 healthy adults, Badran
et al. (2020) found that tFUS targeting the right anterior
thalamus could modulate the antinociceptive effects of the pain
processing network. Compared with sham stimulation, a 20-min
tFUS treatment significantly increased the heat pain threshold;
but tFUS did not remarkably alter the heat pain tolerance
threshold. Their findings suggested that tFUS could modulate
pain sensitivity through its interaction with the thalamus and by
affecting the afferent sensory-discriminative component of pain.
Compared with other NIBS techniques focusing on CP, there is
less evidence to suggest the efficacy of tFUS on CP.

FUTURE DIRECTIONS

New insights into the neuromodulation mechanisms underlying
CP have opened new perspectives on new treatments. Over the
past 20 years, NIBS techniques have emerged as one of the
most promising tools for treating pain. NIBS may be an effective
treatment for alleviating CP as indicated by many Cochrane
meta-analyses of CP syndromes. However, in most cases, the
corresponding analgesic effects are weak and variable. Except for

rTMS, which has been proved effective in the treatment of major
depression, no NIBS protocol has been certified as a routinely
used CP management tool.

Given that the brain is an advanced center for pain control,
CP treatment based on neural network systems may be the
future trend of transcranial modulation of brain activities. On
the one hand, researchers must value multi-site approaches to
target various networks or sites of networks. On the other hand,
researchers must study further the functions of pain-related
nuclei in the brain and control CP through precise regulation
of pain-related nuclei in the brain. Progress in NIBS research
requires a deeper understanding of the relationship between the
underlying neurophysiological effects and functional outcomes of
pain, as well as better identification of clinical and non-clinical
factors that influence pain reactivity.

AUTHOR CONTRIBUTIONS

H-YX collected the data, elaborated the design of the study, and
wrote the manuscript. X-QW and J-JZ organized the research
project and corrected the manuscript. All authors read and
approved the manuscript.

FUNDING

This work was supported by Fok Ying-Tong Education
Foundation of China (161092); the Scientific and Technological
Research Program of the Shanghai Science and Technology
Committee (Fund Number: 19080503100); the Shanghai Key
Lab of Human Performance (Shanghai University of Sport)
(11DZ2261100); Shanghai Frontiers Science Research Base of
Exercise and Metabolic Health; Talent Development Fund of
Shanghai Municipal (2021081); and Shanghai Clinical Research
Center for Rehabilitation Medicine (21MC1930200).

REFERENCES
Ahn, S., Prim, J. H., Alexander, M. L., McCulloch, K. L., and Frohlich, F. (2019).

Identifying and Engaging Neuronal Oscillations by Transcranial Alternating
Current Stimulation in Patients With Chronic Low Back Pain: A Randomized,
Crossover, Double-Blind, Sham-Controlled Pilot Study. J. Pain 20, e271–e277.
doi: 10.1016/j.jpain.2018.09.004

Alwardat, M., Pisani, A., Etoom, M., Carpenedo, R., Chiné, E., Dauri, M., et al.
(2020). Is transcranial direct current stimulation (tDCS) effective for chronic
low back pain? a systematic review and meta-analysis. J. Neural. Transm.
(Vienna), 127, 1257–1270. doi: 10.1007/s00702-020-02223-w

Ambriz-Tututi, M., Alvarado-Reynoso, B., and Drucker-Colin, R. (2016).
Analgesic effect of repetitive transcranial magnetic stimulation (rTMS) in
patients with chronic low back pain. Bioelectromagnetics 37, 527–535. doi:
10.1002/bem.22001

Antal, A., and Herrmann, C. S. (2016). Transcranial Alternating Current and
Random Noise Stimulation: possible Mechanisms. Neural Plast. 2016:3616807.
doi: 10.1155/2016/3616807

Ardolino, G., Bossi, B., Barbieri, S., and Priori, A. (2005). Non-synaptic
mechanisms underlie the after-effects of cathodal transcutaneous direct current
stimulation of the human brain. J. Physiol. 568(Pt 2), 653–663. doi: 10.1113/
jphysiol.2005.088310

Arendsen, L. J., Hugh-Jones, S., and Lloyd, D. M. (2018). Transcranial Alternating
Current Stimulation at Alpha Frequency Reduces Pain When the Intensity of
Pain is Uncertain. J. Pain 19, 807–818. doi: 10.1016/j.jpain.2018.02.014

Aubry, J. F., and Tanter, M. (2016). MR-Guided Transcranial Focused Ultrasound.
Adv. Exp. Med. Biol. 880, 97–111. doi: 10.1007/978-3-319-22536-4_6

Badran, B. W., Caulfield, K. A., Stomberg-Firestein, S., Summers, P. M., Dowdle,
L. T., Savoca, M., et al. (2020). Sonication of the anterior thalamus with MRI-
Guided transcranial focused ultrasound (tFUS) alters pain thresholds in healthy
adults: A double-blind, sham-controlled study. Brain Stimul. 13, 1805–1812.
doi: 10.1016/j.brs.2020.10.007

Baptista, A. F., Fernandes, A., Sa, K. N., Okano, A. H., Brunoni, A. R., Lara-Solares,
A., et al. (2019). Latin American and Caribbean consensus on noninvasive
central nervous system neuromodulation for chronic pain management (LAC2-
NIN-CP). Pain Rep. 4:e692. doi: 10.1097/PR9.0000000000000692

Batsikadze, G., Moliadze, V., Paulus, W., Kuo, M. F., and Nitsche, M. A. (2013).
Partially non-linear stimulation intensity-dependent effects of direct current
stimulation on motor cortex excitability in humans. J. Physiol. 591, 1987–2000.
doi: 10.1113/jphysiol.2012.249730

