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Background: Chronic pain poses a significant social burden. Spinal cord
stimulation (SCS) is considered to be the most promising treatment for refractory
pain. The aim of this study was to summarize the current research hotspots on
SCS for pain treatment during the past two decades and to predict the future
research trends by bibliometric analysis.

Methods: The literature over the last two decades (2002-2022) which was related
to SCS in pain treatment was obtained from the Web of Science Core Collection.
Bibliometric analyses were conducted based on the following aspects: (1) Annual
publication and citation trends; (2) Annual publication changes of different
publication types; (3) Publications and citations/co-citations of different country/
institution/journal/author; (4) Citations/co-citation and citation burst analysis of
different literature; and (5) Co-occurrence, cluster, thematic map, trend topics,
and citation burst analysis of different keywords. (6) Comparison between the
United States and Europe. All analyses were performed on CiteSpace, VOSviewer,
and R bibliometrix package.

Results: A total of 1,392 articles were included in this study, with an increasing
number of publications and citations year by year. The most highly published
type of literature was clinical trial. United States was the country with the most
publications and citations; Johns Hopkins University was the institution with the
most publications; NEUROMODULATION published the most papers; the most
published author was Linderoth B; and the most cited paper was published in the
PAIN by Kumar K in 2007. The most frequently occurring keywords were “spinal
cord stimulation,” “neuropathic pain,” and “chronic pain,” etc.

Conclusion: The positive effect of SCS on pain treatment has continued to arouse
the enthusiasm of researchers in this field. Future research should focus on the
development of new technologies, innovative applications, and clinical trials for
SCS. This study might facilitate researchers to comprehensively understand the
overall perspective, research hotspots, and future development trends in this
field, as well as seek collaboration with other researchers.
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Introduction

Pain is an unpleasant sensory and emotional experience (Raja
et al., 2020). Acute pain has a physiological significance, whereas
chronic pain primarily causes human suffering (Treede et al., 2019;
Cohen etal., 2021). It has been reported that 20.5% people from the
United States are suffering from chronic pain (Yong et al., 2022),
whereas estimates in the United Kingdom range from 13 to 50%,
which prevents them from working (Mills et al., 2019), affects them
mentally, causes numerous psychological problems, etc., and
imposes a huge economic burden on individuals and society (Breivik
etal,, 2013; Cohen et al.,, 2021). According to one study, patients with
pain pay an additional $261 per year in medical costs, which causes
a socio-economic toll of over $29.9 billion (Gaskin and
Richard, 2012).

Pain can be treated in several ways, including pharmacological,
interventional, surgical, exercise, and psychological treatments
(Cohen etal., 2021). In recent years, various physiological treatments,
such as massage, reiki, mindfulness meditation, complementary and
alternative therapies, and music therapy, have also shown to
be effective (Furlan et al., 2015; Garza-Villarreal et al., 2017; Hilton
etal, 2017; Billot et al., 2019; Paley and Johnson, 2020). However, for
refractory chronic pain, these treatments have limited effects, and the
most promising treatment is currently neuromodulation, such as
spinal cord stimulation (SCS)(Pirvulescu et al., 2022). After Melzack,
R. proposed the gate-control theory of pain in 1965, SCS was then first
applied to the clinical treatment of chronic pain in 1967, achieving
satisfactory pain relief (Melzack and Wall, 1965; Shealy et al., 1967).
The use of SCS therapy has grown rapidly over the past two decades,
and the market for SCS instruments is expected to reach $2.8 billion
by 2025 (Knotkova et al., 2021).

Bibliometric analysis is a scientific method for assessing the
impact and development of a certain research field and is often used
to have a deep understanding of the research field (Keathley-Herring
et al., 2016). The literature on SCS for pain treatment has been
increasing over the past two decades. However, there are no relevant
studies that provide a systematic summary of the developments in this
field. The aim of this study is to generalize the development of this
field over the past two decades through bibliometric analysis and to
predict future research hotspots and trends.

Abbreviations: SCS, spinal cord stimulation; WOSCC, Web of Science Core
Collection; RCT, randomized controlled trial; HF, high-frequency; FBSS, failed
back surgery syndrome; CRPS, complex regional pain syndrome; EMEA, European
Medicines Evaluation Agency; FDA, Food and Drug Administration; DRGS, dorsal
root ganglion stimulation; PNS, peripheral nerve stimulation; 5-HT,
5-hydroxytryptamine; EAA, excitatory amino acids; GABA, gamma-aminobutyric

acid; MCA, multiple correspondence analysis.
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Methods
Data collection and retrieval strategy

We searched the literature from the Web of Science Core
Collection (WOSCC) with the strategy formula (TS=((“spinal
stimulation” OR “spinal cord stimulation” OR “epidural spinal
stimulation” OR  “epidural electrical stimulation” OR
“transcutaneous spinal stimulation” OR “intraspinal stimulation”
stimulation” OR electrical

OR “intra-spinal “intraspinal

stimulation” OR “intra-spinal electrical stimulation” OR
“intraspinal microstimulation” OR “intraspinal micro-stimulation”
OR “intra-spinal microstimulation” OR “intra-spinal micro-
stimulation” OR “spinal cord electrical stimulation”))) AND
((TS=(pain*))) for the period from January 1, 2002, to March 28,
2023. A total of 3,265 papers were obtained. After removing 94
papers that were not published in English and 997 papers that were
not published as article, 2,174 papers were included. Then two
people reviewed the literature separately to decide whether the
literature belonged to research of SCS on pain, when there was
disagreement, a third person reviewed it again and made the final
decision. Finally, 1,392 papers were identified and included in the

analysis. Figure 1A showed the flow chart of this study.

