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Background: Non-invasive painless signaling therapy (NPST) is an electro-cutane-
ous treatment that converts endogenous pain information into synthetic non-pain 
information. This study explored whether pain improvement by NPST in failed back 
surgery syndrome (FBSS) patients is related to cerebral modulation.
Methods: Electroencephalography (EEG) analysis was performed in 11 patients 
with FBSS. Subjects received daily NPST for 5 days. Before the first treatment, pa-
tients completed the Brief Pain Inventory (BPI) and Beck Depression Inventory and 
underwent baseline EEG. After the final treatment, they responded again to the BPI, 
reported the percent pain improvement (PPI), and then underwent post-treatment 
EEG. If the PPI grade was zero, they were assigned to the ineffective group, while all 
others were assigned to the effective group. We used standardized low-resolution 
brain electromagnetic tomography (sLORETA) to explore the EEG current-source dis-
tribution (CSD) associated with pain improvement by NPST.
Results: The 11 participants had a median age of 67.0 years, and 63.6% were 
female. The sLORETA images revealed a beta-2 CSD increment in 12 voxels of the 
right anterior cingulate gyrus (ACG) and the right medial frontal area. The point of 
maximal CSD changes was in the right ACG. The alpha band CSD increased in 2 
voxels of the left transverse gyrus.
Conclusions: Pain improvement by NPST in FBSS patients was associated with 
increased cerebral activity, mainly in the right ACG. The change in afferent informa-
tion induced by NPST seems to be associated with cerebral pain perception.

Key Words: Chronic Pain; Electric Stimulation Therapy; Electroencephalography; 
Failed Back Surgery Syndrome; Gyrus Cinguli; Information Theory; Neuroimaging; 
Neuronal Plasticity; Pain Perception. 
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INTRODUCTION
According to one study, the global point prevalence of low 
back pain was 9.4% [1]. In adults, the prevalence of chronic 
back pain is on the rise [2], and as a result the number of 
surgeries is also increasing [3]. However, surgery may not 
relieve the pain. Failed back surgery syndrome (FBSS) is 
one such outcome [4]. For the treatment of FBSS, a type of 
chronic pain, the first recommendation is conservative 
management. Surgical consideration is the final stage of 
the treatment algorithm, but it does not always resolve the 
pain satisfactorily and involves risks [5,6]. Among the mo-
dalities of conservative management, drug therapy is the 
most accessible. However, more than half of patients with 
chronic pain combine multiple drugs [7]. Such medication 
polytherapy increases the risk of side effects. Non-invasive 
painless signaling therapy (NPST) is a treatment modal-
ity that provides non-pain information to the cutaneous 
nerves using patient-specific electrostimulation to control 
the cerebral perception of pain information. NPST has the 
advantage of being a minimally invasive non-pharmaco-
logical treatment [8-10].

The brain interprets the pain stimuli transmitted from 
the peripheral nervous system and integrates this inter-
pretation with other stored information. When perceiving 
pain, the brain employs a process that includes selective 
attention and intensity coding [11-16]. The pain perceived 
by the brain may have a different intensity than pain at the 
peripheral level; pain perception may even occur in the 
brain in response to non-painful peripheral stimuli [17-20]. 
The pain matrix is the cerebral network involved in pain 
perception [20,21]. The somatosensory cortex, insula, and 
anterior cingulate gyrus (ACG) participate in the pain ma-
trix. When the pain matrix is activated, the brain senses 
and focuses on sensory input from the peripheral system. 
The brain then integrates the stimuli with the multimodal 
somatic representation in the cerebral cortex and inter-
prets the integrated information to convert it into a con-
scious pain perception [20].

