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Noninvasive brain stimulation (NIBS) techniques have demonstrated their potential for chronic pain management,
yet their efficacy exhibits variability across studies. Refining stimulation targets and exploring additional targets
offer a possible solution to this challenge. This study aimed to identify potential brain surface targets for NIBS in
treating chronic pain disorders by integrating literature review, neuroimaging meta-analysis, and functional
connectivity analysis on 90 chronic low back pain patients. Our results showed that the primary motor cortex
(M1) (C3/C4, 10-20 EEG system) and prefrontal cortex (F3/F4/Fz) were the most used brain stimulation targets
for chronic pain treatment according to the literature review. The bilateral precentral gyrus (M1), supplementary
motor area, Rolandic operculum, and temporoparietal junction, were all identified as common potential NIBS
targets through both a meta-analysis sourced from Neurosynth and functional connectivity analysis. This study
presents a comprehensive summary of the current literature and refines the existing NIBS targets through a
combination of imaging meta-analysis and functional connectivity analysis for chronic pain conditions. The
derived coordinates (with integration of the international electroencephalography (EEG) 10/20 electrode
placement system) within the above brain regions may further facilitate the localization of these targets for NIBS
application. Our findings may have the potential to expand NIBS target selection beyond current clinical trials and
improve chronic pain treatment.

Introduction quality of life and alleviating pain in individuals with fibromyalgia [5,6].

tFUS is another promising neuromodulation method for chronic pain

Chronic pain is a major public health problem that significantly im-
pacts society and individuals worldwide [1]. The prevalence of chronic
pain is roughly 20.4 % of the US population, with ~8.0 % having
high-impact chronic pain [2]. Although chronic pain is recognized as a
crucial global health problem, its treatments still have tremendous po-
tential for improvement [3]. There is an urgent need to improve existing
pain treatments or develop new chronic pain management methods.

Recently, noninvasive brain stimulation (NIBS) techniques, such as
transcranial direct current stimulation (tDCS), repetitive transcranial mag-
netic stimulation (rTMS), and transcranial focused ultrasound (tFUS), have
emerged as promising interventions for chronic pain disorders [4]. Based on
the 2020 evidence-based guidelines on the therapeutic applications of -TMS
and tDCS, formulated by a panel of European experts, high-definition rTMS
(HF-rTMS) of the primary motor cortex (M1) can significantly alleviate
neuropathic pain (level A evidence). Likewise, level B evidence sub-
stantiates the efficacy of interventions such as HF-rTMS of the left M1 or
DLPFC, as well as anodal tDCS directed at the left M1, in improving the
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management and has gained FDA approval for applications in thalamotomy
for chronic neuropathic pain [7]. Compared to traditional NIBS techniques,
such as magnetic or electric stimulations, tFUS stimulates deep brain
structures with a higher spatial resolution [8].

Nevertheless, these promising outcomes are confined to a narrow
spectrum of chronic pain disorders, namely neuropathic pain and fibro-
myalgia. The panorama of evidence for NIBS in treating chronic pain is
limited by a lack of supported chronic pain conditions and scarcity of
identified NIBS targets. Predominantly, most high-quality randomized
controlled trials (RCTs) and meta-analyses have centered on NIBS ap-
plications over M1 and DLPFC for the management of chronic pain
conditions [9-11]. However, the efficacy of these interventions has
yielded inconsistent results across studies, particularly in the context of
chronic low back pain [12-14], hindering their widespread imple-
mentation in clinical practice [15].

The therapeutic effects of NIBS depend on various stimulation vari-
ables, with the site of stimulation being a critical factor [16]. However,
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the variable effectiveness of NIBS in treating chronic pain may stem from
the lack of specificity in targeting relevant neural pathways associated
with this condition. NIBS studies conventionally administer stimulation
to consistent sites, such as M1 (C3/C4) or DLPFC (F3/F4), using the
10/20 EEG system across diverse chronic pain disorders. This approach
lacks precise localization and may restrict the selection of stimulation
targets, contributing to outcome heterogeneity [5]. To address this issue,
possible solutions may be to refine stimulation targets or explore addi-
tional potential targets. However, few studies have systematically
investigated such brain regions for NIBS methods.

Brain imaging studies have provided compelling evidence of aberrant
activity within specific cortical, subcortical, and associative brain regions
in individuals with chronic pain. Importantly, these functional abnor-
malities can be effectively reversed with treatment [17], highlighting the
potential of these circuits as interventions targeted. Among such in-
terventions, NIBS interventions such as rTMS and tDCS, have garnered
attention due to their capacity to exert neuromodulation effects beyond
the targeted cortical area. For instance, studies have suggested that local
brain activation induced by stimulation can trigger a transsynaptic
spread of action potentials, thereby engaging interconnected subcortical
brain regions and entire brain networks [18-20]. To establish a causal
link between the neuromodulation of specific brain targets and its
observed effects, integrating NIBS techniques with neuroimaging and
functional connectivity analysis is imperative [21]. This is particularly
crucial given the complex and intricate brain circuitry involved in
chronic pain processing. Therefore, directly targeting brain surface areas
implicated in pain processing with NIBS techniques may be a promising
direction for chronic pain treatments [22]. Despite the potential, these
recent advancements from brain neuroimaging studies on chronic pain
have not yet been incorporated into existing NIBS treatment protocols.

Seed-based resting-state functional connectivity (rsFC) analysis has
been widely used to investigate the intrinsic functional connections
among brain regions [23], and has been applied as a primary approach
for identifying brain stimulation targets guided by functional connec-
tivity patterns [24,25]. In particular, it allows us to identify surface brain
regions that are functionally connected with deep sub-surface brain
structures that cannot be easily reached by NIBS and enhances our un-
derstanding of how the brain functions at a network level.

Neurosynth is a platform for large-scale, automated synthesis of
functional magnetic resonance imaging (fMRI) data [26]. It utilizes ma-
chine learning methods on thousands of published articles reporting the
results of fMRI studies to perform automated meta-analysis based on the
term (key word) provided. Thus, in this study, we also used Neurosynth
to identify brain regions involved in chronic pain.

This study integrates literature review, meta-analysis (using Neuro-
synth), and functional connectivity analysis to investigate brain surface
targets for treating chronic pain. The identified brain regions can be used
to develop more effective and targeted NIBS-based therapies for chronic
pain treatment.