Analysis method

The bibliometric analyses was performed using CiteSpace (version
6.1.R2), VOSviewer (version 1.6.11.0), and bibliometrix R package
(version 3.0.4). Our analyses included the following aspects.

1. Annual trends of publication/citation. Using the R ggplot2
package, we overviewed the development of the field.

2. Analysis of publication types. We classified the literature
included into four research types refer to PubMed’s
classification, including basic research, case report, clinical
trial, and randomized controlled trial (RCT). Papers not
recorded in PubMed were manually reviewed and classified.
Finally, we analyzed the annual changes of different publication
types using the R ggplot2 package.

3. Analysis of countries/regions and institutions. The publications
of different countries/regions and institutions were analyzed
using CiteSpace, while the citation analyses were performed on
VOSviewer, which provided the insight into the research status
of different countries/regions and institutions. In the analysis
data, if A country published a paper, which cited the paper
published by B country, representing the country A and B
would form a citation relationship, and the A node was
connected to the B node in the figure. The more citations a
country/institution has, the more likely it has published some
significant findings.
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(A) The screening process of selected literature in this study. (B) Annual trends of publications and citations.

4. Analysis of journals and authors. The publications of different

VOSviewer and CiteSpace respectively, to access the significant

journals and authors were summarized, while their citation and
co-citation networks were created using VOSviewer. The
citation networks were formed similarly to the countries’ In the
analysis data, if a paper published on journal A, which cited the
paper published on journal B and the paper published on
journal C at the same time, there would be a co-citation
relationship between journal B and C, and the co-citation
counts for B and C were both increased by one. The journal/
author acquired more attention when it had more
co-citation counts.

. Analysis of literature. The co-citation network and citation
burst analysis of different literature were conducted by
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achievements and research hotspots in the field.

. Analysis of keywords. The keyword co-occurrence and cluster

analysis were performed at 5-year intervals using CiteSpace.
Besides, the factorial analysis, trend topics, and theme map
analysis were conducted by the R bibliometrix package. Citation
burst analysis was conducted using CiteSpace. All of these aimed
to find out the research hotspots and future trends in the field.

. Comparisons between the United States and the Europe.

We analyzed the representative authors and institutions as well
as their research themes of the USA and the Europe using
bibliometrix R package. In addition, the evolution of their
research themes were also analyzed.
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FIGURE 2
Annual changes in different publication types. (A) The annual change of different publication types presented by line chart. (B) The annual change of
different publication types presented by histogram.

Results
Publication and citation trends

As shown in Figure 1B, the number of annual publications in this
field increased from 22 in 2002 to 176 in 2020, with an overall
increasing trend (blue curve). The citation trend (red curve) showed
an increasing number of annual citations, from 7 in 2002 to 3,935 in
2020, while the latter 2 years began to decrease.

Publication type of literature

As shown in Figure 2, the most published type was clinical trial,
with a total of 641 papers, followed by the case report of 260 papers,
with an upward trend in recent years, and the remaining types had a
relatively slow growth.
Country/region and institution analysis

The publication analysis of different countries/regions was

presented in Figure 3A, where the nodes represented different
countries/regions, the node size represented the publication volume,
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and the connecting lines represented collaborations among countries.
Based on the publication volume, the top 10 countries with the most
publications were summarized in Table 1: United States (749), England
(138), Netherlands (120), Belgium (92), Germany (81). The
publication volumes of different countries were demonstrated on a
world map in Supplementary Figure S1.

The publication analysis of different institutions was shown
in Figure 3C. A total of 1,547 institutions were involved in this
study, and the top 10 most published institutions were shown in
Table 1: Johns Hopkins University (Hasoon et al., 2023), followed
by Albany Medical Center (Kapural and Calodney, 2022),
Karolinska Institute (Grider et al., 2016), Cleveland Clinic
(Kumar et al., 2002), and Poitiers University Hospital (Paul
et al., 2017).

The citation networks of different countries and institutions were
shown in Figures 3B,D. The node size represented the citation counts,
and the connecting lines represented the citation relationships
between nodes. The top 10 countries and institutions were
summarized in Supplementary Table S1, where the top five countries
were USA (15744), England (5552), Belgium (3800), Netherlands
(3763), and Canada (3260), and the top five institutions were Johns
Hopkins University (3300), Karolinska Institute (2825), University of
Exeter (2318), Regina general hospital (1710), and Cleveland
Clinic (1506).
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TABLE 1 The top 10 countries/regions and institutions with the most publications and their citations.

Ranking Country/ Papers Citations Citations | Institution Papers Citations Citations
Region per paper per paper

Johns Hopkins

1 United States 749 15,744 21.02 60 3,300 55.00
University
Albany Medical

2 England 138 5,552 40.23 59 612 10.37
Center
Karolinska

3 Netherlands 120 3,763 31.36 58 2,825 48.71
Institute

4 Belgium 92 3,800 41.30 Cleveland Clinic 47 1,506 32.04
Poitiers University

5 Germany 81 1724 21.28 42 326 7.76
Hospital

6 Ttaly 79 2,778 35.16 Mayo clinic 38 385 10.13
Harvard

7 Sweden 75 2,874 38.32 35 456 13.03
University

8 Spain 58 2,301 39.67 Duke University 33 746 22.61
Nevro

9 Canada 56 3,260 58.21 32 1,239 38.72
Corporation
Universitair

10 Peoples R China 53 417 7.87 32 235 7.34
Ziekenhuis Brussel
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FIGURE 4
The analysis of journals and authors by VOSviewer. (A) Network map of publications for different journals. (B) Network map of co-citations among
different journals. (C) Network map of publications for different authors. (D) Network map of co-citations among different authors.