Bernardi, L., Bertuccelli, M., Formaggio, E., Rubega, M., Bosco, G., Tenconi,
E., et al. (2021). Beyond physiotherapy and pharmacological treatment for
fibromyalgia syndrome: tailored tACS as a new therapeutic tool. Eur. Arch.
Psychiatry Clin. Neurosci. 271, 199–210. doi: 10.1007/s00406-020-01214-y

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 May 2022 | Volume 15 | Article 888716

https://doi.org/10.1016/j.jpain.2018.09.004
https://doi.org/10.1007/s00702-020-02223-w
https://doi.org/10.1002/bem.22001
https://doi.org/10.1002/bem.22001
https://doi.org/10.1155/2016/3616807
https://doi.org/10.1113/jphysiol.2005.088310
https://doi.org/10.1113/jphysiol.2005.088310
https://doi.org/10.1016/j.jpain.2018.02.014
https://doi.org/10.1007/978-3-319-22536-4_6
https://doi.org/10.1016/j.brs.2020.10.007
https://doi.org/10.1097/PR9.0000000000000692
https://doi.org/10.1113/jphysiol.2012.249730
https://doi.org/10.1007/s00406-020-01214-y
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-888716 May 26, 2022 Time: 10:45 # 14

Xiong et al. Neuromodulation for Chronic Pain

Bestmann, S., Baudewig, J., Siebner, H. R., Rothwell, J. C., and Frahm, J. (2004).
Functional MRI of the immediate impact of transcranial magnetic stimulation
on cortical and subcortical motor circuits. Eur. J. Neurosci. 19, 1950–1962.
doi: 10.1111/j.1460-9568.2004.03277.x

Boyer, L., Dousset, A., Roussel, P., Dossetto, N., Cammilleri, S., Piano, V.,
et al. (2014). rTMS in fibromyalgia: a randomized trial evaluating QoL and
its brain metabolic substrate. Neurology 82, 1231–1238. doi: 10.1212/WNL.
0000000000000280

Breivik, H., Collett, B., Ventafridda, V., Cohen, R., and Gallacher, D. (2006). Survey
of chronic pain in Europe: prevalence, impact on daily life, and treatment. Eur.
J. Pain 10, 287–333. doi: 10.1016/j.ejpain.2005.06.009

Brighina, F., Palermo, A., and Fierro, B. (2009). Cortical inhibition and habituation
to evoked potentials: relevance for pathophysiology of migraine. J. Headache
Pain 10, 77–84. doi: 10.1007/s10194-008-0095-x

Brown, C. A., El-Deredy, W., and Jones, A. K. (2014). When the brain expects
pain: common neural responses to pain anticipation are related to clinical pain
and distress in fibromyalgia and osteoarthritis. Eur. J. Neurosci. 39, 663–672.
doi: 10.1111/ejn.12420

Chervyakov, A. V., Chernyavsky, A. Y., Sinitsyn, D. O., and Piradov, M. A. (2015).
Possible Mechanisms Underlying the Therapeutic Effects of Transcranial
Magnetic Stimulation. Front. Hum. Neurosci. 9:303. doi: 10.3389/fnhum.2015.
00303

Cioato, S. G., Medeiros, L. F., Marques Filho, P. R., Vercelino, R., de Souza,
A., Scarabelot, V. L., et al. (2016). Long-Lasting Effect of Transcranial Direct
Current Stimulation in the Reversal of Hyperalgesia and Cytokine Alterations
Induced by the Neuropathic Pain Model. Brain Stimul. 9, 209–217. doi: 10.1016/
j.brs.2015.12.001

Cook, D. B., Stegner, A. J., and McLoughlin, M. J. (2007). Imaging pain of
fibromyalgia. Curr. Pain Headache Rep. 11, 190–200. doi: 10.1007/s11916-007-
0190-8

Cosentino, G., Fierro, B., Vigneri, S., Talamanca, S., Paladino, P., Baschi, R., et al.
(2014). Cyclical changes of cortical excitability and metaplasticity in migraine:
evidence from a repetitive transcranial magnetic stimulation study. Pain 155,
1070–1078. doi: 10.1016/j.pain.2014.02.024

Cruccu, G., Garcia-Larrea, L., Hansson, P., Keindl, M., Lefaucheur, J. P., Paulus, W.,
et al. (2016). EAN guidelines on central neurostimulation therapy in chronic
pain conditions. Eur. J. Neurol. 23, 1489–1499. doi: 10.1111/ene.13103

Cummiford, C. M., Nascimento, T. D., Foerster, B. R., Clauw, D. J., Zubieta, J. K.,
Harris, R. E., et al. (2016). Changes in resting state functional connectivity
after repetitive transcranial direct current stimulation applied to motor cortex
in fibromyalgia patients. Arthritis Res. Ther. 18:40. doi: 10.1186/s13075-016-
0934-0

Curatolo, M., La Bianca, G., Cosentino, G., Baschi, R., Salemi, G., Talotta, R., et al.
(2017). Motor cortex tRNS improves pain, affective and cognitive impairment
in patients with fibromyalgia: preliminary results of a randomised sham-
controlled trial. Clin. Exp. Rheumatol. 105, 100–105.