Electrical source imaging (ESI) shows the cerebral ac-
tivity through electroencephalography (EEG) current-
source analysis on magnetic resonance imaging (MRI) 
matched with a human head model [22-24]. To assess the 
neurophysiological state and treatment response in cases 
of chronic pain, the generally accepted test modality has 
been functional MRI (fMRI). fMRI measures neural brain 
activity indirectly using the hemodynamic response [25-
28]. ESI and fMRI complement each other [29]. Although 
its spatial resolution is inferior to that of fMRI, ESI has the 
advantage of mapping cerebral neuronal activity directly 
and at high temporal resolution [22-24,30,31]. Research 
using ESI to investigate cerebral electrophysiology associ-

ated with chronic pain remains rare.
The effects of NPST might be associated with functional 

modulation of cerebral structures involving pain percep-
tion, such as the pain matrix. Our goal was to identify 
the functional changes in the brain associated with pain 
improvement by NPST in FBSS patients. For that purpose, 
using EEG current-source analysis as a frequency domain 
analysis, we observed the current-source distribution 
(CSD) difference between FBSS patients with pain im-
provement by NPST and those with no therapeutic effect.

MATERIALS AND METHODS
1. Subject selection

The Institutional Review Board (IRB) of Gyeongsang Na-
tional University Hospital approved the present study; the 
IRB number was 2018-08-016-001. We also registered the 
study with the World Health Organization International 
Clinical Trials Registry Platform (WHO ICTRP) through 
the Clinical Research Information Service, which enables 
the use of the WHO ICTRP in Korea; the registration num-
ber was KCT0003347.

The Department of Rehabilitation Medicine at Gyeong-
sang University Hospital recruited patients diagnosed 
with FBSS from November 2018 to June 2019. Patient age 
was limited to 30-70 years. To avoid difficulties related to 
cooperation with treatment and evaluation, patients with 
intellectual disabilities or severe medical, neurological, 
or psychiatric disorders were excluded. Patients with vari-
ous conditions that may affect pain sensitivity were also 
excluded, as were those with a history of ischemic heart 
disease within 6 months, mesenteric nerve block within 4 
weeks, pregnancy or lactation, scars on the back, or chron-
ic use of antiepileptic drugs. Finally, because depressive 
symptoms can affect pain and brain activity, patients 
whose degree of depressive symptoms as evaluated by the 
Beck Depressive Inventory (BDI) was moderate or severe 
were excluded.

2. Research process

After agreeing to participate, enrolled patients visited the 
hospital every weekday, Monday through Friday, for one 
week. On Monday, they completed the Brief Pain Inven-
tory (BPI) to determine the baseline pain level and the BDI 
to assess depressive symptoms. Then, we recorded the 
patients’ first baseline EEGs (time point 1, T1). Next, on 
the same day, patients received the first session of NPST. 
They were treated with NPST for 5 days in a row, Monday 
through Friday. Immediately after the fifth and last thera-
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py session on Friday, they completed the follow-up BPI and 
reported the percent pain improvement (PPI). After the 
questionnaires were completed, we recorded the second, 
post-treatment EEGs (time point 2, T2) for comparison 
with the baseline T1 EEG.

We then divided the patients into two groups: effective 
and ineffective groups. The effective group included pa-
tients for whom NPST resulted in reduced pain, and the 
ineffective group included those for whom there was no 
therapeutic effect. The therapeutic effect was evaluated 
based on the PPI value reported just after the last (Friday) 
session of NPST. When evaluating the PPI in terms of 
grades, a grade of 1 or higher was regarded effective, and a 
grade of 0 as ineffective.

3. Questionnaires

1) BDI

The BDI is a self-reported inventory and a useful tool for 
detecting depressive symptoms. It requires that subjects 
rate their condition during the last week using 21 items 
describing depressive symptoms. It is a Likert scale-based 
inventory where each item is given a score from 0 to 3. The 
total BDI score combines the 21 items, yielding an overall 
score of 0-63. Based on the total score, the degrees of de-
pressive symptoms are described as follows: 0-16, normal; 
17-20, mild; 21-23, moderate; and 24-63, severe [32-34].

2) BPI 

The BPI was used to evaluate pain severity [35-37]. It is a 
Likert scale-based inventory with 11 items that evaluate 
pain during the last 24 hours. Each of the 11 items is given 
a score ranging from 0 to 10. Four items address pain se-
verity, and the other 7 evaluate interference to living func-
tions. In this study, the 4 BPI items addressing pain sever-
ity (PSIs-BPI) were used to assess pain severity at two time 
points: T1 and T2. The BPI guides patients to report their 
pain intensity on a scale from 0 to 10. A score of 0 indicates 
“no pain,” and a score of 10 means “pain as bad as you can 
imagine.” Total scores on the four-item PSIs-BPI could 
range from 0-40.