Methods
Literature review of NIBS targets for chronic pain disorders

A comprehensive search of databases, including PubMed (Medline),
Embase, Web of Science, and Cochrane Library of Trials, was conducted
to identify clinical studies on NIBS for chronic pain published from the
inception of the literature to August 22nd, 2023. Free-text keywords and
Medical Subject Heading terms were adopted. Furthermore, a manual
search of related literature references was done for additional research.
The search terms were used as follows: [“chronic pain” OR “widespread
chronic pain”] AND [“transcranial magnetic stimulation” OR “trans-
cranial direct current stimulation” OR “transcranial alternating current
stimulation” OR “noninvasive brain stimulation”, “reduced impedance
noninvasive cortical electrostimulation” OR “cranial electrotherapy
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stimulation” OR “transcranial ultrasound”] AND [“clinical study”] (see
Supplementary Material Table S1 for details).

The eligible studies were screened according to the following inclu-
sion criteria: (1) participants had to present with any chronic pain syn-
drome; (2) the intervention had to be the therapeutic use of NIBS
techniques modulating brain excitability, while invasive forms of brain
stimulation involving the use of electrodes implanted within the brain
would be excluded; (3) the treatment group applied NIBS tools, while the
control group received either sham stimulation or other forms of the
intervention; (4) original and peer-reviewed publications would be
included. Two trained researchers independently screened the eligible
studies and removed duplicate records. Any disagreements among the
researchers were resolved with the assistance of a third senior researcher
when necessary.

Two reviewers (QK and TTL) independently assessed and cross-
checked the risk of bias for each included randomized controlled study
utilizing the Cochrane risk-of-bias tool 2.0 (RoB2) [27]. The evaluation
covered five essential domains: randomization process, deviations from
the intended interventions, missing outcome data, outcome measure-
ments, and selective reporting. The overall risk-of-bias judgement was
classified into “low risk of bias”, “some concerns” and “high risk of bias”.
Any discrepancies between the reviewers’ assessments were resolved
through discussion with a senior investigator to achieve consensus.

Identifying chronic pain-associated brain areas from the meta-analysis

To explore brain areas related to chronic pain, we first used Neuro-
synth (http://neurosynth.org) to retrieve the brain imaging literature
based on the term ‘chronic pain’ by August 22nd, 2023. These studies
were associated with various chronic pain conditions, including chronic
low back pain (CLBP), fibromyalgia, chronic neuropathic pain, knee
osteoarthritis, etc. An automated meta-analysis of 92 studies was used to
generate a uniformity test map using a false discovery rate (FDR) crite-
rion of 0.01.

As done in previous studies [28,29] a brain surface mask was applied
on the uniformity test map to identify cortically accessible brain stimu-
lation areas. Based on literature review, we predefined the precentral
gyrus and dorsolateral prefrontal cortex as regions of interest in the
analysis. In addition, 6-8 clusters larger than 30 voxels with the largest
peak intensity among all clusters were identified [30,31] using the
xjView toolbox (http://www.alivelearn.net/xjview/) as additional po-
tential NIBS targets for chronic pan. The results were then mapped onto a
standard brain with the international 10-20 EEG system in MNI space
[32] using Surf Ice (www.nitrc.org/projects/surfice/) and a standard
head using MRIcroGL (www.mccauslandcenter.sc.edu/mricrogl/). The
mapped locations were further visually checked by the study
investigators.

For the vital sub-surface structures within the uniformity test map, we
first identified the peak coordinates with z-scores of each cluster using
the xjView toolbox. Then, 4-mm radius spherical masks centered on the
identified peak coordinates were created using MarsBaR v0.45 (http
s://marsbar-toolbox.github.io). These sub-surface seed regions were
further refined by taking the overlap of the original uniformity test map
and the masks from MarsBaR to maintain regional specificity for subse-
quent seed-based rsFC analysis [33].

Identifying chronic low back pain-associated brain surface regions using the
resting-state functional connectivity

Modulating deep brain structures related to chronic pain, such as the
thalamus and amygdala, can be challenging because they are located
beyond the reach of most NIBS tools. We thus explored the connectivity
of these deep brain structures, derived from the Neurosynth uniformity
test map, to identify brain surface regions functionally connected to these
sub-surface structures and thereby facilitate the application of NIBS. By
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stimulating these surface brain regions that are functionally connected to
the sub-surface structures that are involved in chronic pain pathophysi-
ology, we may indirectly influence the function/activity of these deep
brain structures.

Participants

The study included 90 chronic low back pain patients (age range,
20-50 years, 38 male). The study protocol was approved by the Partners
Institutional Review Board (IRB) of Massachusetts General Hospital, and
all participants were provided with written informed consent prior to
their involvement in the research study.

The inclusion criteria were: (1) presence of nonspecific low back pain
for at least 6 months, as established by a clinical evaluation, including the
use of X-ray/MRI reports when available; (2) pain intensity averaging at
least 4 on a 0-10 visual analog scale (VAS). Exclusion criteria were: (1)
any specific causes of low back pain (e.g., cancer-related/post-surgical/
traumatic/neuropathic back pain, rheumatoid arthritis, widespread
pain such as fibromyalgia); (2) complicated back problems (e.g., prior
back surgery, medicolegal issues); (3) major systemic and/or psychiatric
diseases or history of head injury or coma; (4) presence of any contra-
indications to MRI scanning; (5) history of substance abuse or
dependence.

The dataset has been used to explore alterations in mesocorticolimbic
functional connectivity [34], the alteration in the amplitude of
low-frequency fluctuations (ALFF) [35], and functional connectivity
changes in visual networks in patients with CLBP [36]. This study at-
tempts to explore brain stimulation targets using seed-based rsFC in pa-
tients with chronic low back pain, which has not been published yet.

MRI data acquisition

All MRI data were acquired with a 32-channel head coil and 3.0 T
Siemens (Skyra syngo) scanner at the Martinos Center for Biomedical
Imaging. The resting-state functional images were obtained with echo-
planar imaging under the following acquisition parameters: repetition
time (TR) = 3000 ms, echo time (TE) = 30 ms, flip angle = 90°, slice
thickness = 2.6 mm, voxel size = 3 x 3 x 3 mm°>, 44 axial slices, 119
image volumes, field of view: 220 x 220 mmz, matrix: 84 x 84 mm?>. T1-
weighted images were acquired with the Magnetization-Prepared Rapid
Gradient Echo (MPRAGE) sequence using the following parameters: TR
= 2530 ms, TE = 1,69 ms, flip angle = 7°, slice thickness = 1 mm, voxel
size=1x1x 1mm? 176 sagittal slices, field of view: 256 x 256 mm?,
matrix: 256 x 256 mm?2.

MRI data pre-processing

To identify brain surface regions connected with sub-surface struc-
tures related to chronic pain, rsFC analysis was conducted using the
CONN toolbox version 21a (http://www.nitrc.org/projects/conn). Pre-
processing steps included: the removal of the first five volumes, slice
timing correction, head motion correction, outlier detection, co-
registration to each subject's high-resolution T1 scan, normalization to
the standard Montreal Neurological Institute (MNI) coordinate space
(MNI 152 template), smoothing with a Gaussian kernel of FWHM 6 mm,
regression of nuisance covariates, including 5 principal components from
both the White Matter and CSF ROIs, 12 potential noise components from
the estimated subject-motion parameters, as well as head motion scrub-
bing [37], linear detrending, and filtering with a band-pass frequency
window of 0.008-0.09 Hz.