Dahlhamer, J., Lucas, J., Zelaya, C., Nahin, R., Mackey, S., DeBar, L., et al. (2018).
Prevalence of Chronic Pain and High-Impact Chronic Pain Among Adults
- United States, 2016. MMWR Morb. Mortal Wkly. Rep. 67, 1001–1006. doi:
10.15585/mmwr.mm6736a2

Dall’Agnol, L., Medeiros, L. F., Torres, I. L., Deitos, A., Brietzke, A., Laste, G., et al.
(2014). Repetitive transcranial magnetic stimulation increases the corticospinal
inhibition and the brain-derived neurotrophic factor in chronic myofascial pain
syndrome: an explanatory double-blinded, randomized, sham-controlled trial.
J. Pain 15, 845–855. doi: 10.1016/j.jpain.2014.05.001

David, M., Moraes, A. A., Costa, M. L. D., and Franco, C. I. F. (2018). Transcranial
direct current stimulation in the modulation of neuropathic pain: a systematic
review. Neurol. Res. 40, 555–563. doi: 10.1080/01616412.2018.1453190

de Andrade, D. C., Mhalla, A., Adam, F., Texeira, M. J., and Bouhassira, D.
(2011). Neuropharmacological basis of rTMS-induced analgesia: the role of
endogenous opioids. Pain 152, 320–326. doi: 10.1016/j.pain.2010.10.032

Deliagina, T. G., Orlovsky, G. N., Zelenin, P. V., and Beloozerova, I. N. (2006).
Neural bases of postural control. Physiology 21, 216–225. doi: 10.1152/physiol.
00001.2006

di Biase, L., Falato, E., Caminiti, M. L., Pecoraro, P. M., Narducci, F., and Di
Lazzaro, V. (2021). Focused Ultrasound (FUS) for Chronic Pain Management:
approved and Potential Applications. Neurol. Res. Int. 2021:8438498. doi: 10.
1155/2021/8438498

di Biase, L., Falato, E., and Di Lazzaro, V. (2019). Transcranial Focused Ultrasound
(tFUS) and Transcranial Unfocused Ultrasound (tUS) Neuromodulation: from
Theoretical Principles to Stimulation Practices. Front. Neurol. 10:549. doi: 10.
3389/fneur.2019.00549

Fayaz, A., Croft, P., Langford, R. M., Donaldson, L. J., and Jones, G. T. (2016).
Prevalence of chronic pain in the UK: a systematic review and meta-analysis
of population studies. BMJ Open 6:e010364. doi: 10.1136/bmjopen-2015-
010364

Feng, Y., Zhang, B., Zhang, J., and Yin, Y. (2019). Effects of Non-invasive Brain
Stimulation on Headache Intensity and Frequency of Headache Attacks in
Patients With Migraine: A Systematic Review and Meta-Analysis. Headache 59,
1436–1447. doi: 10.1111/head.13645

Folloni, D., Verhagen, L., Mars, R. B., Fouragnan, E., Constans, C., Aubry,
J. F., et al. (2019). Manipulation of Subcortical and Deep Cortical
Activity in the Primate Brain Using Transcranial Focused Ultrasound
Stimulation. Neuron 101, 1109–1116.e5. doi: 10.1016/j.neuron.2019.01.
019

Forogh, B., Haqiqatshenas, H., Ahadi, T., Ebadi, S., Alishahi, V., and Sajadi, S.
(2021). Repetitive transcranial magnetic stimulation (rTMS) versus transcranial
direct current stimulation (tDCS) in the management of patients with
fibromyalgia: A randomized controlled trial. Neurophysiol. Clin. 51, 339–347.
doi: 10.1016/j.neucli.2021.03.002

Galhardoni, R., Aparecida da Silva, V., Garcia-Larrea, L., Dale, C., Baptista,
A. F., Barbosa, L. M., et al. (2019). Insular and anterior cingulate
cortex deep stimulation for central neuropathic pain: disassembling the
percept of pain. Neurology 92, e2165–e2175. doi: 10.1212/WNL.00000000000
07396

Garcia-Larrea, L., and Peyron, R. (2007). Motor cortex stimulation for neuropathic
pain: from phenomenology to mechanisms. Neuroimage 37(Suppl. 1), S71–S79.
doi: 10.1016/j.neuroimage.2007.05.062

Gritsch, S., Bali, K. K., Kuner, R., and Vardeh, D. (2016). Functional
characterization of a mouse model for central post-stroke pain. Mol. Pain
12:1744806916629049. doi: 10.1177/1744806916629049

Hoogendam, J. M., Ramakers, G. M., and Di Lazzaro, V. (2010). Physiology of
repetitive transcranial magnetic stimulation of the human brain. Brain Stimul.
3, 95–118. doi: 10.1016/j.brs.2009.10.005

Hou, W. H., Wang, T. Y., and Kang, J. H. (2016). The effects of add-on non-
invasive brain stimulation in fibromyalgia: a meta-analysis and meta-regression
of randomized controlled trials. Rheumatology 55, 1507–1517. doi: 10.1093/
rheumatology/kew205

Hu, L., and Iannetti, G. D. (2019). Neural indicators of perceptual variability of
pain across species. Proc. Natl. Acad. Sci. U.S.A. 116, 1782–1791. doi: 10.1073/
pnas.1812499116

Jefferys, J. G. (1995). Nonsynaptic modulation of neuronal activity in the brain:
electric currents and extracellular ions. Physiol. Rev. 75, 689–723. doi: 10.1152/
physrev.1995.75.4.689

Jin, Y., Xing, G., Li, G., Wang, A., Feng, S., Tang, Q., et al. (2015). High
Frequency Repetitive Transcranial Magnetic Stimulation Therapy For Chronic
Neuropathic Pain: A Meta-analysis. Pain Physician 18, E1029–E1046.