3) PPI

Patients reported PPI due to NPST immediately after the 
final treatment session. PPI was categorized into five 
grades, from grade 0 to grade 4. The five PPI grades were 
defined as follows: 0-19%, grade 0; 20-39%, grade 1; 40-
59%, grade 2; 60-79%, grade 3; and 80-100%, grade 4.

4. NPST

The NPST was administered using a Pain Jammer ENS-
1140 device (ENS System, Bucheon, Korea). The device 
uses alternating current stimulation, and the maximum 
current available for treatment was 5.5 mA. The treatment 
was administered to the area in the low back and buttock 
region where the patient complained of the most severe 
pain. The therapist placed four stimulation electrodes 
along the lines of pain and numbness at the designated 
treatment location. 

After determining the positions of the stimulation 
electrodes for NPTS, at those spots, we discovered the 
maximum tolerance intensity of the electric stimulation. 
Stimulation was started at zero intensity and was then 
gradually raised until a patient felt a sting or burning 
sensation. At that point, we added more stimuli with that 
intensity. If the patient perceived the stimuli as a tolerable 
tingling sensation by adaptation, we slightly increased the 
stimulation intensity again. When the patient could not 
tolerate any more for a certain level of intensity, we slightly 
reduced the intensity and found the maximum tolerance 
intensity. NPST was performed using the maximum toler-
ance intensity, and each treatment session lasted 50 min-
utes.

5. EEG recording

During EEG recording, patients closed their eyes and re-
mained awake in a calm state. Technicians recorded the 
EEGs using two digital EEG machines; the recording time 
was 50 minutes. Two machines were used: a Comet (Grass 
Telefactor, West Warwick, RI) or a Beehive Horizon (Grass 
Telefactor). For EEG recording, 25 electrodes were placed 
on the scalp referencing the International 10-20 system. 
The positions of the electrodes were as follows: Fp1, F3, C3, 
P3, O1, Fp2, F4, C4, P4, O2, F7, T7, P7, F8, T8, P8, F9, P9, T9, 
F10, P10, T10, Fz, Cz, and Pz. For the EEG recording, the fil-
ter setting was 1-70 Hz with a notch filter of 60 Hz, and the 
sampling rate was 400 Hz.

6. EEG analysis

We extracted the appropriate EEG segments from the re-
corded EEGs. Extraction of the EEG segments involved use 
of the brain electrical source analysis (BESA, v.7.0; MEGIS, 
Grafelfing, Germany) data review and processing module. 
The EEG segment duration was 5 seconds, and it was ex-
tracted from EEG records with occipital alpha activity and 
without artifacts. Each patient underwent EEG twice (T1 
and T2), and each EEG provided five segments, yielding 10 
EEG segments per patient. Among these, 5 were EEG seg-
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ments at T1, and the other 5 at T2.
The EEG segments selected through preprocessing were 

used as data to identify CSD associated with pain improve-
ment by NPST. The current-source analysis proceeded in 
two steps. The first step involved subtracting the EEG at T1 
from the EEG at T2 to obtain the CSD changes induced by 
NPST in the effective and ineffective groups. The second 
step entailed subtracting the CSD changes induced by 
NPST in the ineffective group from those in the effective 
group to obtain the CSD associated with pain improve-
ment (CSD of effective group [T2 – T1] – CSD of ineffective 
group [T2 – T1]).

We used standardized low-resolution brain electromag-
netic tomography (sLORETA; Key Institute for Brain-Mind 
Research, Zurich, Switzerland) software to calculate and 
describe the cerebral CSD. The sLORETA expresses EEG 
CSD in the brain using a distributed source model. It finds 
CSD in a three-shell spherical head model registered to the 
Talairach human brain atlas, converts the CSD found into 
Montreal Neurological Institute (MNI) coordinates, and 
represents the transformed coordinates in a digitized MRI 
from the Brain Imaging Center, MNI. Thus, the sLORETA 
images obtained through EEG analysis using sLORETA are 

three-dimensional functional images. The images consist-
ed of 6,430 cortical gray voxels, and their spatial resolution 
was 5 mm [38].