Seed-based functional connectivity analysis

Functional connectivity analysis was computed between each sub-
surface seed identified from the meta-analysis and every other voxel in
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the brain. In the first-level analysis, correlation maps were produced
for each subject by extracting the time course of the BOLD signal from
the seeds and by computing Pearson's correlation coefficients between
the time courses in the seeds and all other brain voxels. Correlation
coefficients were transformed into z-scores to increase normality. In
the group-level analysis, all subject-level functional connectivity maps
were included in a one-sample t-test to obtain a group-level correlation
map derived from each seed (positive and negative correlation sepa-
rately). A voxel-level threshold at p < 0.001 and a cluster-level false
discovery rate (FDR) p < 0.05 were applied.

The group-level correlation map of each seed which met the pre-
determined threshold was then binarized and added up to generate a
third-level map (positive and negative correlation maps separately). The
intensity of each voxel in the third-level map represents the number of
sub-surface seeds correlated with the voxel. Next, a brain surface mask
was applied to constrain the results to cortical areas. Then, 8-10 clusters
larger than 30 voxels with the largest peak intensity among all clusters
were identified as potential brain stimulation regions. These clusters
represent the brain surface regions correlated with the largest number of
chronic pain-associated sub-surface seeds. The peak MNI coordinates and
final brain stimulation protocols were obtained, as described above.
Detailed method pipelines can be found in Fig. 1.

Results
NIBS stimulation targets for chronic pain from literature review

Chronic low back pain

Six NIBS studies used tDCS, high-definition tDCS (HD-tDCS), rTMS,
or transcranial alternating current stimulation (tACS) to treat CLBP
[38-43]. For tDCS, the active electrode was typically placed over the
primary motor cortex (M1) at C3/C4 (10-20 EEG system) contralateral
to the most painful side, while the cathodal electrode was placed over
the contralateral supraorbital region [38,39,43]. One HD-tDCS study
targeted the medial prefrontal cortex (mPFC), with the anode placed at
Fz, four cathodes at F7, Fp1, Fp2, and F8, and the reference electrode
on the right earlobe [41]. For rTMS studies, the target was positioned
at the left DLPFC (F3) and M1 (C3/C4) contralateral to the most
painful side [40,43]. For tACS, the center electrodes were placed at F3
and F4, connected for 10Hz-tACS. The “return” electrode was placed at
Pz [42].

Fibromyalgia

A total of nineteen studies used NIBS to treat fibromyalgia (4 rTMS,
13 tDCS, 1 HD-tDCS, 1 Reduced Impedance Noninvasive Cortical Elec-
trostimulation, RINCE, a method that applies electrical currents via scalp
electrodes with specific stimulation frequencies hypothesized to reduce
electrical impedance from skin and skull tissues, which may facilitate
deeper cortical penetration and modulation of lower-frequency cortical
activity [44,45]) [19,44,46-62]. For rTMS studies, the coil was
commonly placed over the left M1 (C3) and right DLPFC (F4) [56-58].
One rTMS study employed the multi-coil for preferential targeting of the
dorsal anterior cingulate cortex (dACC), with coils positioned at F3/F4,
and anterior and posterior to Fz [59]. The studies of tDCS applied anodal
stimulation to the left M1 (C3) and left DLPFC (F3), with the cathodal
stimulation applied to the contralateral supraorbital region [19, 46-53,
60-62]. One study utilized a multi-electrode for female fibromyalgia
treatment: two-electrode montages were placed over C3/Fp2 and F3/Fp2
to stimulate M1 and the DLPFC, respectively; the multi-electrode was
positioned at F3, FCl, F8, FC5, C5, and P3 to stimulate the
operculo-insular cortex (OIC) [54]. For the HD-tDCS study, the center
electrode was placed over C3 (left M1), and the other four return elec-
trodes were applied to Cz, F3, T7, and P3 [55]. In the RINCE study, the
signal delivery lead was placed near the parietal region (PZ), and ground
leads were affixed to the subject's ear lobes [44].
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Pipeline 1: Literature Review
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Fig. 1. Three pipelines for identifying potential NIBS targets for chronic pain.
Abbreviations: NIBS, noninvasive brain stimulation.

Phantom limb pain (PLP)

Four studies focused on the treatment of PLP with NIBS [63-66]. For
the three rTMS studies, the coil was applied to the contralateral M1
(C3/C4) of the most painful side[64-66]. One study applied cerebellar
transcranial direct current stimulation (ctDCS), the anode was placed on
the median line, 2 cm below the inion, with lateral borders about 1 cm
medially to the mastoid apophysis, and the cathode was placed over the
right shoulder [63].

Neuropathic pain

A total of ten studies used NIBS to treat central neuropathic pain
mainly caused by spinal cord lesions (5 rTMS, 5 tDCS) [67-76]. For
most rTMS studies, the coil was commonly placed over the M1 at C3/C4
corresponding to the hand area, leg area, and left PFC (Fpl) [72-74].
Two rTMS studies applied a figure-8-shaped coil to target the optimal
motor cortex by eliciting motor evoked potentials (MEPs). In the first of
the two studies, the coil was positioned at the intersection of the
imaginary anteroposterior and mediolateral lines (vertex) of the skull
along the midline [76]. In the second study, the intersection of the coil
was placed tangentially to the scalp, with the handle pointing backward
over the vertex. The term vertex refers to the specific motor cortex area
corresponding to the lower extremities [75]. For tDCS studies, M1
(C3/C4) was selected as the location of anodal stimulation, with cath-
odal stimulation applied to the contralateral supraorbital region
[67-71].

Regarding the four NIBS studies to treat peripheral neuropathic pain,
the target location of tDCS and rTMS was the same as that of central
neuropathic pain [77-80]. Seven studies focused on treating mixed
neuropathic pain, including both central and peripheral pain by NIBS
[81-87]. For most rTMS studies, M1 (C3/C4) contralateral to the most
painful side was commonly selected as the coil location [83-85,87]. One
r'TMS study applied the coil over the motor cortex region corresponding
to the leg area through motor evoked potentials (MEPs) [86]. In the tDCS
studies, the anodal electrode was placed over the M1 (C3/C4) contra-
lateral to the most painful side, while the cathode was placed over the
contralateral supraorbital region [81,82].