Johnson, S., Summers, J., and Pridmore, S. (2006). Changes to somatosensory
detection and pain thresholds following high frequency repetitive TMS of the
motor cortex in individuals suffering from chronic pain. Pain 123, 187–192.
doi: 10.1016/j.pain.2006.02.030

Knijnik, L. M., Dussán-Sarria, J. A., Rozisky, J. R., Torres, I. L., Brunoni, A. R.,
Fregni, F., et al. (2016). Repetitive transcranial magnetic stimulation for
fibromyalgia: systematic review and meta-analysis. Pain Pract. 16, 294–304.
doi: 10.1111/papr.12276

Knotkova, H., Hamani, C., Sivanesan, E., Le Beuffe, M. F. E., Moon, J. Y., Cohen,
S. P., et al. (2021). Neuromodulation for chronic pain. Lancet 397, 2111–2124.
doi: 10.1016/S0140-6736(21)00794-7

Lamusuo, S., Hirvonen, J., Lindholm, P., Martikainen, I. K., Hagelberg, N.,
Parkkola, R., et al. (2017). Neurotransmitters behind pain relief with
transcranial magnetic stimulation - positron emission tomography evidence for
release of endogenous opioids. Eur. J. Pain. 21, 1505–1515. doi: 10.1002/ejp.
1052

Lan, L., Zhang, X., Li, X., Rong, X., and Peng, Y. (2017). The efficacy of transcranial
magnetic stimulation on migraine: a meta-analysis of randomized controlled
trails. J. Headache Pain 18:86. doi: 10.1186/s10194-017-0792-4

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 May 2022 | Volume 15 | Article 888716

https://doi.org/10.1111/j.1460-9568.2004.03277.x
https://doi.org/10.1212/WNL.0000000000000280
https://doi.org/10.1212/WNL.0000000000000280
https://doi.org/10.1016/j.ejpain.2005.06.009
https://doi.org/10.1007/s10194-008-0095-x
https://doi.org/10.1111/ejn.12420
https://doi.org/10.3389/fnhum.2015.00303
https://doi.org/10.3389/fnhum.2015.00303
https://doi.org/10.1016/j.brs.2015.12.001
https://doi.org/10.1016/j.brs.2015.12.001
https://doi.org/10.1007/s11916-007-0190-8
https://doi.org/10.1007/s11916-007-0190-8
https://doi.org/10.1016/j.pain.2014.02.024
https://doi.org/10.1111/ene.13103
https://doi.org/10.1186/s13075-016-0934-0
https://doi.org/10.1186/s13075-016-0934-0
https://doi.org/10.15585/mmwr.mm6736a2
https://doi.org/10.15585/mmwr.mm6736a2
https://doi.org/10.1016/j.jpain.2014.05.001
https://doi.org/10.1080/01616412.2018.1453190
https://doi.org/10.1016/j.pain.2010.10.032
https://doi.org/10.1152/physiol.00001.2006
https://doi.org/10.1152/physiol.00001.2006
https://doi.org/10.1155/2021/8438498
https://doi.org/10.1155/2021/8438498
https://doi.org/10.3389/fneur.2019.00549
https://doi.org/10.3389/fneur.2019.00549
https://doi.org/10.1136/bmjopen-2015-010364
https://doi.org/10.1136/bmjopen-2015-010364
https://doi.org/10.1111/head.13645
https://doi.org/10.1016/j.neuron.2019.01.019
https://doi.org/10.1016/j.neuron.2019.01.019
https://doi.org/10.1016/j.neucli.2021.03.002
https://doi.org/10.1212/WNL.0000000000007396
https://doi.org/10.1212/WNL.0000000000007396
https://doi.org/10.1016/j.neuroimage.2007.05.062
https://doi.org/10.1177/1744806916629049
https://doi.org/10.1016/j.brs.2009.10.005
https://doi.org/10.1093/rheumatology/kew205
https://doi.org/10.1093/rheumatology/kew205
https://doi.org/10.1073/pnas.1812499116
https://doi.org/10.1073/pnas.1812499116
https://doi.org/10.1152/physrev.1995.75.4.689
https://doi.org/10.1152/physrev.1995.75.4.689
https://doi.org/10.1016/j.pain.2006.02.030
https://doi.org/10.1111/papr.12276
https://doi.org/10.1016/S0140-6736(21)00794-7
https://doi.org/10.1002/ejp.1052
https://doi.org/10.1002/ejp.1052
https://doi.org/10.1186/s10194-017-0792-4
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-888716 May 26, 2022 Time: 10:45 # 15

Xiong et al. Neuromodulation for Chronic Pain

Latremoliere, A., and Woolf, C. J. (2009). Central sensitization: a generator of pain
hypersensitivity by central neural plasticity. J. Pain 10, 895–926. doi: 10.1016/j.
jpain.2009.06.012

Lefaucheur, J. P. (2006). The use of repetitive transcranial magnetic stimulation
(rTMS) in chronic neuropathic pain. Neurophysiol. Clin. 36, 117–124. doi:
10.1016/j.neucli.2006.08.002

Lefaucheur, J. P. (2016). Cortical neurostimulation for neuropathic pain: state
of the art and perspectives. Pain 157(Suppl. 1), S81–S89. doi: 10.1097/j.pain.
0000000000000401

Lefaucheur, J. P., Aleman, A., Baeken, C., Benninger, D. H., Brunelin, J., Di
Lazzaro, V., et al. (2020). Evidence-based guidelines on the therapeutic
use of repetitive transcranial magnetic stimulation (rTMS): an update
(2014-2018). Clin. Neurophysiol. 131, 474–528. doi: 10.1016/j.clinph.2019.11.
002

