European Spine Journal (2023) 32:2647-2661
https://doi.org/10.1007/500586-023-07661-0

ORIGINAL ARTICLE q

Check for
updates

Bibliometric analysis and description of research trends
on transforaminal full-endoscopic approach on the spine for the last
two-decades

Yanting Liu’ - Khanathip Jitpakdee? - Facundo Van Isseldyk® - Jung Hoon Kim' - Young Jin Kim' - Kuo-Tai Chen* -
Kyung-Chul Choi’ - Gun Choi® - Junseok Bae’ - Javier Quillo-Olvera® - Cristian Correa® - Marlon Sudario Silva'® -
Vit Kotheeranurak' - Jin-Sung Kim'

Received: 22 November 2022 / Revised: 6 March 2023 / Accepted: 19 March 2023 / Published online: 27 March 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Objective The study aims to assess the current development status of transforaminal full-endoscopic spine surgery (TFES)
by exploring and analyzing the published literature to obtain an overview of this field and discover the evolution and emerg-
ing topics that are underrepresented.

Methods Using Bibliometrix, CiteSpace, and VOSviewer, we analyzed the bibliometric data selected from the Web of
Science Core Collection between January 2002 and November 2022. The descriptive and evaluative analyses of authors,
institutes, countries, journals, keywords, and references are compiled. The quantity of research productivity was measured
by the number of publications that were published. A quality indicator was thought to be the number of citations. In the
bibliometric analysis of authors, areas, institutes, and references, we calculated and ranked the research impact by various
metrics, such as the h-index and m-index.

Results A total of 628 articles were identified in the field of TFES by the 18.73% annual growth rate of research on the
subject from 2002 to 2022, constituting the documents are by 1961 authors affiliated with 661 institutions in 42 countries
or regions and published in 117 journals. The USA (n=0.20) has the highest international collaboration rate, South Korea
has the highest H-index value (2=33), and China is ranked as the most productive country (n=348). Brown univ., Tongji
univ., and Wooridul Spine represented the most productive institutes ranked by the number of publications. Wooridul Spine
Hospital demonstrated the highest quality of paper publication. The Pain Physician had the highest h-index (n=18), and the
most cited journal with the earliest publication year in the area of FEDS is Spine (#=1855).

Conclusion The bibliometric study showed a growing trend of research on transforaminal full-endoscopic spine surgery over
the past 20 years. It has shown a significant increase in the number of authors, institutions, and international collaborating
countries. South Korea, the United States, and China dominate the related areas. A growing body of evidence has revealed
that TFES has leapfrogged from its infancy stage and gradually entered a mature development stage.
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Introduction

Widespread acceptance of reducing surgical invasiveness
has gradually changed the paradigm of spine surgery and
scientific publishing [1, 2]. Undoubtedly, there will be those
who benefit from the microscopy widely implementing
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minimally invasive spine surgery techniques in the current
practice of spine surgery, such as endoscopic techniques [3,
4]. For nearly two-decades, surgical techniques and endo-
scopic technology have dramatically developed. With the
advent of higher-resolution cameras, ingenious instruments,
and large channel endoscopic systems, the indications for
the full-endoscopic technique for treating spine diseases
are becoming more widely and clearly understood. More
importantly, the success of those pioneering studies brings
confidence to the clinical application of this technique [5].
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The introduction of Kambin’s triangle as a safe surgical
trajectory into the neuroforamen to access the interverte-
bral disc is the key to implementing the technical feasibility
of transforaminal full-endoscopic surgery (TFES) [6]. The
technical advantage of TFES is not only associated with
paraspinal muscle dissection and shorter length of stay but
also its application in awake and aware states under local
anesthesia. [7, 8] This would greatly benefit the community
of degenerative lumbar spine disease that is characterized by
older age. Moreover, it also is an effective surgical technique
to avoid adhesions left by the previous surgery to cope with
nonextensive, noninstability revisions, such as disc rehernia-
tion [9, 10].