Two studies applied transcranial magnetic resonance imaging-guided
focused ultrasound (tcMRgFUS) for the treatment of chronic neuropathic
pain [88,89]. In these studies, the posterior part of the central lateral
thalamic nucleus or the medial thalamus were selected as the precise
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location for thermal ablations facilitated by real-time patient monitoring,
MR imaging, and MR thermometry guidance.

Secondary pain

Nine studies used NIBS to treat secondary pain associated with Par-
kinson's disease, end-stage renal disease, hepatitis C, multiple sclerosis,
stroke, human T-lymphotropic virus type I-infected, and Chikungunya
[90-98]. For studies using tDCS, the active electrode was typically placed
over the M1 (C3/C4) and left DLPFC (F3) contralateral to the painful side
[90-96,98]. One study of central post-stroke pain utilized rTMS, with the
coil placed over the left DLPFC (F3) [97].

Chronic abdominal pain

Five NIBS studies focused on treating chronic abdominal pain,
including inflammatory bowel disease, chronic pancreatitis pain, and
chronic pelvic pain [99-103]. Two studies regarding chronic pancreatitis
employed rTMS at the secondary somatosensory cortex (SII) [99,100]. For
the tDCS studies, the anode was placed at the M1 (C3/C4) contralateral to
the most painful side, with the contralateral supraorbital region as the
cathodal electrode [101-103].

Knee osteoarthritis pain

Three studies used tDCS to treat knee osteoarthritis pain, with anodal
stimulation applied to the M1 (C3/C4) contralateral to the painful side
and cathodal stimulation applied to the contralateral supraorbital region
[104-106].

Pain syndrome

Five studies used NIBS to treat pain syndromes, including complex
regional pain syndrome, subacromial pain syndrome, and burning mouth
syndrome [107-111]. For the tDCS studies, the anode was placed on the
M1 (C3/C4) contralateral to the painful side, while the cathode was
located on the contralateral supraorbital region [107,108]. For the rTMS
studies, the target of the coil was positioned at the M1 (C3/C4) contra-
lateral of the painful side, M1 (C3/C4) in the hand area, and the left DLPFC
(F3) [109-111].

Chronic myofascial pain
Three studies adopted NIBS in the treatment of chronic myofascial
pain [86,112,113]. For the tDCS study, M1 (C3/C4) was selected as the
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location of anodal stimulation, and cathodal stimulation was applied to
the neutral area of the contralateral supraorbital region [112]. Further-
more, left M1 (C3) contralateral to the painful side and motor cortex
region corresponding to the leg area were selected for the coil position in
the studies of rTMS [86,113].

Trigeminal neuralgia

As for the study of trigeminal neuralgia treated with tDCS, M1(C3/
C4) contralateral to the painful side was selected as the location of anodal
stimulation, and cathodal stimulation was applied to the neutral area of
the contralateral supraorbital region [114].

Specific information about NIBS treatments for chronic pain studies
mentioned above is provided in Supplementary Material Table S2 and
Fig. 2.

Brain regions implicated in chronic pain identified through meta-analysis

Ten cortical brain regions were identified from the meta-analysis.
These regions included the bilateral precentral (M1)/postcentral gyrus
(SI), Rolandic operculum (ROL), supramarginal gyrus (SMG), supple-
mentary motor area (SMA), inferior parietal gyrus (IPG), and left inferior
frontal gyrus (IFG). These cortical areas hold potential as NIBS candidate
targets for chronic pain management (see Table 1, Fig. 3-A).

Furthermore, five sub-surface structures associated with chronic pain
(the left anterior cingulate cortex (ACC), bilateral amygdala, insula,
thalamus, and putamen) from the meta-analysis were also identified, and
applied as seed regions for the following rsFC analysis (Fig. 4).

Brain surface regions identified from the rsFC analysis

Sixteen brain surface regions were identified based on the rsFC
results derived from the third-level positive and negative correlation
maps of the five chronic pain-associated sub-surface ROIs, including
the left ACC, bilateral amygdala, insula, thalamus, and putamen.
Specifically, the bilateral precentral gyrus, dorsolateral prefrontal
cortex (DLPFC) (e.g., middle frontal gyrus, MFG), superior temporal
gyrus (STG), supplementary motor area (SMA), and right supra-
marginal gyrus (SMG) were identified from the third-level positive
correlation maps of the chronic pain-associated sub-surface ROIs. The
bilateral angular gyrus (ANG), DLPFC (e.g., superior frontal gyrus,
SFG), medial prefrontal gyrus (mPFC), such as the ventromedial and
dorsomedial prefrontal gyrus, and precuneus were identified from the
third-level negative correlation maps of the chronic pain-associated
sub-surface ROIs (see Table 2, Fig. 3B, C).

For the third-level positive correlation map (Fig. 3B), the left pre-
central gyrus was positively correlated with the bilateral amygdala, ACC,
and thalamus, while the right precentral gyrus/premotor cortex was
positively correlated with the bilateral amygdala and ACC. The other
1sFC results were compiled from all five sub-surface ROIs. For the third-
level negative correlation map (Fig. 3C), only the negative rsFC results
from the bilateral amygdala, insula, and left ACC were included. We did
not observe significant negative rsFC using the thalamus and putamen as
seeds. However, at a less conservative threshold (voxel-level p < 0.005,
FDR p < 0.05), we did find that the right cerebellum crus II was nega-
tively correlated with the bilateral thalamus; the right cuneus was
negatively correlated with the bilateral putamen.

Discussion

Accurate stimulation targets for NIBS tools are essential for suc-
cessful treatment outcomes. In this study, we used three different
pipelines to identify potential cortical NIBS targets for treating chronic
pain. We found that the bilateral M1, DLPFC, mPFC, precuneus, tem-
poroparietal junction areas (IPG/SMG/ANG/STG), Rolandic opercu-
lum, SMA, left IFG, right cerebellum, and cuneus may all be
considered as NIBS targets for management of chronic pain conditions
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such as chronic low back pain, fibromyalgia, chronic neuropathic pain,
knee osteoarthritis, phantom limb pain, chronic visceral pain, and
postoperative pain.

Current NIBS targets for chronic pain compared with neuroimaging-based
results

The selection of NIBS targets for treating various chronic pain dis-
orders has varied significantly across studies, suggesting the existence of
distinct pain modulation mechanisms depending upon the anatomical
location of the chronic pain. Based on our literature review, most NIBS
studies for treating chronic pain target the M1 and DLPFC regions.