Lefaucheur, J. P., Antal, A., Ayache, S. S., Benninger, D. H., Brunelin, J.,
Cogiamanian, F., et al. (2017). Evidence-based guidelines on the therapeutic
use of transcranial direct current stimulation (tDCS). Clin. Neurophysiol. 128,
56–92. doi: 10.1016/j.clinph.2016.10.087

Lefaucheur, J. P., Drouot, X., Menard-Lefaucheur, I., Keravel, Y., and Nguyen, J. P.
(2006). Motor cortex rTMS restores defective intracortical inhibition in chronic
neuropathic pain. Neurology 67, 1568–1574. doi: 10.1212/01.wnl.0000242731.
10074.3c

Lefaucheur, J. P., and Wendling, F. (2019). Mechanisms of action of tDCS: A brief
and practical overview. Neurophysiol. Clin. 49, 269–275. doi: 10.1016/j.neucli.
2019.07.013

Leocani, L., Chieffo, R., Gentile, A., and Centonze, D. (2019). Beyond rehabilitation
in MS: insights from non-invasive brain stimulation. Mult. Scler. 25, 1363–1371.
doi: 10.1177/1352458519865734

Leung, A., Donohue, M., Xu, R., Lee, R., Lefaucheur, J. P., Khedr, E. M., et al. (2009).
rTMS for suppressing neuropathic pain: a meta-analysis. J. Pain 10, 1205–1216.
doi: 10.1016/j.jpain.2009.03.010

Leung, A., Shirvalkar, P., Chen, R., Kuluva, J., Vaninetti, M., Bermudes, R., et al.
(2020). Transcranial Magnetic Stimulation for Pain, Headache, and Comorbid
Depression: INS-NANS Expert Consensus Panel Review and Recommendation.
Neuromodulation 23, 267–290. doi: 10.1111/ner.13094

Liebetanz, D., Nitsche, M. A., Tergau, F., and Paulus, W. (2002). Pharmacological
approach to the mechanisms of transcranial DC-stimulation-induced after-
effects of human motor cortex excitability. Brain 125(Pt 10), 2238–2247. doi:
10.1093/brain/awf238

Lin, R. L., Douaud, G., Filippini, N., Okell, T. W., Stagg, C. J., and Tracey, I.
(2017). Structural Connectivity Variances Underlie Functional and Behavioral
Changes During Pain Relief Induced by Neuromodulation. Sci. Rep. 7:41603.
doi: 10.1038/srep41603

Lloyd, D. M., Wittkopf, P. G., Arendsen, L. J., and Jones, A. K. P. (2020). Is
Transcranial Direct Current Stimulation (tDCS) Effective for the Treatment
of Pain in Fibromyalgia? A Systematic Review and Meta-Analysis. J. Pain 21,
1085–1100. doi: 10.1016/j.jpain.2020.01.003

Maarrawi, J., Peyron, R., Mertens, P., Costes, N., Magnin, M., Sindou, M.,
et al. (2007). Motor cortex stimulation for pain control induces changes in
the endogenous opioid system. Neurology 69, 827–834. doi: 10.1212/01.wnl.
0000269783.86997.37

Maarrawi, J., Peyron, R., Mertens, P., Costes, N., Magnin, M., Sindou, M.,
et al. (2013). Brain opioid receptor density predicts motor cortex stimulation
efficacy for chronic pain. Pain 154, 2563–2568. doi: 10.1016/j.pain.2013.07.
042

Marangell, L. B., Martinez, M., Jurdi, R. A., and Zboyan, H. (2007).
Neurostimulation therapies in depression: a review of new modalities. Acta
Psychiatr. Scand. 116, 174–181. doi: 10.1111/j.1600-0447.2007.01033.x

Martin, L., Borckardt, J. J., Reeves, S. T., Frohman, H., Beam, W., Nahas, Z., et al.
(2013). A pilot functional MRI study of the effects of prefrontal rTMS on pain
perception. Pain Med. 14, 999–1009. doi: 10.1111/pme.12129

Mehta, S., McIntyre, A., Guy, S., Teasell, R. W., and Loh, E. (2015). Effectiveness
of transcranial direct current stimulation for the management of neuropathic
pain after spinal cord injury: a meta-analysis. Spinal Cord 53, 780–785. doi:
10.1038/sc.2015.118

Moisset, X., de Andrade, D. C., and Bouhassira, D. (2016). From pulses to pain
relief: an update on the mechanisms of rTMS-induced analgesic effects. Eur. J.
Pain 20, 689–700. doi: 10.1002/ejp.811

Moisset, X., and Lefaucheur, J. P. (2019). Non pharmacological treatment for
neuropathic pain: invasive and non-invasive cortical stimulation. Rev. Neurol.
175, 51–58. doi: 10.1016/j.neurol.2018.09.014

Moret, B., Donato, R., Nucci, M., Cona, G., and Campana, G. (2019). Transcranial
random noise stimulation (tRNS): a wide range of frequencies is needed for
increasing cortical excitability. Sci. Rep. 9:15150. doi: 10.1038/s41598-019-
51553-7

Ngernyam, N., Jensen, M. P., Auvichayapat, N., Punjaruk, W., and Auvichayapat,
P. (2013). Transcranial Direct Current Stimulation in Neuropathic Pain. J. Pain
Relief Suppl 3:001. doi: 10.4172/2167-0846.S3-001

Nguyen, J. P., Nizard, J., Keravel, Y., and Lefaucheur, J. P. (2011). Invasive brain
stimulation for the treatment of neuropathic pain. Nat. Rev. Neurol. 7, 699–709.
doi: 10.1038/nrneurol.2011.138