The population and GDP of the top 10 countries with the
most publications were summarized in Supplementary Table S2
based on World Bank data 2021. The top 10 funding agencies for
the output of research in this field were summarized in
Supplementary Table S3. In addition, cluster analyses were
conducted for countries and institutions, while the top five
cluster were listed in

countries and institutions in each

Supplementary Tables S4, S5.

Journal analysis

All the papers included in the analysis were published in 287
journals. To highlight the important journals, we selected journals
with more than 5 publications for the analysis. The citation
network was shown in Figure 4A while the co-citation network
was in Figure 4B. Node size represented the number of
publications and co-citations respectively, and the connecting
lines represented the citation and co-citation relationships
between nodes. The top 10 journals with the most publications or
co-citations were listed in Table 2. The journal with the highest
number of papers was NEUROMODULATION (394, IF3.025,
Q3), followed by PAIN PRACTICE (61, IF3.079, Q3), and PAIN
PHYSICIAN (58, 1F4.396, Q2). The journal with the highest

Frontiers in Neuroscience

number of co-citations was NEUROMODULATION (5,622,
IF3.025, Q3), PAIN (3,523, IF7.926, Ql), followed by and
NEUROSURGERY (2,625, IF5.315, Q1).

Author analysis

To better show the citation and co-citation relationships among
authors, we only selected authors with more than 10 publications
for analysis, and the citation relationships were shown in
Figure 4C. The co-citation network of authors with more than 200
co-citations was shown in Figure 4D. The node sizes in Figures 4C,D
represented the number of publications and co-citations,
respectively. The top 10 authors with the highest number of
publications or co-citations were summarized in Table 3. The author
with the highest number of publications was Linderoth B, with 53
publications, and Kumar K was the author with the highest number
of co-citations (1395).

Literature analysis

The co-citation network of literature was demonstrated in
Figure 5A. The node size represented the number of co-citations, and the
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TABLE 2 The top 10 journals with the most publications and co-citations.

10.3389/fnins.2023.1158712

Ranking Journal Frequency JCR category Category rank Category IF 2021
2021 quartile 2021
Clinical neurology; medicine
1 Neuromodulation 394 131/212;96/139 Q3;Q3 3.025
research and experimental
Anesthesiology; clinical
2 Pain practice 61 20/34;128/212 Q3;,Q3 3.079
neurology
Anesthesiology; clinical
3 Pain physician 58 11/34;77/212 Q2;Q2 4.396
neurology
Anesthesiology; medicine,
4 Pain medicine 42 16/34;65/172 Q2;Q2 3.637
general and internal
5 Neurosurgery 40 Clinical neurology; surgery 52/212;26/213 QLQ1 5.315
Journal of pain
6 32 Clinical neurology 139/212 Q3 2.832
research
7 World neurosurgery 30 Clinical neurology; surgery 170/212;124/213 Q4Q3 2.21
Anesthesiology ; clinical
8 Pain 29 5/34;21/212;33/275 QL;,QL;Q1 7.926
neurology N neurosciences
European journal of Anesthesiology ; clinical
9 28 15/34 ; 103/212 ; 153/275 Q2;Q2;,Q3 3.651
pain neurology ; neurosciences
Stereotactic and
Neuroimaging; neurosciences;
10 functional 21 13/14;253/275;160/213 Q4;Q4;,Q4 1.643
surgery
neurosurgery
. Categor
: Co-cited Category Rank gory
Ranking . Frequency JCR category Quartile IF 2021
journals 2021
2021
Clinical neurology; medicine,
1 Neuromodulation 5,622 131/212;96/139 Q3;,Q3 3.025
research and experimental
Anesthesiology ; clinical
2 Pain 3,523 5/34;21/212;33/275 Q1;QL1;Q1 7.926
neurology 3 neurosciences
3 Neurosurgery 2,625 Clinical neurology; surgery 52/212;26/213 QLQ1 5.315
Clinical neurology;
4 Spine 1,254 117/212;29/86 Q3;Q2 3.269
orthopedics
Anesthesiology; medicine,
5 Pain medicine 1,181 16/34;65/172 Q2;Q2 3.637
general and internal
Journal of
6 1,045 Clinical neurology; surgery 45/212;23/213 QLQ1 5.526
neurosurgery
Anesthesiology ; clinical
7 Pain physician 1,044 11/34;77/212 Q2;Q2 4.396
neurology
Anesthesiology ; clinical
8 Pain practice 869 20/34;128/212 Q3;Q3 3.079
neurology
European journal of Anesthesiology ; clinical
9 801 15/34 ; 103/212 ; 153/275 Q2;Q2;Q3 3.651
pain neurology ; neurosciences
10 Anesthesiology 730 Anesthesiology 4/34 Q1 9.198

line between nodes represented the co-citation relationship between
nodes. The top 10 cited and co-cited papers were summarized in Table 4.
Interestingly, the most cited and co-cited paper were the same one
“Spinal Cord Stimulation Versus Conventional Medical Management
For Neuropathic Pain: A Multicentre Randomised Controlled Trial In
Patients With Failed Back Surgery Syndrome;” which was published on
PAIN by Kumar K in 2007, with a total of 671 citations and 311
co-citations.