Motor control dysfunction is common across many chronic pain
conditions. Research has identified altered intracortical primary motor
cortex excitability in chronic neuropathic pain, musculoskeletal pain,
complex regional pain syndrome, and others, making the M1 region a
crucial target for chronic pain treatment with NIBS techniques [5,115,
116]. Previous animal and human studies have demonstrated that
modulating the M1 region could induce significant analgesic effects
through the regulation of y-aminobutyric acid (GABA) neurotrans-
mitter concentrations at the synaptic level and control of cortical
excitability [117,118]. Our meta-analysis suggests that the left M1
may lie anterior and inferior to C3, and the right M1 may lie posterior
to C4. Additionally, our rsFC results suggest that stimulation site for
the left M1 is near C3, and the right M1 stimulation site likely resides
anterior and inferior to C4. Furthermore, our findings show that the
left M1 target exhibits positive functional connectivity with the
bilateral amygdala, ACC, and thalamus; the right M1 target demon-
strates positive functional connectivity with the bilateral amygdala
and ACC, suggesting potential for NIBS techniques to concurrently
modulate the activity and connectivity of these deep brain structures.
In addition to M1, we also identified the SMA, an adjacent brain re-
gion of M1, whose role in chronic pain modulation will be discussed in
subsequent sections.

The DLPFC holds particular prominence as a NIBS target due to its
intricate involvement in the cognitive and affective components of the
chronic pain [119]. NIBS techniques targeting the DLPFC have demon-
strated efficacy in improving memory, executive functions, cognitive
control, and emotion regulation in individuals with chronic pain and
accompanied cognitive impairments [120-122]. While the therapeutic
mechanisms are still not entirely understood, the techniques exhibit the
capacity to modulate cortical excitability, exert influence over broader
neurocircuitry, and facilitate neuroplastic changes [123-125]. Specif-
ically, a recent meta-analysis study suggested that high frequency (HF)
rTMS over the DLPFC can induce a significant mid-term and long-term
analgesic effect in various chronic pain conditions such as fibromyal-
gia, neuropathic pain, migraine, and different pain syndromes [126]. In
addition, HF rTMS on the DLPFC can also relieve chronic pain and
accompanied depressive symptoms [127]. These results highlight the
potential of DLPFC in chronic pain management. In line with these
findings, we also identified NIBS targets at the DLPFC. According to the
current literature, the locations of DLPFC stimulation sites have been
reported roughly at F3/F4. Our study suggests that the stimulation lo-
cations for the DLPFC in chronic pain management may lie inferior/-
anterior or superior/posterior to F3 and F4. Notably, the DLPFC target in
our finding exhibits significant functional connection with the left ACC,
bilateral amygdala, insula, thalamus, and putamen, offering potential for
NIBS techniques to simultaneously modulate the connectivity/activity of
these five sub-surface structures.

Key sub-surface structures identified from meta-analysis and their
associations with chronic pain

We identified five sub-surface structures using the Neurosynth plat-
form, each of which has been consistently associated with chronic pain.
Specifically, the ACC, a component of the medial prefrontal cortex, has
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Fig. 2. Stimulation locations of NIBS treatments from chronic pain based on literature review.
Abbreviations: L, Left, R, Right; HD-tDCS, high-definition transcranial direct current stimulation; tACS, transcranial alternating current stimulation; tcMRgFUS,
transcranial magnetic resonance imaging-guided focused ultrasound; dACC, dorsal anterior cingulate cortex; OIC, operculo-insular cortex; DLPFC, dorsolateral pre-
frontal cortex; M1, primary motor cortex; mPFC, medial prefrontal cortex; PFC, prefrontal cortex; SII, secondary somatosensory cortex.
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Table 1
Brain surface regions identified from brain imaging meta-analysis.
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Cluster ID Cluster size Peak T* Peak MNI coordinate Identified brain regions 10-20 EEG system locations
X y 3
1 22 5.14 -56 8 34 L Precentral gyrus ~3 cm anterior and inferior to C3
2 22 5.14 52 —28 48 R Precentral gyrus/postcentral gyrus ~2 cm posterior to C4
3 64 8.72 -38 24 0 L Inferior frontal gyrus ~ close to F7
4 63 6.93 —40 -18 12 L Rolandic operculum ~2 cm superior to T3
5 110 6.93 -56 -26 24 L Supramarginal gyrus ~0.5 cm anterior to the midpoint of C3—T5
6 55 6.93 —44 —40 48 L Inferior parietal gyrus ~0.5 cm inferior to the midpoint of C3-P3
7 102 7.82 -2 8 44 Bil Supplementary motor area ~ midpoint to Fz—Cz
8 68 6.03 52 —40 48 R Inferior parietal gyrus ~0.5 cm inferior to the midpoint P4-C4
9 200 8.72 58 —22 22 R Supramarginal gyrus ~2 cm superior to T4
10 63 6.03 60 8 8 R Rolandic operculum ~ midpoint to T4—F8
* FDR correction p < 0.01 from Neurosynth.
Left Top Right Front Back
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A g
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v\)’?} ¥ \\
' ROL (32) f&:

B Meta-analysis  [] rsFC (positive)

rsFC (negative)
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Potential
brain targets

@ 10-20 EEG system  []

Fig. 3. Potential brain stimulation targets identified from meta-/rsFC analysis.

(A) Surface brain regions derived from the meta-analysis. (B) Surface brain regions derived from the chronic pain-associated sub-surface ROIs-based positive rsFC. (C)
Surface brain regions derived from the chronic pain-associated sub-surface ROIs-based negative rsFC.

Abbreviations, L, Left, R, Right; rsFC, resting-state Functional Connectivity; IFG, Inferior frontal gyrus; ROL, Rolandic operculum; M1, primary motor cortex; S1,
primary somatosensory cortex; SMG, Supramarginal gyrus; IPG, Inferior parietal gyrus; SMA, Supplementary motor area; PMC, Premotor cortex; MFG, Middle frontal
gyrus; STG, Superior temporal gyrus; ANG, Angular; SFG, Superior frontal gyrus; vmPFC, ventromedial Prefrontal cortex; dmPFC, dorsomedial prefrontal cortex.

been shown to play a significant role in the affective aspects of pain
[128]. Similarly, the insula is involved in higher-order pain processing.
Both the ACC and insula contribute to regulatory top-down pain pro-
cessing [129,130]. The amygdala, a key limbic region, also plays an
important role in the emotional-affective aspects of pain and pain mod-
ulation [131]. Additionally, the thalamocortical circuit has been impli-
cated in the pathophysiology of chronic pain, and NIBS techniques such
as transcranial alternating current stimulation (tACS) has been shown to

alleviate chronic low back pain by modulating this circuitry [132,133].
The putamen is primarily involved in the sensory-discriminative aspects
of pain, as well as motor control and sensory integration [134,135].
These findings provide further support for the roles of these regions in
chronic pain and its comorbidities.