To our knowledge, this research is the first bibliomet-
ric work to quantitatively examine TFES research over a
20-year period. Previous articles have presented research
on full-endoscopic spine surgery; however, we believe it
is not enough to describe the worldwide research produc-
tivity trend of TFES [11] Our study provides the current
development status of TFES by exploring and analyzing the
published literature to obtain an overview of this field. By
discovering the evolution of TFES research and emerging
topics that are underrepresented, it can illustrate to readers
a full picture via a bibliometric network map and then, make
them benefit from decomposition of the network map within
its main components. Identifying the trends and evolutionary
trajectories can assist spine surgeons and help decide the
future course of TFES research. However, no bibliometric
research papers have been published so far on the applica-
tion of TFES in spine surgery. Given the foregoing purpose,
the aim of our research is to assist clinicians in discovering
the emerging topics from published articles and illustrate an
overview of the bibliometric analysis of the current state of
research on TFES.

Method

Bibliometric analysis was conducted in this study to perform
quantitative statistical measurements for currently published
research on the clinical application of full-endoscopic spine
surgery via the transforaminal approach. This paper covers
the two separate bibliometric approaches, descriptive analy-
sis, and evaluative analysis, which also are named top-down
and bottom-up analysis, respectively. This integrated biblio-
metric methodology not only describes the publication per-
formance of individuals and sources but also focuses on the
evaluation of the safeguarding of scientific quality aspects
of scientific performance. Different software packages were
used to build the networks. In our study, we used Bibliome-
trix 4.0.0, an open-source R-package tool for quantitative
research in scientometrics and bibliometrics, which was
created using the R language for statistical computing and
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graphics, following a logical bibliometric methodology [12];
CiteSpace 6.1.R3 Advanced, a professional Java application
for exploring the critical points in the development of a field
or a domain, intuitive illustrate the structural and temporal
analyses results of collaboration, author co-citation, and
paper co-citation networks derived from scientific publica-
tions [13]; and VOSviewer 1.6.18, a specialized software
used to create bibliometric networks with graphical repre-
sentations, which was used to create a keyword co-occur-
rence network by the clustering methodology [14].

To consider the quality of the citation reference items,
our study collected data from the Web of Science Core Col-
lection, which includes a multidisciplinary database made
up of a science citation index, social science citation index
and arts, and humanities citation index [15]. According to
the updated evidence-based Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines, a twenty-year period of literature searching was con-
ducted with the following search formula: (endoscop* or
arthroscop* or full-endoscop* or uniportal) And (transfo-
raminal OR posterolateral) And (spine or spinal or lumbar
or cervical or thoracic) [16]. All research uses of the data
are publicly available and did not require institutional review
board approval.

In this research, we included studies published over
twenty years, from 2002 to 2022. Articles had to meet the
following criteria for inclusion. Only English language
studies were included, and conferences, editorials, reviews,
letters, and corrections were excluded. Meanwhile, a strict
restriction on the full-endoscopic spine technique excluded
biportal endoscopy, epiduroscopy, microendoscopy, neu-
roendoscopy, laryngoscopy, and thoracoscopy. Cross-check-
ing was performed by two independent reviewers to confirm
the quality of the bibliometric results, and the data were
processed on three separate bibliometric software packages
for thorough analysis. If a consensus could not be reached,
any differences were settled through debate, including with
a third senior author.

The data in this study were described using a variety of
measures. The quantity of research productivity was meas-
ured by the number of publications that were published. A
quality indicator was thought to be the quantity of citations.
We calculated and ranked the research impact by various
metrics, such as the h-index and m-index, in the bibliometric
analysis of authors, areas, institutes, and references.