Frontiers in Neuroscience

The top 25 articles with the strongest citation bursts were
illustrated in Figure 5B. The red bars represented the periods of the
citation bursts, which indicated a higher citation frequency, while
the blue bars indicated fewer citations. The strongest burst of
literature was published on ANESTHESIOLOGY by Kapural L in
2015, which focused on the application of high-frequency (HF)
electrical stimulation for chronic back and leg pain. The most recent

paper being concerned was a prospective RCT which successfully
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TABLE 3 The top 10 authors with the most publications and co-citations.

Ranking Author Frequency Country/

Region

10.3389/fnins.2023.1158712

Co-cited
author

Country/
Region

Frequency

1 Linderoth, Bengt 53 United States Kumar, Krishna 1,395 Canada
2 Deer, Timothy R. 45 England Deer, Timothy R. 606 United States
3 Pilitsis, Julie G. 43 Belgium Kapural, Leonardo 554 United States
4 Moens, Maartens 36 Netherlands Kemler, Marius A. 492 Netherlands
6 Goudman, Lisa 32 United States Woolf, Clifford J. 453 United States
5 Kapural, Leonardo 29 Sweden De Ridder, Dirk 433 Belgium
7 Joosten, Elbert A. J. 29 Belgium Linderoth, Bengt 415 Sweden
9 Vallejo, Ricardo 28 United States Melzack, Ronald 342 Canada
8 Eldabe, Sam 27 United States Al-kaisy, Adnan 323 England
10 North, Richard B. 26 United States Barolat, Giancarlo 313 United States
A < 2
Top 25 References with the Strongest Citation Bursts
References Year Strength Begin End 2002 - 2023
» ©  kumark, 1991 @neurosurg,v7 NORTH RB, 1993, NEUROSURGERY 1993 25732002 2011
cuijg, 1996, pgin, 66, p287, | Burchiel KJ, 1996, SPINE 1996 21.422002 2009
\ \ &2 (&7 Linderoth B, 1999, NEUROMODULATION 1999 18.622002 2011
‘ peKlcy o, 200Sping/ AR N\ 525 \N Mantheimer C, 1998, CIRCULATION 1998 14782002 2009
yakhnitsa v, 1999; pain, v79, northrb, 199\1’eur°5u'gery, TURNER JA, 1995, NEUROSURGERY 1995 14272002 2009
song zy, 2009 gain, V147, p24,\ AN MEYERSON BA, 1995, PAIN 1995 12.552002 2014
\taylor rod's, 2006, pain [ D 200AReuroskrgery, BellGK, 1997, J PAIN SYMPTOM MANAG 1997 12.052002 2010
Ltiller o) 199&‘Leumsurgery \ ¥\ Y % Stiler CO, 1996, NEUROSURGERY 1996 12.392003 2016
Q0% ¥ J N Kumar K, 2002, NEUROSURGERY 2002 13.052004 2009
- linderath b,:1999; netirom ® North RB, 2002, NEUROSURGERY 2002 15822005 2014
cuijg 1997, I f Schechtmam G, 2008, PAIN 2008 15362009 2016 e ———i
v— Song ZY, 2009, PAIN 2009 12232011 2016 B —
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MANAGE 2006 13282012 2016 e oot ———
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FIGURE 5
The analysis of literature. (A) Network map of co-citations among different literature by VOSviewer. (B) The top 25 articles with the strongest citation
bursts by CiteSpace.

confirmed the safety and superior clinical efficacy of a novel, closed-
loop system, reported on LANCET NEUROLOGY by Mekhail, N
in 2020.

Keyword analysis

The five-yearly keyword co-occurrence analysis was presented in
Figure 6. The bigger the node was, the more frequently a keyword
occurred. The top 10 keywords in each time period and their centralities
were summarized in Table 5. Keywords with high research interest were
“spinal cord stimulation;” “neuropathic pain;” “chronic pain,” “failed back
surgery syndrome (FBSS),” and “management,” etc.

Figure 7 showed the cluster analysis of keywords in 5-year
intervals. The 2002-2006 keyword clusters were “angina pectoris,”
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“spinal wide dynamic range neuron,” and “axial low back pain,”’

» o«

etc. “Pain-relieving effect,” “refractory angina,” and “complex
regional pain syndrome (CRPS) type,” etc. were the clusters in
2007-2011. Clusters in 2012-2017 were “paddle lead,” “peripheral
nerve injury,” and “chronic pain,” etc. While “neuropathic pain,”
“spinal cord injury,” and “Parkinson’s disease,” etc. were clusters in

2018-2023.

Research topics and hotspot trends

The keyword factorial analysis was shown in Figure 8A, which
divided the keywords into two clusters. The main keywords in the red
cluster were “neuropathic pain” and “low back pain,” indicating those
refractory pain. The blue cluster represented therapies and research
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TABLE 4 The top 10 articles with the most citations and co-citations.