Nickel, F. T., Seifert, F., Lanz, S., and Maihofner, C. (2012). Mechanisms of
neuropathic pain. Eur. Neuropsychopharmacol. 22, 81–91. doi: 10.1016/j.
euroneuro.2011.05.005

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A.,
et al. (2008). Transcranial direct current stimulation: state of the art 2008. Brain
Stimul. 1, 206–223. doi: 10.1016/j.brs.2008.06.004

Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the human
motor cortex by weak transcranial direct current stimulation. J. Physiol. 527(Pt
3), 633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

Palm, U., Chalah, M. A., Padberg, F., Al-Ani, T., Abdellaoui, M., Sorel, M., et al.
(2016). Effects of transcranial random noise stimulation (tRNS) on affect, pain
and attention in multiple sclerosis. Restor. Neurol. Neurosci. 34, 189–199. doi:
10.3233/RNN-150557

Patricio, P., Roy, J. S., Rohel, A., Gariepy, C., Emond, C., Hamel, E., et al. (2021).
The Effect of Non-invasive Brain Stimulation to Reduce Non-specific Low Back
Pain: A Systematic Review and Meta-analysis. Clin. J. Pain [Epub ahead of
print]. doi: 10.1097/AJP.0000000000000934

Paulus, W. (2011). Transcranial electrical stimulation (tES - tDCS; tRNS, tACS)
methods. Neuropsychol. Rehabil. 21, 602–617. doi: 10.1080/09602011.2011.
557292

Perocheau, D., Laroche, F., and Perrot, S. (2014). Relieving pain in rheumatology
patients: repetitive transcranial magnetic stimulation (rTMS), a developing
approach. Joint Bone Spine 81, 22–26. doi: 10.1016/j.jbspin.2013.04.015

Peyron, R., Faillenot, I., Mertens, P., Laurent, B., and Garcia-Larrea, L. (2007).
Motor cortex stimulation in neuropathic pain. Correlations between analgesic
effect and hemodynamic changes in the brain. A PET study. Neuroimage 34,
310–321. doi: 10.1016/j.neuroimage.2006.08.037

Peyron, R., and Fauchon, C. (2019). Functional imaging of pain. Rev. Neurol. 175,
38–45. doi: 10.1016/j.neurol.2018.08.006

Pridmore, S., Oberoi, G., Marcolin, M., and George, M. (2005). Transcranial
magnetic stimulation and chronic pain: current status. Australas. Psychiatry 13,
258–265. doi: 10.1080/j.1440-1665.2005.02197.x

Saltychev, M., and Laimi, K. (2017). Effectiveness of repetitive transcranial
magnetic stimulation in patients with fibromyalgia: a meta-analysis. Inter. J.
Rehabilit. Res. 40, 11–18. doi: 10.1097/MRR.0000000000000207

Schading, S., Pohl, H., Gantenbein, A., Luechinger, R., Sandor, P., Riederer, F., et al.
(2021). Tracking tDCS induced grey matter changes in episodic migraine: a
randomized controlled trial. J. Headache Pain 22, 139. doi: 10.1186/s10194-021-
01347-y

Shekhawat, G. S., Sundram, F., Bikson, M., Truong, D., De Ridder, D., Stinear,
C. M., et al. (2016). Intensity, Duration, and Location of High-Definition
Transcranial Direct Current Stimulation for Tinnitus Relief. Neurorehabil.
Neural Repair 30, 349–359. doi: 10.1177/1545968315595286

Soler, M. D., Kumru, H., Pelayo, R., Vidal, J., Tormos, J. M., Fregni, F., et al. (2010).
Effectiveness of transcranial direct current stimulation and visual illusion on
neuropathic pain in spinal cord injury. Brain 133, 2565–2577. doi: 10.1093/
brain/awq184

Stagg, C. J., and Nitsche, M. A. (2011). Physiological basis of transcranial direct
current stimulation. Neuroscientist 17, 37–53. doi: 10.1177/1073858410386614

Steglitz, J., Buscemi, J., and Ferguson, M. J. (2012). The future of pain research,
education, and treatment: a summary of the IOM report “Relieving pain
in America: a blueprint for transforming prevention, care, education, and
research”. Transl. Behav. Med. 2, 6–8. doi: 10.1007/s13142-012-0110-2

Stilling, J. M., Monchi, O., Amoozegar, F., and Debert, C. T. (2019). Transcranial
Magnetic and Direct Current Stimulation (TMS/tDCS) for the Treatment of

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 May 2022 | Volume 15 | Article 888716