By performing the current-source analysis, we obtained 
ESIs in the frequency domain. The seven frequency do-
mains obtained were as follows; 1-3 Hz, delta; 4-7 Hz, 
theta; 8-12 Hz, alpha; 3-18 Hz, beta-1; 19-21 Hz, beta-2; and 
22-30 Hz, beta-3. Statistical significance set at P < 0.05 (two 
tailed) expressed the suprathreshold voxels in the sLORE-
TA images.

7. Statistical analysis for clinical information

We performed univariate analyses using Mann–Whitney 
tests for continuous variables and Fisher’s exact tests for 
categorical variables to compare the clinical features be-
tween the effective and ineffective groups. R software (ver-
sion 3.5.3; R Foundation for Statistical Computing, Vienna, 
Austria) was used for these statistical analyses [39].

RESULTS
1. Subject characteristics 

During the study period, 11 of 45 FBSS patients were en-
rolled in this study (Fig. 1, Table 1). The 11 enrolled par-
ticipants had a median age of 67.0 years, and 7 (63.6%) 
were female. The enrolled FBSS patients had undergone 
spinal surgery between one and three times. Nine patients 
had undergone operation twice, and the remaining two 
patients had undergone surgery three times and once, 
respectively. Three spinal diseases were the targets of the 
operations. These include herniated lumbar disc in nine 
patients, spinal stenosis in seven, and spondylolisthesis in 
one (Table 1).

Seven of the 11 were classified as belonging to the ef-
fective group, and the remaining 4 made up the ineffec-
tive group. Table 2 presents a comparison of patients in 
the effective group with those in the ineffective group. 
Significant differences were observed between the T1–
T2 PSIs-BPI scores and in PPI, but no other differences 
were found (Table 2). The median PPI was 40.0% and 7.5% 
in the effective and ineffective groups, respectively (P < 
0.001). In terms of the grade of pain improvement, three 
patients in the effective group had grade 1 improvement, 
two had grade 2, and the remaining two had grades 3 and 
4. All four patients in the ineffective group had grade 0 (P 
= 0.030). The median improvement in PSIs-BPI score (T1 – 
T2) was 6.0 points in the effective group and 0.4 points in 
the ineffective group (P < 0.001).

Patients with failed back surgery syndrome (n = 45)

Patients agreeing to participate (n = 27)

Patients enrolled EEG analysis (n = 11)

Effective group (n = 7) Ineffective group (n = 4)

Depressive symptoms more
than moderate degree (n = 15)

Follow-up loss (n = 1)

Declining (n = 3)

Excluded (n = 15)
1) Unsuitable age (n = 9):

> 70 years old (n = 7), < 30 years old (n = 2)
2) Problems affecting pain sensitivity (n = 6)

Fig. 1. Flow diagram of patient recruitment. The authors diagnosed 45 
patients with failed back surgery syndrome. Fifteen patients of them 
ousted from the study because of age unsuitability or factors affecting 
pain sensitivity. Of the remaining 30 patients, 27 patients agreed to 
participate in the study. The authors also excluded 15 of the 27 patients 
due to depressive symptoms and lost another patient during follow-
up. Finally, 11 patients were subjects for electroencephalography (EEG) 
analysis. Seven of them were in the effective group, and the remaining 
four in the ineffective group.
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2. Changes in current-source density

In the sLORETA images using a two-tailed test with a 
significance level of 0.05, the CSD of the beta-2 and alpha 
band significantly increased. The point of maximal CSD 
change was in the right ACG (Brodmann’s area [BA] 32, 
MNI coordinates: x = 10, y = 25, z = 25) (Table 3, Fig. 2). No 
significant CSD changes occurred in the other frequency 
domains.