Ranking

Literature

Cited
counts

Journal

10.3389/fnins.2023.1158712

First author
(year)

Country/
Region

Ranking

Co-cited literature

Co-cited
counts

First author
(year)

Spinal Cord Stimulation Versus Conventional Medical Management
Kumar, Krishna
1 For Neuropathic Pain: A Multicentre Randomised Controlled Trial In 671 Pain (2007) Canada
Patients With Failed Back Surgery Syndrome
Spinal Cord Stimulation Versus Repeated Lumbosacral Spine Surgery
2 531 Neurosurgery North, RB (2005) | United States
For Chronic Pain: A Randomized, Controlled Trial
Novel 10-Khz High-Frequency Therapy (HF10 Therapy) Is Superior To Kapural
apural,
3 Traditional Low-Frequency Spinal Cord Stimulation For The Treatment 444 Anesthesiology United States
Leonardo (2015)
Of Chronic Back And Leg Pain
The Effects Of Spinal Cord Stimulation In Neuropathic Pain Are
Sustained: A 24-Month Follow-Up Of The Prospective Randomized Kumar, Krishna
4 423 Neurosurgery Canada
Controlled Multicenter Trial Of The Effectiveness Of Spinal Cord (2008)
Stimulation
Spinal Cord Stimulation In Treatment Of Chronic Benign Pain:
Kumar, Krishna
5 Challenges In Treatment Planning And Present Status, A 22-Year 285 Neurosurgery (2006) Canada
Experience
Comparison Of 10-Khz High-Frequency And Traditional Low-
Frequency Spinal Cord Stimulation For The Treatment Of Chronic Kapural,
6 259 Neurosurgery United States
Back And Leg Pain: 24-Month Results From A Multicenter, Leonardo (2016)
Randomized, Controlled Pivotal Trial
Effect Of Spinal Cord Stimulation For Chronic Complex Regional Pain
Journal of Kemler, Marius A.
7 Syndrome Type I: Five-Year Final Follow-Up Of Patients In A 238 Netherlands
neurosurgery (2008)
Randomized Controlled Trial
Success Using Neuromodulation With BURST (SUNBURST) Study:
Deer, Timothy
8 Results From a Prospective, Randomized Controlled Trial Using a 226 Neuromodulation (2018) United States
Novel Burst Waveform
Burst Spinal Cord Stimulation: Toward Paresthesia-Free Pain De Ridder, Dirk
9 221 Neuromodulation Belgium
Suppression (2010)
Sustained Effectiveness of 10 kHz High-Frequency Spinal Cord
Al-Kaisy, Adnan
10 Stimulation for Patients with Chronic, Low Back Pain: 24-Month 218 Pain medicine (2014) England
Results of a Prospective Multicenter Study

Country/
Region

Spinal Cord Stimulation Versus Conventional Medical Management
Kumar, Krishna
1 For Neuropathic Pain: A Multicentre Randomised Controlled Trial In 311 Pain (2007) Canada
7
Patients With Failed Back Surgery Syndrome
2 Pain Mechanisms: A New Theory 287 Science Melzack R (1965) = Canada
Spinal Cord Stimulation Versus Repeated Lumbosacral Spine Surgery
3 242 Neurosurgery North, RB (2005) | United States
For Chronic Pain: A Randomized, Controlled Trial
Novel 10-Khz High-Frequency Therapy (HF10 Therapy) Is Superior To Kaoural
apural,
4 Traditional Low-Frequency Spinal Cord Stimulation For The Treatment 233 Anesthesiology P United States
Leonardo (2015)
Of Chronic Back And Leg Pain
The Effects Of Spinal Cord Stimulation In Neuropathic Pain Are
Sustained: A 24-Month Follow-Up Of The Prospective Randomized Kumar, Krishna
5 226 Neurosurgery Canada
Controlled Multicenter Trial Of The Effectiveness Of Spinal Cord (2008)
Stimulation
Safety And Efficacy Of Spinal Cord Stimulation For The Treatment Of Journal of Cameron, T
6 210 Canada
Chronic Pain: A 20-Year Literature Review neurosurgery (2004)
Electrical Inhibition Of Pain By Stimulation Of The Dorsal Columns: Anesthesia and
7 198 Shealy, CN (1967) | United States
Preliminary Clinical Report. analgesia
(Continued)
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TABLE 4 (Continued)

10.3389/fnins.2023.1158712

. . . Co-cited First author Country/
Ranking Co-cited literature Journal ntry
counts (year) Region
Spinal Cord Stimulation In Treatment Of Chronic Benign Pain:
Kumar, Krishna
8 Challenges In Treatment Planning And Present Status, A 22-Year 172 Neurosurgery (2006) Canada
Experience
New England
Spinal Cord Stimulation In Patients With Chronic Reflex Sympathetic Kemler, MA
9 169 journal of Netherlands
Dystrophy (2000)
medicine
Spinal-Cord Stimulation For Chronic, Intractable Pain - Experience NORTH, RB
10 135 Neurosurgery United States
Over 2 Decades (1993)
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FIGURE 6
Keyword co-occurrence in five-yearly analysis by CiteSpace. (A) The co-occurrence of keywords in 2002-2006. (B) The co-occurrence of keywords
in 2007-2011. (C) The co-occurrence of keywords in 2012-2017. (D) The co-occurrence of keywords in 2018-2023.

methods such as
“double blind?”
Global research trends evolution was showed in Figure 8B,

“10khz high frequency; “multicenter;” and

the starting segment of the blue line was the time when the
keyword first appeared, and the size of the circle was positively
related to the number of times that the keyword had appeared.
Recent themes were “10khz,” “high frequency,” and “pain
management,” etc.