https://doi.org/10.1016/j.jpain.2009.06.012
https://doi.org/10.1016/j.jpain.2009.06.012
https://doi.org/10.1016/j.neucli.2006.08.002
https://doi.org/10.1016/j.neucli.2006.08.002
https://doi.org/10.1097/j.pain.0000000000000401
https://doi.org/10.1097/j.pain.0000000000000401
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1212/01.wnl.0000242731.10074.3c
https://doi.org/10.1212/01.wnl.0000242731.10074.3c
https://doi.org/10.1016/j.neucli.2019.07.013
https://doi.org/10.1016/j.neucli.2019.07.013
https://doi.org/10.1177/1352458519865734
https://doi.org/10.1016/j.jpain.2009.03.010
https://doi.org/10.1111/ner.13094
https://doi.org/10.1093/brain/awf238
https://doi.org/10.1093/brain/awf238
https://doi.org/10.1038/srep41603
https://doi.org/10.1016/j.jpain.2020.01.003
https://doi.org/10.1212/01.wnl.0000269783.86997.37
https://doi.org/10.1212/01.wnl.0000269783.86997.37
https://doi.org/10.1016/j.pain.2013.07.042
https://doi.org/10.1016/j.pain.2013.07.042
https://doi.org/10.1111/j.1600-0447.2007.01033.x
https://doi.org/10.1111/pme.12129
https://doi.org/10.1038/sc.2015.118
https://doi.org/10.1038/sc.2015.118
https://doi.org/10.1002/ejp.811
https://doi.org/10.1016/j.neurol.2018.09.014
https://doi.org/10.1038/s41598-019-51553-7
https://doi.org/10.1038/s41598-019-51553-7
https://doi.org/10.4172/2167-0846.S3-001
https://doi.org/10.1038/nrneurol.2011.138
https://doi.org/10.1016/j.euroneuro.2011.05.005
https://doi.org/10.1016/j.euroneuro.2011.05.005
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.3233/RNN-150557
https://doi.org/10.3233/RNN-150557
https://doi.org/10.1097/AJP.0000000000000934
https://doi.org/10.1080/09602011.2011.557292
https://doi.org/10.1080/09602011.2011.557292
https://doi.org/10.1016/j.jbspin.2013.04.015
https://doi.org/10.1016/j.neuroimage.2006.08.037
https://doi.org/10.1016/j.neurol.2018.08.006
https://doi.org/10.1080/j.1440-1665.2005.02197.x
https://doi.org/10.1097/MRR.0000000000000207
https://doi.org/10.1186/s10194-021-01347-y
https://doi.org/10.1186/s10194-021-01347-y
https://doi.org/10.1177/1545968315595286
https://doi.org/10.1093/brain/awq184
https://doi.org/10.1093/brain/awq184
https://doi.org/10.1177/1073858410386614
https://doi.org/10.1007/s13142-012-0110-2
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-888716 May 26, 2022 Time: 10:45 # 16

Xiong et al. Neuromodulation for Chronic Pain

Headache: A Systematic Review. Headache 59, 339–357. doi: 10.1111/head.
13479

Strafella, A. P., Paus, T., Barrett, J., and Dagher, A. (2001). Repetitive transcranial
magnetic stimulation of the human prefrontal cortex induces dopamine release
in the caudate nucleus. J. Neurosci. 21:RC157. doi: 10.1523/JNEUROSCI.21-15-
j0003.2001

Tamura, Y., Okabe, S., Ohnishi, T. D., N Saito, D., Arai, N., and Mochio, S., et al.
(2004). Effects of 1-Hz repetitive transcranial magnetic stimulation on acute
pain induced by capsaicin. Pain 107, 107–115. doi: 10.1016/j.pain.2003.10.011

Tavakoli, A. V., and Yun, K. (2017). Transcranial Alternating Current Stimulation
(tACS) Mechanisms and Protocols. Front. Cell. Neurosci. 11:214. doi: 10.3389/
fncel.2017.00214

Terney, D., Chaieb, L., Moliadze, V., Antal, A., and Paulus, W. (2008).
Increasing human brain excitability by transcranial high-frequency random
noise stimulation. J. Neurosci. 28, 14147–14155. doi: 10.1523/JNEUROSCI.
4248-08.2008

Tu, Y., Zhang, Z., Tan, A., Peng, W., Hung, Y. S., Moayedi, M., et al. (2016).
Alpha and gamma oscillation amplitudes synergistically predict the perception
of forthcoming nociceptive stimuli. Hum. Brain Mapp. 37, 501–514. doi: 10.
1002/hbm.23048

Utz, K. S., Dimova, V., Oppenlander, K., and Kerkhoff, G. (2010). Electrified
minds: transcranial direct current stimulation (tDCS) and galvanic
vestibular stimulation (GVS) as methods of non-invasive brain stimulation
in neuropsychology–a review of current data and future implications.
Neuropsychologia 48, 2789–2810. doi: 10.1016/j.neuropsychologia.2010.06.002

Vachon-Presseau, E., Tetreault, P., Petre, B., Huang, L., Berger, S. E., Torbey, S.,
et al. (2016). Corticolimbic anatomical characteristics predetermine risk for
chronic pain. Brain 139(Pt 7), 1958–1970. doi: 10.1093/brain/aww100

Xiao, X., and Zhang, Y. Q. (2018). A new perspective on the anterior cingulate
cortex and affective pain. Neurosci. Biobehav. Rev. 90, 200–211. doi: 10.1016/j.
neubiorev.2018.03.022

Yang, L., Wang, S. H., Hu, Y., Sui, Y. F., Peng, T., and Guo, T. C. (2018). Effects
of Repetitive Transcranial Magnetic Stimulation on Astrocytes Proliferation
and nNOS Expression in Neuropathic Pain Rats. Curr. Med. Sci. 38, 482–490.
doi: 10.1007/s11596-018-1904-3

Yang, S., and Chang, M. C. (2020). Effect of Repetitive Transcranial Magnetic
Stimulation on Pain Management: A Systematic Narrative Review. Front.
Neurol. 11:114. doi: 10.3389/fneur.2020.00114

Yoo, W. K., You, S. H., Ko, M. H., Tae Kim, S., Park, C. H., Park, J. W.,
et al. (2008). High frequency rTMS modulation of the sensorimotor networks:
behavioral changes and fMRI correlates. Neuroimage 39, 1886–1895. doi: 10.
1016/j.neuroimage.2007.10.035