Recent investigations have focused on the potential of the ACC and
the ventral posterior thalamus, a sensory thalamic area, as effective tar-
gets for deep brain stimulation (DBS) in the treatment of chronic pain,
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Fig. 4. The sub-surface seeds used for the functional connectivity analysis in pipeline 3. Sagittal slices are shown in the left hemisphere.

Abbreviations: ACC: anterior cingulate cortex, L, left, R, right, Bil, bilateral. Red = L ACC [-2, 22, 28], green = L amygdala [-22, —2, —18]; R amygdala [22, —4,
—18], blue = L insula [—34, 22, 0]; R insula [6, 6, 36]; cyan = L thalamus [-12, —16, 4], R thalamus [10, —16, 2]; yellow = L putamen [—28, 2, —2]; R putamen [22,
10, —6]. Coordinate shown are the Montreal Neurological Institute (MNI) coordinates.

Table 2

Brain surface regions identified from seed-based functional connectivity analysis.

1sFC Cluster ID Peak MNI coordinate Identified brain regions 10-20 EEG system locations
X y z
Positive * 1 -30 34 28 L Middle frontal gyrus ~2 cm inferior to F3
2 —58 4 —6 L Superior temporal gyrus ~2 cm anterior to T3
3 —52 -16 10 L Superior temporal gyrus ~1 cm superior to T3
4 —46 -6 54 L Precentral gyrus ~ close to C3
5 -2 6 44 Bil Supplementary motor area ~ midpoint to Fz—Cz
6 62 —24 26 R Supramarginal gyrus ~1 cm anterior to the midpoint C4—T6
7 54 8 -6 R Superior temporal gyrus ~3 cm anterior to T4
8 30 42 18 R Middle frontal gyrus ~ midpoint to F4—Fp2
9 56 4 40 R Precentral gyrus/premotor cortex ~2 cm anterior and inferior to C4
Negative b 1 —52 —60 20 L Angular gyrus ~2 cm superior to TS5
2 —14 34 46 L Superior frontal gyrus ~1 cm posterior to midpoint F3—Fz
3 38 16 48 R Superior frontal gyrus ~1 cm left to midpoint F4-C4
4 50 —-62 30 R Angular gyrus ~ midpoint to P4-T6
5 4 56 —24 Bil ventromedial prefrontal cortex ~1 cm inferior to midpoint Fp2—Fp1
6 4 68 8 Bil dorsomedial prefrontal cortex ~1 cm superior to midpoint Fp2—Fp1
7 4 -60 30 Bil Precuneus ~0.5 cm inferior to midpoint P3-P4

@ The left precentral gyrus (cluster ID 4) was positively correlated with the bilateral amygdala, ACC, and thalamus, while the right precentral gyrus (cluster ID 9) was
positively correlated with the bilateral amygdala and ACC. The other positive rsFC results generated from all five sub-surface seeds based positive rsFC, including the

bilateral amygdala, thalamus, insula, putamen and left ACC.

b The negative rsFC results generated from the bilateral amygdala, insula and the right ACC based negative rsFC.

including neuropathic pain [136-138]. Despite the significant thera-
peutic benefit of DBS, the inherent risks and complications associated
with the surgical procedure of DBS have driven research toward
less-invasive alternatives [139]. Studies suggest that both invasive and
noninvasive stimulation techniques can modulate the same brain
network and provide therapeutic benefits, thereby facilitating the
translation of therapies between different neuromodulation modalities
[25]. Furthermore, it has been proposed that NIBS techniques can be
applied to cortical targets to effectively modulate deeper brain structures
[140]. Consequently, we believe that investigating the functional con-
nectivity of these brain regions may offer valuable insights for selecting
appropriate targets for NIBS in the management of chronic pain.

Key brain surface regions in the default mode network area

Previous studies have shown a disrupted default mode network
(DMN) connectivity in many chronic pain disorders, including CLBP,
fibromyalgia, episodic migraine, and abdominal pain, which may lead
to behavioral dysfunctions [141-146]. The DMN consists of the mPFC,
including the dorsomedial prefrontal cortex (dmPFC) and ventrome-
dial prefrontal cortex (vmPFC), lateral parietal cortex (spanning the
angular and the supramarginal gyrus), precuneus, and the lateral

temporal cortex [147]. In this study, we identified many additional
brain regions involved in the DMN, primarily from the third-level
negative correlation map. Stimulating these regions may modulate
activity in the DMN and produce therapeutic effects for chronic pain
and its comorbid symptoms.

Medial prefrontal cortex

The mPFC has recently been recognized as a central hub for mental
comorbidities associated with chronic pain, exerting important top-down
control of the pain sensation [148]. The mPFC is a key node of the DMN,
which plays a crucial role in cognitive control and emotional regulation
[147]. Abnormal connectivity between the mPFC and other brain regions
are associated with various chronic pain conditions, including but not
limited to CLBP, fibromyalgia, neuropathic pain, etc [149-151]. The
predominant role of the mPFC in pain processing makes it a promising
NIBS target for chronic pain treatment.

Several studies have explored the application of NIBS to the mPFC for
treating CLBP. For instance, investigators utilized high-definition trans-
cranial direct current stimulation (HD-tDCS) at mPFC (approximately at
Fz on the 10-20 EEG system) to enhance affective and attentional
modulation in CLBP patients. Although the results were statistically
insignificant, these studies suggested a potential relationship between
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treatment response and baseline pain inhibitory efficacy, with the most
promising effects in individuals experiencing severe impairment in
descending pain inhibitory mechanisms [152,153].

Additionally, studies have shown that TMS at the mPFC can modulate
brain activity in both cortical and subcortical regions, including the
DLPFC, ACC, nucleus accumbens, hippocampus, and thalamus [154].
Consistent with prior investigations, we identified two specific mPFC
targets: the dmPFC and vimPFC. The target site of the dmPFC is located
approximately 1 cm superior to Fpz, while the target site of the vmPFC is
located around 1 cm inferior to Fpz. This identification is based on the
overlapping negative functional connectivity observed between the
mPFC and the bilateral amygdala, insula, and left ACC, which may hold
the potential for optimizing mPFC targeting in the modulation of chronic
pain. However, further research is needed to elucidate the specific roles
of these targets in chronic pain modulation and deepen our under-
standing of their therapeutic implications.

Precuneus

The precuneus is another crucial hub within the DMN. Although not
directly involved in the cortical representation of pain, the precuneus has
been implicated in the processing of salient sensory experiences rather than
specific nociceptive processing [155,156]. Abnormal activity and disrupted
connectivity of the precuneus with other brain regions have been implicated
in various chronic pain conditions, including low back pain [35], fibro-
myalgia [157], and complex regional pain syndrome [158].