The keywords were divided into four quadrants in the
thematic map, as shown in Figure 8C. Themes in the first quadrant

were important and well-developed which were represented by
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“quality of life” and “chronic neuropathic pain” Themes in the
second quadrant had been well-developed but had little impact on
the current field, such as “chronic low back pain” and “abdominal
pain.” The third quadrant represented marginal themes, such as
the “postherpetic neuralgia” and “vas,” which were not so
important. The fourth quadrant represented those important but
not well-developed themes, mainly referring to basic concepts

» «

such as “cost-effectiveness,” “spinal cord stimulation,” and “spinal
cord stimulator”
The citation burst analysis was presented in Figure 8D, the

strongest citation burst of keywords was “experience,” followed by
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“chronic pain,” and “10khz high frequency;” etc. The most recent

keywords being concerned were “neuromodulation,” “therapy” and
“outcome;” both starting in 2020.

Comparison between the United States
and Europe

From the three-field plot analysis (Figures 9A,C), research
keywords and institutions or authors were linked by grey lines.
We found that the representative authors of the United States were
Kapural L, Deer TR, and North RB, their main research themes
were “spinal cord stimulation,” “chronic pain,” and
“neuromodulation,” etc. The representative institutions of the
United States were Johns Hopkins University, Duke University,
and Cleveland Clinical, etc. Similarly, Linderoth B, Rigoard P,
Eldabe s were the representative authors of the Europe, their main
research themes were “spinal cord stimulation,” “failed back
surgery syndrome,” and “chronic pain,” etc. The representative
institutions of the Europe were Poitiers University Hospital,
Universitair Ziekenhuis Brussel, and Aarhus university, etc. The
evolution of research themes in the United States and Europe were

showed in Figures 9B,D.

Discussion

Using mapping knowledge domains, we retrospectively analyzed
the literature on SCS for pain treatment in the last two decades. As the
clinical use of SCS has expanded, researchers are getting more and
more attentions to SCS. This study has provided detailed information
on advances in SCS treatment for pain management, the leading
national and institutional authorities, the publication directions in the
field, the representative key findings in this direction, as well as the
prediction of future research hotspots.

From 2002 to 2022, researches on SCS for pain management have
increased a lot, and the number of citations has increased from 7 to
3,935, reflecting a clear increase in researcher interest. A significant
increase emerged in the literature from 2005 to 2009. Combining with
co-citation and citation burst analysis of the references, we analyzed
that this trend was presumed by the multicenter RCT by Kumar et al.
(2007), the largest trial of SCS for neuropathic pain, which achieved
over 50% pain relief, significantly exceeding the 30% licensing
threshold recommended by the European Medicines Evaluation
Agency (EMEA) (Kumar et al., 2007). Because of this exciting result,
researchers were encouraged to look to SCS for pain management;
what’s more, a review by Cameron (2004), which indicated that SCS
was safe and had a long-term effect in the treatment of a wide range
of chronic pain, was cited in an upsurge of citations between 2006 and
2009. This had also increased the interest of researchers. Another
growth spurt which appeared in 2018, combined with the most
popular keyword “10kHz high frequency” since 2018, might
be explained by the 24-month RCT conducted by Kapural et al.
(2016). The study of Kapural et al. (2016) sparked research interest in
topics such as HF electrical stimulation by confirming that HF
stimulation  has over conventional

long-term  advantages

low-frequency SCS for chronic back and leg pain. This was also
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evidenced by the approval from the US Food and Drug Administration
(FDA) for 10-kHz HF therapy in the treatment of back and leg pain
in 2015 (Kapural et al., 2016). Based on the current positive
therapeutic results, it is expected that more attention will be paid to
this field in the future, and the emergence of new technologies and
application scenarios will contribute to a higher number of
publications and total citations.

Regarding the distribution of countries and institutions,
United States leads the world leader in the number of publications
(749) on SCS for pain treatment, accounting for 54% of the total
number of publications and receiving 15,744 citations. This indicated
the United States dominance in the field of SCS for pain treatment.
In terms of publication number, other countries showed a correlation
with their economic levels. For example, Netherlands, England, and
Belgium had a higher number of articles published on SCS for pain
treatment than other countries. The top five countries in terms of
citations were the USA, England, Belgium, Netherlands, and Canada,
where SCS research in this field had been widely recognized by
researchers. The institution with the highest number of publications
in the field of SCS for pain treatment was Johns Hopkins University.
The university had conducted extensive research on RCTs and basic
physiological experiments in the field of SCS for pain (North et al.,
2007; Shechter et al., 2013; Yang et al., 2015; Su et al., 2017; Deer et al.,
2018), covering various applications of SCS for chronic low back pain
(North et al., 2005), angina (Rea and Erdek, 2007), cancer pain (Soffin
etal., 2012), neuropathic pain (Dworkin et al., 2013), and other pain
Other with
contributions to research on SCS for pain treatment included Albany
Medical Center, the Karolinska Institute, and Cleveland Clinic. In
terms of citations, Johns Hopkins University, the Karolinska Institute,

conditions. prominent institutions significant

Cleveland Clinic, Nevro Corporation, Duke University, and Albany
Medical Center had been widely recognized for their research. These
institutions are available to researchers for studying, exchanging,
and collaborating.

The quality of research in this field was generally high, with 50% of
SCS research published in journals with a Q2 division or higher, and a
minimum impact factor of over three. The journal with the highest
number of publications in this field was NEUROMODULATION,
which focused mainly on clinical, translational, and basic research on
neuromodulation (Brandmeir and Sather, 2015; Duan et al., 2021).
There are some other journals with high impact factors, such as PAIN,
PAIN PHYSICIAN, and NEUROSURGERY. These journals publish a
significant number of papers with high co-citations on SCS for pain
treatment, making them valuable resources for researchers to study.