The beta-2 CSD increment was observed in 12 supra-
threshold voxels of the right hemisphere located in BA 32, 
the medial part of BA 24, and BA 9 (Table 3, Fig. 2). The 
three BA locations were the following: BA 32, the dorso-

lateral ACG; BA 24, the ventral ACG; and BA9, the medial- 
and dorsolateral frontal area [40]. Of the 12 suprathreshold 
voxels, 9 were in the ACG, and 3 in the medial frontal gy-
rus. The CSD of the alpha band increased in BA 41 in the 
left hemisphere, with two suprathreshold voxels (Table 3, 
Fig. 3). BA 41 is a transverse gyrus corresponding to the 
posterosuperior part of the superior temporal gyrus [40].

DISCUSSION
This study used the ineffective group as controls. The EEG 
of each patient was recorded twice, at T1 and T2. The EEG 
analysis design for sLORETA image acquisition was the 
following: CSD of the effective group (T2 – T1) – CSD of the 
ineffective group (T2 – T1). The CSD difference between 
the two groups was the primary finding of this study, so 
the changes in CSD were considered to indicate cerebral 
activity linked to pain reduction by NPST. As elements of 
that observation, the CSD of beta-2 and alpha significantly 
increased in certain cerebral regions. Compared to the 
alpha band, the CSD change was substantial and broad in 
the beta-2 band. The CSD increment locations of the beta-
2 band were the right ACG gyrus and the right medial fron-
tal area. The CSD increment of the alpha band occurred 
in the left transverse gyrus. Among the three areas with 
increased activity, the broadest and most marked increase 
was in the right ACG. Because the ACG is a component of 
the pain matrix, the pain matrix could be functionally as-
sociated with the therapeutic NPST effect.

The ACG participates in two functional pain perception 
networks: one of these detects pain information, and the 
other perceives pain intensity. When these two networks 
work together as an integrative functional map, people 
experience subjective pain [11-16]. Because of this pain-

Table 2. Comparisons between the effective group and the ineffective 
group under noninvasive painless signaling therapy

Variable
Effective group 

(n = 7)
Ineffective group 

(n = 4)
P value

Age (yr) 67.0 (6.5) 69.0 (5.8) 0.124
Female 5 (71.4) 2 (50.0) 0.477
BDI score 13.0 (4.0) 13.0 (3.5) 0.292
Score of PSIs-BPI
      T1 15.0 (5.0) 18.0 (6.8) 1.000
      T2 10.0 (5.5) 17.0 (8.5) 0.105
      T1-T2 6.0 (1.5) 0.5 (1.3) 0.008
PPI, % 40.0 (17.5) 7.5 (7.5) 0.008
Grade of PPI 0.027
       0 (0-19%) 0 (0.0) 4 (100.0)
       1 (20-39%) 3 (42.9) 0 (0.0)
       2 (40-59%) 2 (28.6) 0 (0.0)
       3 (60-79%) 1 (14.3) 0 (0.0)
       4 (80-100%) 1 (14.3) 0 (0.0)

Values are presented as median (interquartile-range) or number (%).
BDI: Beck Depression Inventory, PSIs-BPI: pain severity items of Brief 
Pain Inventory, T1: baseline time-point, T2: time-point after the 5th treat-
ment session, PPI: percent of pain improvement.

Table 1. Characteristics of 11 enrolled patients with failed back surgery syndrome treated by noninvasive painless signaling therapy

Recruitment 
number

Subgroup Sex Age
Spinal surgery Score of PSIs-BPI PPI

BDI score
Causes Number T1 T2 T1-T2 % Grade

1 Ineffective Male 68 HLD, SS 2 21 21 0 5 0 15
2 Effective Male 65 SS 3 15 10 5 20 1 13
3 Effective Male 59 HLD 1 14 8 6 40 2 5
4 Effective Female 67 HLD, SS 2 21 15 6 30 1 11
5 Ineffective Female 70 HLD 2 15 13 2 15 0 13
6 Ineffective Male 84 HLD, SS 2 12 11 1 10 0 8
7 Ineffective Female 67 HLD, SS 2 21 21 0 0 0 16
8 Effective Female 70 HLD, SS 2 13 9 4 40 2 7
9 Effective Female 67 SPDL 2 18 13 5 35 1 15
10 Effective Female 70 HLD, SS 2 15 8 7 60 3 13
11 Effective Female 55 HLD 2 22 15 7 80 4 11

HLD: herniated lumbar disc, SS: spinal stenosis, SPDL: spondylolisthesis, PSIs-BPI: pain severity items of Brief Pain Inventory, PPI: percent of pain im-
provement, BDI: Beck Depression Inventory, T1: baseline time-point, T2: time-point after the 5th treatment session.
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perceiving network involving the ACG, people sense sub-
jective pain rather than the actual intensity of a noxious 
stimulus [11].