To date, limited studies have explored NIBS targeting the precuneus
for the treatment of chronic pain. Instead, previous studies have used the
posterior parietal cortex (PPC) as the preferred stimulation site. For
example, one study found that cathodal tDCS applied to the PPC could
modulate nonpainful phantom sensations in chronic phantom limb pain,
with the active electrode placed over P3/P4 (10-20 EEG system)
contralateral to the amputation [159]. Another study revealed that
transcranial alternating current stimulation (tACS) at 10 Hz over the PPC
with the electrode positioned over P3/P4 facilitated the processing of
bilateral tactile information, which is frequently impaired in individuals
with chronic pain [160]. In our study, we identified a promising target
within the precuneus, located approximately at the midpoint of P3-P4,
highlighting the need for further investigation to determine its clinical
efficacy and optimal stimulation parameters.

Notably, the identification of the mPFC and precuneus in our study
was based on their negative functional connectivity with the bilateral
amygdala, insula, and left ACC. In a recent study, we observed functional
and anatomical connections between the mPFC and hippocampus,
amygdala, and nucleus accumbens, while the precuneus exhibited con-
nections with the hippocampus and amygdala. These findings designate
the mPFC and precuneus as promising targets for NIBS to modulate deep
brain structures implicated in psychiatric and neurological disorders, as
well as chronic pain [161]. Prior research has demonstrated that hub
nodes in the brain tend to have high average controllability within the
DMN, indicating that the modulation of hub regions may have significant
impacts on brain system functioning [162]. Our results align with this
notion, suggesting that the mPFC and precuneus, key nodes of the DMN,
can concurrently modulate activity/connectivity within the amygdala,
insula, and ACC to treat chronic pain disorders.

Key brain surface regions in the ventral attention network area

The ventral attention network (VAN) is commonly defined as a right-
hemisphere-dominant network, involving the temporoparietal junction
(TPJ) and the ventral frontal cortex (VFC), that responds to unexpected
salient sensory stimuli including pain [163,164]. Abnormal functional
relationships between the VAN and other components of the dynamic
pain connectome (e.g., DMN, ascending/descending pathways) have
been observed in many chronic pain conditions [165,166].

The TPJ is a node of the VAN which plays a crucial role in multi-
sensory integration and processing [167]. Previous literature reviews and
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meta-analyses have demonstrated the effectiveness of NIBS techniques,
such as tDCS and TMS, when targeting the TPJ in various conditions,
including depersonalization disorders, tinnitus, auditory hallucinations,
and autism spectrum disorder [167-170]. However, the application of
NIBS over the TPJ for the treatment of chronic pain remains relatively
unexplored. In a previous study, tDCS over the right TPJ led to a
reduction in empathic responsiveness to pain experienced by other in-
dividuals and decreased late event-related potentials to facial expressions
of pain, with the cathodal electrode located at the CP6 (10-20 EEG
system) [171].

Moreover, the IFG, a pivotal node within the VAN, plays a crucial role
in regulating emotion, interoception, and cognition, and is associated
with the perception of pain and encoding of pain-related memories [172,
173]. A recent study utilizing a combination of fMRI and TMS demon-
strated the involvement of IFG in pain-related empathy, with the TMS
coil positioned on the reference coordinate (x = 48,y = 36,z = 6) [174].

Building upon these findings, our study highlights the potential of
targeting specific TPJ areas (IPG/SMG/ANG/STG) and IFG identified in
this study as promising treatment targets for chronic pain.

Other potential brain surface regions

We also identified brain regions at the left Rolandic operculum (pa-
rietal operculum), right Rolandic operculum (frontal operculum), and
premotor areas (e.g., the SMA). In our results, the left Rolandic opercu-
lum most closely corresponds to SII based on the cytoarchitectonic maps
of the human parietal operculum [175]. A recent fMRI study indicated SII
as a major brain area involved in the subjective perception of different
pain stimulus intensities [176]. Another fMRI study proposed that the
parietal operculum serves as an important relay station for the
affective-motivational aspects of pain [177]. The Rolandic operculum
and SMA identified in our findings are key components of the sensori-
motor network (SMN). Literature suggests that changes within regions of
the SMN are implicated in the underlying mechanism of chronic pain.
Interventions aiming to enhance neuroplasticity in the SMN may hold
promise for improving its function (e.g., motor output generation and
sensory input encoding), and potentially advancing chronic pain man-
agement [178,179].

Previous studies have demonstrated the efficacy of rTMS targeting the
opercular somatosensory region (OP) in reducing chronic visceral pain
and increasing the threshold of heat pain in healthy participants. The
head coil position was guided by individual anatomical landmarks
derived from each participant's MRI [180,181]. More recently, another
study investigated the neurophysiological effects of tDCS over opercular
somatosensory region. Although the pain sensation did not exhibit a
significant impact, the study demonstrated modulation of cortical ac-
tivity, with the stimulation site determined using anatomical brain im-
ages and a navigation system [182]. Consistent with these findings, we
also identify the opercular somatosensory region as a promising target for
the treatment of chronic pain.

The SMA is a brain region located anterior to M1 and is involved in
predictive motor planning [183]. Engagement of the motor system (e.g.,
M1, SMA) has been shown to be an effective source of analgesia, which
can produce downstream effects on descending pain modulatory regions
and ultimately decrease pain symptoms [184]. A new ALE meta-analysis
found that increased activity within the SMA suggests a prominent role
for the motor system in responding to pain in the context of sensorimotor
integration [185].

A previous study has demonstrated that TMS applied to the pre-
motor area can produce analgesic effects in individuals with post-
operative pain. The coil position in this study was located 5 cm anterior
to the motor cortex area associated with thumb movement, following
the parasagittal line [186]. In another study involving patients with
chronic pain and depression, a comparison was made between standard
TMS coil positioning and MRI-guided procedures targeting the pre-
motor region. The standard placement was 2-3 cm anterior to the “hand
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motor hotspot”, while the MRI-guided positioning was even more
anterior (approximately 31.7 mm from the hand motor hotspot) [187].
These findings support the use of an individual brain MRI-based strat-
egy for TMS coil placement. Our research aligns with these studies,
further corroborating the potential of the SMA as a target for TMS in
chronic pain management.

The cerebellum plays a crucial role in pain-related adaptions in
motor control and sensorimotor integration [188]. Its rsFC with the
thalamus and periaqueductal grey is altered by nociception, and its
activity is modulated by perceived pain intensity [189]. Stimulation of
the cerebellum has been shown to modulate painful sensations in
humans, possibly by interfering with the inhibitory influence exerted
by the cerebellum over cortical areas [190,191]. Notably, a previous
study demonstrated that cerebellar tDCS can effectively modulate pain
perception and its cortical correlates in healthy individuals, offering a
promising and safe therapeutic approach for chronic pain conditions
[192]. More recently, another study applied anodal cerebellar tDCS on
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individuals with phantom limb pain, resulting in significant im-
provements in both paroxysmal pain and non-painful phantom limb
sensations. The typical targets for NIBS at the cerebellum are located
along the median line, approximately 2 cm below the inion, with
lateral boundaries about 1 cm medially to the mastoid apophysis [63,
192]. These improvements are likely attributed to maladaptive
changes in the sensorimotor network and posterior parietal cortex,
respectively [63].