The authors who had made a significant contribution to the field
of SCS for pain treatment are Linderoth B, Deer TR, and Pilitsis
JG. Professor Linderoth B, from the Karolinska Institutet, is working
on the mechanism of SCS in pain relief, such as the increased
5-hydroxytryptamine (5-HT) release, the inhibition of excitatory
amino acids (EAA) release by increased gamma-aminobutyric acid
(GABA) release, and the activation of the cholinergic system in the
dorsal horn in SCS pain control (Linderoth et al., 1994; Stiller et al.,
1996; Schechtmann et al., 2008; Song et al., 2011). Professor Deer TR
from Spine & Nerve Center, University of West Virginia, is an expert
who focuses on intrathecal drug delivery and neuromodulation of pain
control, especially in dorsal root ganglion stimulation (DRGS), SCS,
and peripheral nerve stimulation (PNS) (Deer et al., 2011, 2016, 2019;
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TABLE 5 The top 10 co-occurrence keywords and their centralities in five-yearly analysis.

Ranking 2002-2006 2007-2011
Keyword Frequency Centrality Keyword Frequency Centrality
1 Spinal cord stimulation 92 0.91 Spinal cord stimulation 180 0.82
2 Chronic pain 36 0.15 Neuropathic pain 71 0.21
3 Electrical stimulation 27 0.13 Back surgery syndrome 43 0.04
4 Neuropathic pain 22 0.13 Chronic pain 42 0.06
5 Pain 21 0.08 pain 37 0.08
6 Management 21 0.07 Management 35 0.08
7 Experience 20 0.05 Experience 32 0.03
8 Dorsal column stimulation 20 0.07 Mechanism 32 0.1
9 Mechanism 19 0.06 Electrical stimulation 27 0.06
10 Back surgery syndrome 18 0.03 Dorsal column Stimulation 23 0.04
2012-2017 8-2023
Keyword Frequency Keyword Frequency Centrality

1 Spinal cord stimulation 271 0.61 Spinal cord stimulation 440 0.56
2 Neuropathic pain 155 0.34 Neuropathic pain 179 0.22
3 Chronic pain 97 0.11 Chronic pain 173 0.13
4 Back surgery syndrome 90 0.13 Multicenter 102 0.04
5 Failed back surgery syndrome 61 0.05 Management 92 0.07
6 Management 50 0.04 Pain 88 0.05
7 Pain 45 0.05 10khz high frequency 81 0.03
8 Randomized controlled trial 44 0.03 Failed back surgery syndrome 78 0.04
9 Follow up 41 0.03 Mechanism 76 0.06
10 Mechanism 37 0.04 Back surgery syndrome 76 0.05

Mekhail et al., 2020). Professor Pilitsis JG from Florida Atlantic
University, has finished many SCS clinical trials, she dedicated to the
research of prognosis and pain assessment in patients that treated with
SCS as well, which all acquired satisfied outcomes (Youn et al., 2015;
Marola et al., 2017; Paul et al., 2017; Kumar et al., 2018; Gee et al.,
2019). These findings can be useful for basic and clinical researchers
who are seeking the literature for their clinical studies or basic research.

The co-citation analysis of authors and literature, along with
keyword co-occurrence and hierarchical clustering by multiple
correspondence analysis (MCA), highlighted hot topics in the research
field and how they have evolved over time (Chen, 2017). The three
most highly co-cited authors were Kumar K, Deer TR, and Kapural
L. As a neurosurgeon, Kumar K had conducted many clinical studies
on SCS, covering a wide range of areas, including applications,
management of complications, and cost-benefit analysis (Kumar et al.,
2002, 2005; Deer et al., 2014). Deer TR, the most published author in
this field, had also received a large number of co-citations. Kapural L
completed many RCT and clinical trials, demonstrated the
effectiveness and safety of SCS in the treatment of chronic back and
leg pain (Kapural et al., 2016, 2017; Amirdelfan et al., 2018; Levy et al.,
2019, 2020; Mekhail et al., 2020). Meanwhile, he introduced SCS into
the treatment of chronic abdominal pain and achieved satisfactory
results (Kapural and Rakic, 2008; Puylaert et al., 2011; Kapural et al.,
2020). The most highly co-cited paper in our analysis was an RCT by
Professor Kumar K on the effects of SCS and conventional medication
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in patients with FBSS, which showed that the analgesic effect of SCS
was more satisfactory (Kumar et al., 2007). The second most highly
co-cited paper was Melzack Rs 1965 gate-control theory of pain
transmission, which provided the physiological basis for SCS (Melzack
and Wall, 1965). The report on the first clinical application of SCS for
pain treatment in 1967 also received a significant number of
co-citations. The keyword co-occurrence analysis at 5-year intervals
(Figure 6) showed that SCS was initially used for neuropathic pain and
chronic pain, with a focus on chronic pain being mainly low back
pain, and the keyword “mechanism” appeared more frequently in each
time period. In summary, since its first clinical use on pain treatment
in 1967, SCS has been the subject of numerous studies that have
confirmed its effectiveness and benefits in various clinical settings. As
shown in the hierarchical cluster of factorial analysis (Figure 8A), the
current research on SCS mainly consists of two aspects. The first is
various types of refractory pain, represented by neuropathic pain and
FBSS, and the second is therapy and research methods, etc., indicating
that SCS has been continuously expanded in clinical pain application
scenarios by multicenter research since its birth. We can learn that
FBSS and clinical trial or RCT of SCS on various pain scenarios are
hotspots in the field. Meanwhile, the mechanism of SCS for pain
control is also attractive and important, maybe we can improve the
SCS based on a clearly defined physiological mechanism in the future.