In the present study, increased activity in the right ACG 
was associated with pain reduction by NPST. Therefore, it 
seems that increasing ACG activity may cure chronic pain. 
It might be possible to correctly code the pain intensity in 
patients with chronic pain if NPST increases ACG activity. 
A previous study reported that daily life disruption due to 
pain declined when the dorsal ACG was stimulated with 
deep brain stimulation in patients with thalamic pain syn-
drome [13].

Functional representations associated with pain in the 
medial frontal cortex are well known. For the representa-
tions, pain is localized in the anterior midcingulate cortex, 
negative emotion in the ventromedial prefrontal cortex, 
and cognitive control in the dorsal midcingulate cortex. 
Furthermore, these three representations have a mean-
ingful correlation in the dorsomedial frontal cortex [41]. 
In the present study, we observed an increase in the beta-
2 CSD in three suprathreshold voxels of the right medial 
frontal gyrus. The increase in activity may be significant, 
considering the functional representations in the medial 
frontal cortex. Our findings indicate that increased activ-
ity was related to pain reduction via NPST.

A pathophysiological alteration in the superior temporal 
gyrus may occur in patients with postherpetic neuralgia 
(PHN) [42]. Previous research has revealed that regional 
homogeneity of the brain increased in PHN patients with 
effective pain control in some areas, including the right 
superior temporal gyrus, indicating increased local func-
tional connectivity [43,44]. We also observed a CSD change 

in the superior temporal gyrus, although it was in the op-
posite hemisphere, and this change was associated with 
pain reduction in FBSS. Chronic pain may associate with 
the abnormality of the superior temporal gyrus in both the 
right and left hemispheres. It seems that pain reduction 
may result if the areas obtain functional improvement.

The sLORETA model is a distributed ESI model and is 
free from localization errors compared to the previous 
version, the LORETA, but it still has spatial resolution 
limitations [38]. Various factors, such as the number and 
distribution of electrodes, head models, and EEG-MRI 
co-registration, affect ESI accuracy [22,45]. The localiza-
tion accuracy of ESI increases as the number of scalp 
electrodes increases, but accuracy does not continue to 
improve at more than 89 electrodes. Uniform sampling 
of the full head surface is required for source localization 
to work correctly. The accuracy of source localization is 
comparable between 19 and 46 electrodes when obtaining 
a LORETA image based on the three-shell spherical head 
model if the electrodes are distributed across the entire 
head [22].

The locations of scalp electrodes must be correct to 
increase the accuracy of source localization in ESI. The 
individual EEG-MRI co-registration makes it possible to 
overcome interindividual variation in electrode positions 
[22]. Selection of head models is another crucial aspect of 
EEG-MRI co-registration. The spherical model with uni-
form conductivity is the simplest head model. It is easy to 
apply and allows rapid calculation, but the human head is 
not spherical and is not spatially uniform. Realistic head 
models increase ESI accuracy but take longer to compute 
[22,45].

Table 3. Suprathreshold voxels* for current-source density associated with pain improvement by noninvasive painless signaling therapy

Frequency 
band

Number
MNI coordinate Talairach coordinate Voxel 

value
Brodmann 

area
Side Lobe Gyrus

x y z x y z

Beta-2 1 10 25 25 10 25 22 4.28410 32 Right Limbic lobe Anterior cingulate
2 10 20 25 10 21 22 4.26373 24 Right Limbic lobe Anterior cingulate
3 10 20 30 10 21 27 4.26258 24 Right Limbic lobe Anterior cingulate
4 10 25 30 10 26 26 4.26086 32 Right Limbic lobe Anterior cingulate
5 15 30 30 15 30 26 4.23470 32 Right Frontal lobe Medial frontal
6 15 35 25 15 35 21 4.21994 32 Right Limbic lobe Anterior cingulate
7 15 35 30 15 35 26 4.18160 9 Right Frontal lobe Medial frontal
8 10 30 30 10 30 26 4.17812 32 Right Limbic lobe Anterior cingulate
9 10 15 30 10 16 27 4.12199 24 Right Limbic lobe Anterior cingulate