Young, N. A., Sharma, M., and Deogaonkar, M. (2014). Transcranial magnetic
stimulation for chronic pain. Neurosurg. Clin. N. Am. 25, 819–832. doi: 10.1016/
j.nec.2014.07.007

Zhang, K. L., Yuan, H., Wu, F. F., Pu, X. Y., Liu, B. Z., Li, Z., et al. (2021).
Analgesic Effect of Noninvasive Brain Stimulation for Neuropathic Pain
Patients: A Systematic Review. Pain Ther. 10, 315–332. doi: 10.1007/s40122-
021-00252-1

Zhang, K. Y., Rui, G., Zhang, J. P., Guo, L., An, G. Z., Lin, J. J., et al.
(2020). Cathodal tDCS exerts neuroprotective effect in rat brain after
acute ischemic stroke. BMC Neurosci. 21:21. doi: 10.1186/s12868-020-
00570-8

Zhang, Z. G., Hu, L., Hung, Y. S., Mouraux, A., and Iannetti, G. D. (2012).
Gamma-band oscillations in the primary somatosensory cortex–a direct and
obligatory correlate of subjective pain intensity. J. Neurosci. 32, 7429–7438.
doi: 10.1523/JNEUROSCI.5877-11.2012

Zheng, X., Alsop, D. C., and Schlaug, G. (2011). Effects of transcranial direct
current stimulation (tDCS) on human regional cerebral blood flow.Neuroimage
58, 26–33. doi: 10.1016/j.neuroimage.2011.06.018

Zhu, C. E., Yu, B., Zhang, W., Chen, W. H., Qi, Q., and Miao, Y.
(2017). Effiectiveness and safety of transcranial direct current stimulation in
fibromyalgia: A systematic review and meta-analysis. J. Rehabil. Med. 49, 2–9.
doi: 10.2340/16501977-2179

Ziemann, U. (2004). TMS induced plasticity in human cortex. Rev. Neurosci. 15,
253–266. doi: 10.1515/revneuro.2004.15.4.253

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xiong, Zheng and Wang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 16 May 2022 | Volume 15 | Article 888716

https://doi.org/10.1111/head.13479
https://doi.org/10.1111/head.13479
https://doi.org/10.1523/JNEUROSCI.21-15-j0003.2001
https://doi.org/10.1523/JNEUROSCI.21-15-j0003.2001
https://doi.org/10.1016/j.pain.2003.10.011
https://doi.org/10.3389/fncel.2017.00214
https://doi.org/10.3389/fncel.2017.00214
https://doi.org/10.1523/JNEUROSCI.4248-08.2008
https://doi.org/10.1523/JNEUROSCI.4248-08.2008
https://doi.org/10.1002/hbm.23048
https://doi.org/10.1002/hbm.23048
https://doi.org/10.1016/j.neuropsychologia.2010.06.002
https://doi.org/10.1093/brain/aww100
https://doi.org/10.1016/j.neubiorev.2018.03.022
https://doi.org/10.1016/j.neubiorev.2018.03.022
https://doi.org/10.1007/s11596-018-1904-3
https://doi.org/10.3389/fneur.2020.00114
https://doi.org/10.1016/j.neuroimage.2007.10.035
https://doi.org/10.1016/j.neuroimage.2007.10.035
https://doi.org/10.1016/j.nec.2014.07.007
https://doi.org/10.1016/j.nec.2014.07.007
https://doi.org/10.1007/s40122-021-00252-1
https://doi.org/10.1007/s40122-021-00252-1
https://doi.org/10.1186/s12868-020-00570-8
https://doi.org/10.1186/s12868-020-00570-8
https://doi.org/10.1523/JNEUROSCI.5877-11.2012
https://doi.org/10.1016/j.neuroimage.2011.06.018
https://doi.org/10.2340/16501977-2179
https://doi.org/10.1515/revneuro.2004.15.4.253
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Non-invasive Brain Stimulation for Chronic Pain: State of the Art and Future Directions
	Introduction
	Using Basic Scientific Knowledge to Develop an Effective, Neural Circuit-Based Treatment for Chronic Pain
	Repetitive Transcranial Magnetic Stimulation
	Underlying Neurophysiological Mechanisms of Repetitive Transcranial Magnetic Stimulation in Chronic Pain Treatment
	Regulating the Excitability of the Pain Loop
	Synaptic Plasticity
	Optimizing Neurotransmitter Levels
	Improving Regional Cerebral Blood Flow and Metabolism in the Brain

	Repetitive Transcranial Magnetic Stimulation for Neuropathic Pain
	Repetitive Transcranial Magnetic Stimulation for Fibromyalgia
	Repetitive Transcranial Magnetic Stimulation for Migraine
	Repetitive Transcranial Magnetic Stimulation for Chronic Low Back Pain
	Summary of Repetitive Transcranial Magnetic Stimulation

	Transcranial Direct Current Stimulation
	Underlying Neurophysiological Mechanisms by Which Transcranial Direct Current Stimulation Relieves Chronic Pain
	Selective Excitability of Neurons
	Network Effect
	Synapse Remodeling
	Non-synaptic Effect

	Transcranial Direct Current Stimulation for Neuropathic Pain
	Transcranial Direct Current Stimulation for Fibromyalgia
	Transcranial Direct Current Stimulation for Migraine
	Transcranial Direct Current Stimulation for Chronic Low Back Pain
	Summary of Transcranial Direct Current Stimulation

	Transcranial Alternating Current Stimulation
	Transcranial Random Noise Stimulation
	Transcranial Focused Ultrasound
	Future Directions
	Author Contributions
	Funding
	References