The cuneus is a smaller region in the occipital lobe, which has been
related to multisensory integration and cognitive processing [193].
Although the occipital cortex is not traditionally associated with pain
processing, studies have shown that painful stimuli can decrease func-
tional connectivity within the DMN and lateral occipital cortex [194]. A
recent diffusion tensor imaging study reported weaker structural con-
nectivity from the left cuneus to the occipital cortex in participants with
chronic pelvic pain syndrome [195]. However, the exact roles of the
cuneus in chronic pain modulation remain undetermined.

Table 3
Pain-related brain functions and previous clinical applications for chronic pain of the identified cortical targets.
Identified brain regions Brain network Pain-related functions Previous clinical applications for chronic Brain target locations in this ~ References
pain® study
mPFC (dmPFC/vmPFC) Default mode cognitive control condition: chronic low back pain ~1 cm inferior and superior [147,148,
network emotional regulation aim: affective and attentional pain to Fpz 152,153]
anti-nociceptive modulation
method: HD-tDCS, with anode over Fz
Precuneus Default mode self-relevant sensations condition: phantom limb pain ~midpoint to P3-P4 [155,156,
network pain perception aim: non-painful phantom sensation 159,160]
modulation
method: tDCS, with cathodal electrode over
P3/P4;
condition: chronic pain
aim: tactile temporal order judgment
method: tACS, with anodal electrode over
P3/P4
Temporoparietal junction Ventral attention multisensory integration condition: empathic responses to pain See the specific locations of ~ [163,164,
(IPG/SMG/ANG/STG) network and processing method: tDCS, with anodal electrode over TPG areas (IPG/SMG/ANG/ 167,171]
empathy and social CP6 STG) in Tables 1 and 2
cognition
VFC (IFG) Ventral attention emotional, interoceptive, condition: pain-related empathy ~ close to F7 [172-174]
network cognitive regulation processing
pain-related memories/ method: TMS, with coil over the reference
empathy coordinate (x = 48,y = 36,z = 6)
Rolandic operculum Sensorimotor affective-motivational condition: chronic visceral pain L ROL: ~2 cm superior to [176,177,
(Parietal operculum-SII) network aspects of pain aim: reduce pain level and increase pain T3; 180,181]
multisensory integration threshold RROL: ~ midpoint to T4-F8
method: rTMS, coil based on individual
anatomical brain images
condition: experimental pain
aim: modulation of thermal sensitivity of
facial skin
method: rTMS, coil based on individual
anatomical brain images
SMA Sensorimotor predictive motor planning condition: postoperative pain ~ midpoint to Fz-Cz [183-187]
network sensorimotor integration aim: produce analgesic effects
method: TMS, with coil over 5 cm anterior
from motor cortex area along the
parasagittal line
condition: chronic pain with depression
method: TMS, with coil approximately
31.7 mm anterior to the M1
Cerebellum Sensorimotor Pain and motor processing condition: phantom limb pain N/A [63,
network sensorimotor integration aim: improve paroxysmal pain, non-painful 188-192]
phantom sensations
method: tDCS, with anodal electrode over
cerebellum (without specific location)
Cuneus N/A multisensory integration N/A N/A [193,194]

cognitive processing

Abbreviations: mPFC, medial prefrontal cortex; HD-tDCS, high-definition transcranial direct current stimulation; tACS, transcranial alternating current stimulation;
TMS, transcranial magnetic stimulation; VFC, ventral frontal cortex; SMA: supplementary motor area; N/A, not applicable.
@ Previous studies for each brain region support its application as NIBS targets in different chronic pain conditions (the list may be not comprehensive).
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Together, the literature above supports the use of the Rolandic
operculum, SMA, and IFG, as well as additional areas such as the cere-
bellum and cuneus, as potential stimulation targets via different pain-
related circuits to treat chronic pain (Refer to Table 3 for an overview
of pain-related brain functions and previous clinical applications for
chronic pain of the identified cortical targets mentioned above).

Limitations and future directions

Our study has several limitations to consider. First, we chose chronic
low back pain for the functional connectivity analysis as it is one of the
most common types of chronic pain and is often associated with functional
disability and work incapacity, possibly affecting quality of life, and
requiring treatment [196]. While we believe the relevant targets identi-
fied in this manuscript may also be applicable to other chronic pain con-
ditions, further research is needed to investigate this possibility. Secondly,
our understanding of the excitatory or inhibitory effects on neural activity
remains limited, and different stimulation parameters may produce
different effects [197,198]. In addition, the effects produced by NIBS on
the target area, surrounding areas, and the connected distal regions may
also differ, potentially leading to significant implications for the applica-
tion of NIBS techniques. Future studies are needed to explore specific
stimulation paradigms based on different neuromodulation modalities
and individual conditions. Furthermore, our findings are based on group
analysis; individualized rsFC analysis may provide more accurate targets
for brain stimulation tools (e.g., TMS). Nevertheless, for brain stimulation
tools that do not have an accurate spatial resolution (e.g., tDCS and tACS),
clinics that do not have MRI data available, or clinicians who do not have
the expertise/resources to perform complicated brain imaging data anal-
ysis, our findings may provide valuable stimulation guidance. Moreover, a
notable advantage of tFUS lies in its superior spatial resolution, which
enables precise targeting of virtually any region within central nervous
system. Given its exceptional precision compared to conventional NIBS
methods like TMS and tDCS, tFUS holds promise as a potential avenue for
future research to validate the targets identified in our study. Third, our
study only investigated brain surface regions functionally connected to
chronic pain-associated ROIs; studies integrating anatomical and func-
tional connectivity may further enhance the brain target generation.
Forth, the identified locations may also be applied in other interventions
such as scalp acupuncture (stimulating the areas of scalp corresponding to
brain regions believed to be involved in the pathphysiology of disorders
using acupuncture needles) and transcutaneous electrical nerve stimula-
tion [199]. Finally, clinical trials and additional studies are needed to
validate our findings.

The existing literature review suggests that the primary motor cortex
(M1) and prefrontal cortex are the most frequently targeted regions for
NIBS in chronic pain treatment. However, several other cortical targets,
including the mPFC, precuneus, TPJ, IFG, Rolandic operculum, SMA, and
cerebellum, may serve as potential NIBS locations for chronic pain
treatment. Our findings may extend the NIBS target selection for chronic
pain management.
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