10 10 25 35 10 26 31 4.10583 32 Right Limbic lobe Anterior cingulate
11 15 35 20 15 35 17 4.09757 32 Right Limbic lobe Anterior cingulate
12 15 25 35 15 26 31 4.08977 9 Right Frontal lobe Medial frontal

Alpha 1 –40 –30 5 –40 –29 6 4.18309 41 Left Temporal lobe Transverse temporal
2 –40 –30 10 –40 –29 11 4.12178 41 Left Temporal lobe Transverse temporal

MNI: Montreal Neurological Institute.
*P < 0.05 (t = 4.083), two-tailed.
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ESI serves as an adjunctive modality that finds the epi-
leptogenic zone [46]. Precise localization is required when 
performing ESI for presurgical assessment, and the ESI 
used in the present study (25 electrodes and based on a 
3-shell spherical head model) would be insufficient for this 
task. However, our goal was to investigate cerebral struc-
tures associated with NPST-induced pain relief in FBSS 
patients. The resolution of the sLORETA imaging obtained 
in this study may be sufficient to discriminate among the 
brain structures. In any case, the findings of this study 
help clarify the neurophysiological mechanisms of FBSS 

pain.
This study involved some limitations. The first weakness 

was the small number of enrolled patients. However, the 
findings are of value because we observed direct neural 
activity using ESI. Few researchers have observed ESI as-
sociated with the therapeutic effect of NPST in FBSS. The 
second limitation was the short-term follow-up, which 
made it difficult to know how long the observed CSD 
changes might persist. More research is needed with larger 
populations of patients with FBSS to explore whether our 
results can be reproduced, and long-term follow-up re-
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Fig. 2. Standardized low-resolution brain 
electromagnetic tomography (sLORETA) 
images showing beta-2 current-source 
distribution (CSD) associated with pain 
improvement by non-invasive painless sig-
naling therapy. The beta-2 CSD increment 
was in the right anterior cingulate gyrus 
and the right medial frontal area. The 
number of suprathreshold voxels was 12 
(P < 0.05, two-tailed). The location of the 
maximal point of CSD changes was the 
right anterior cingulate gyrus (Brodmann’s 
area 32, Montreal Neurological Institute 
coordinates: x = 10, y = 25, z = 25).
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search is needed to further evaluate the long-term effects 
of NPST. Another drawback is that this is an observational 
study rather than an experimental one, so that it is unable 
to examine the causal relationship between pain reduc-
tion and CSD changes. The interpretation that there is an 
association between them, on the other hand, maybe ap-
propriate. The present authors excluded patients taking 
antiepileptic drugs chronically from this study. This ex-
clusion could be a drawback if this study aimed to observe 
the effectiveness of NPST in FBSS patients. Rather than 
that, the purpose of this study was to research cerebral 

functional changes associated with NPST-induced pain 
improvement in FBSS patients.

Certain brain structures, such as the pain matrix, serve 
to detect and perceive pain. The brain also has the plastic-
ity to adapt to alterations of afferent peripheral stimulus 
information. NPST modifies such afferent information. In 
this study, the pain reduction induced by NPST in patients 
with FBSS was associated with increased cerebral activity, 
mainly in the right ACG. The ACG is a cerebral area that 
is included in the pain matrix. Thus, NPST may generate 
therapeutic effects by affecting the pain matrix.
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Fig. 3. Standardized low-resolution brain 
electromagnetic tomography (sLORETA) 
images showing alpha current-source 
distribution (CSD) associated with pain 
improvement by non-invasive painless 
signaling therapy. The alpha CSD incre-
ment was in the left transverse gyrus of 
the temporal lobe. The number of supra-
threshold voxels was two (P < 0.05, two-
tailed). 
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