The most recent research trends in the field were revealed by a
burst analysis of literature and keywords, as well as the thematic map
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FIGURE 7
Keyword cluster in five-yearly analysis by CiteSpace. (A) The cluster network of keywords in 2002-2006. (B) The cluster network of keywords in 2007-
2011. (C) The cluster network of keywords in 2012-2017. (D) The cluster network of keywords in 2018-2023.

of keywords. The paper with the strongest citation burst was published
on ANESTHESIOLOGY by Kapural L et al. in 2015. The study
highlighted the effectiveness of HF electrical stimulation, with results
showing that this new HF therapy was almost twice as effective as
conventional therapy in the long-term treatment of back and leg pain
(Kapural et al., 2015). The paper that had received growing attention
latest was Deer TR et al’s study on burst waveforms, also as a new
technique for SCS, and it revealed that burst waveforms were more
effective in treating chronic pain than conventional SCS (Deer et al.,
2018). However, what is being done with the SCS technique has
attracted the attention of researchers. The study by Deer TR et al.
stated that DRGS was more effective than SCS for pain control in
patients with CRPS type I and causalgia (Deer et al,, 2017). A
systematic review by Grider J et al. had gotten the same attention,
which assessed the effectiveness of SCS for chronic spinal pain and
concluded that there was significant evidence (grades I-1I) for its
efficacy of SCS for lumbar FBSS (Grider et al., 2016). In addition, the
highest citation burst keyword was “experience;” and other keywords
that had received attention in the last 5years included “10khz high
frequency;” “therapy,” “multicenter;” “chronic back,” “therapy;” and
“outcome.” These findings revealed that the most recent research has
shifted towards the use of HF electrical stimulation, and multicenter
trials are often used to validate the findings in this area. Moreover, as
shown in the thematic map of keywords (Figure 8C), research of SCS
in “chronic low back pain” and “refractory angina” had been relatively
mature (the second quadrant), with a trend of gradually turning to the

field of “chronic neuropathic pain” (the first quadrant), which already
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had a certain research basis. As for the basic concepts of SCS on pain
treatment, such as “cost-effectiveness,” “spinal cord stimulator,” and
“complications” (the fourth quadrant), the current research is still
immature, and many issues have not been fully elucidated. Combined
with the analysis of trend topics, 10 khz-HF SCS (De Carolis et al.,
2017; Kapural et al., 2020; Gupta et al., 2021; Kapural and Calodney,
2022; Hasoon et al., 2023), burst SCS (De Ridder et al., 2010, 2013;
Schu et al,, 2014; Deer et al., 2018), SCS combined application with
PNS (Rigoard et al., 2021), HF-SCS (Song et al., 2015; Kowalski et al.,
2016, 2017), close loop (Mekhail et al., 2020, 2022), adapter (Rigoard
et al., 2022), predictive responders (Sparkes et al., 2015; Goudman
etal., 2021; Ounajim et al., 2021), combined waveforms (Billot et al.,
2020; Kallewaard et al, 2021), and holistic/multidimensional
assessment (Pilitsis et al., 2021; Rigoard et al., 2021; Goudman et al.,
2023; Levy et al,
management. In conclusion, we predict that applications in more

2023) would be the future trends in pain

types of pain, study of complications, development and optimization
of SCS techniques, and combined application of SCS with other
neuromodulation to treat pain would be the future research trends.
Additionally, in terms of SCS research, both American and
European researchers have used SCS for the treatment of a variety types
of pain as well as conducting many studies on complications and
infections after SCS implantation. However, European researchers
showed more interest in burst stimulation (De Ridder et al., 2010, 2013;
Schu et al., 2014), FBSS pain control (Zucco et al., 2015), the research
of complications, risk of infection, and quality of life after implantation
of SCS (Kumar et al., 2006, 2007; Deer et al., 2014), while American
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researchers were more interested in developing new technologies such
as HF stimulation (De Carolis et al., 2017; Kissoon et al., 2017; Kapural
etal,, 2020; Gupta et al., 2021; Kapural and Calodney, 2022).

Spinal cord stimulation has been used clinically for over 50years
for pain treatment, and has been proven to be effective in clinical
trials. In the last two decades, SCS has developed rapidly, with new
techniques such as HF electrical stimulation being developed and
tested (Kapural et al., 2015), and United States has been a leading
country in this regard. SCS clinical trials have gradually become a
research hotspot, and the proportion of basic research has gradually
decreased. It is vital to remark that the development of new
technologies and their applications are hot research topics.

It is important to note that the study has a few limitations. First, the
analysis was based on the literature from the last two decades and
might have slightly affected the results of the analysis of developments.
Second, based on WOSCC and English language literature, this study
might have excluded a few important articles that were written in other
languages. Finally, the more streamlined search format might have
included a small number of articles that were not directly related to the
field; however, this would not significantly impact the overall
understanding of our study.

Overall, our study provides a comprehensive view of the
development of pain control in SCS over the last two decades, enabling
future researchers to identify the most prominent countries, institutions,
and authors, etc. in the field more quickly. At the same time, we not only
identified many highly regarded literature and keywords in the field but
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also evaluated their corresponding temporal information, and
scientifically predicted the research hotspots and trends.
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