Results
Main information of bibliometric analysis

The descriptive and evaluative analysis of the retrieved
data is shown in Table 1, including basic descriptions,
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Table 1 Basic information about the bibliometric dataset

Description Results
Timespan 2002-2022
Journals 117
Average years from publication 3.65
Documents 628
Annual Growth Rate % 18.73
Countries/regions 42
Affiliations 665
publishers 56
Average citations per doc 16.38
References 7156
Authors 1961
Authors of multi-authored documents 613
Co-Authors per Doc 5.55
Collaboration index 10.69
Total citation times 10,128
H-index 47
Citing articles 2796

institutions, nations, and author publications. The figures
and tables illustrate a wealth of useful bibliometric informa-
tion on the characteristics of the current applications related
to the full-endoscopic transforaminal approach. A total of
628 articles constituting the documents are by 1961 authors
affiliated with 661 institutions in 42 countries or regions
(Fig. 1). All of the included studies could be found in sup-
plement. Figure 2 shows the annual number distribution
and citations of the published studies in the analysis. The
growth pattern shows three stages based on the chronologi-
cal distribution. The infancy stage of publications about the
transforaminal FE technique was from 2002 to 2009. Since
2010, the number of countries that joined the endoscopic
group grew exponentially, and then, the exponential growth
of article publication began in 2016. According to our anal-
ysis, the full-endoscopic technique via the transforaminal
approach is becoming a more popular topic, as seen by the
18.73% annual growth rate of research on the subject from
inception to 2022. The year of publication for the primary
reports ranged from 2016 to 2022, with the most frequent
publication year being 2020. Regarding the average number
of article citations, those publications in 2008 earned higher
citation numbers, with 16.05 citations per year, followed by
11.22 citations in 2002.

Most relevant and influential journals

The study identified 628 published in 117 journals. As
shown in Table 2, the most impactful journals in terms of
citations and the Eigenfactor score, such as the h-index and
g-index, were reported. The h-index of an included journal

is calculated as a measurement tool to discover the most
influential journals in a selected area, and it is a measure
of the citations of publications based on the total number
of publications to reflect the productivity of individuals or
organizations [17]. On the other hand, we introduced the
g-index to balance the situation where the total number of
published articles is low but the impact is high. A total of 20
journals were identified as the most relevant and influential
sources in the TFES technique. Pain Physician had the high-
est h-index of 18, with 1016 total citations, 44 publications,
and its first publication in 2013, followed by the second-
highest of 16 by World Neurosurgery, and the third-highest
of 11 in European Spine Journal. World Neurosurgery had
the highest publication number of 102, and Spine had the
earliest year of publication of its first article. Among the
more than ten publications, Spine, European Spine Journal,
and Clinical Neurology and Neurosurgery demonstrated
high-journal quality based on the composite index.

To further explore the “core journal” in the scientific pub-
lication of TFES, a reference journal co-citation network
map shows 693 nodes and 3899 links using CiteSpace and
Bibliometrix software. (Fig. 3) The top 10 most impactful
journals account for 262 of the total number of publications
and 6099 citations, or 60.22% of the total citation count.
Among them, World Neurosurgery and Clinical Neurology
and Neurosurgery were the emerging journals that were
interested in the area of TFES after 2014. In addition, the
intellectual structure network showed two different sources
of knowledge camps: One was from Spine, and the other
was from the European Spine Journal. It also reflects the
wide recognition of the high quality of literature published
by these two major journals.

Most impactful institutes and authors

A total of 1963 authors with 665 affiliations were identified
in the 628 articles. The top three rankings in terms of the
number of publications on TFES are listed in Fig. 4: Brown
University (h-index of 11,373 total citations), Tongji Univer-
sity (h-index of 11, 338 total citations), and Capital Medi-
cal University (h-index of 18,1431 total citations). Wooridul
Spine Hospital represented the most productive institutes
ranked by the number of publications. Brown University,
Tongji University, and Wooridul Spine Hospital have made
great contributions to the development of TFES research.
Among them, Wooridul Spine Hospital demonstrated the
highest quality of paper publication (1431 citations, H-index
18).

Moreover, the top 10 authors contributed 197 of the
included papers, with 7753 citations, accounting for
76.55% of the total citation count. Author Telfeian AE
has the highest contribution with 28 studies, followed by
Kim HS with 26 studies and Wang Y with 25 studies.
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Fig. 1 Flowchart of article inclusion for bibliometric analysis

Meanwhile, the research impact of authors was meas-
ured and illustrated in Table 3, ranked by the h-index. In
terms of the h-index, Ahn Y and Rutten S are the first- and
second-ranked authors. Rutten has the highest total num-
ber of citations, with 1735, followed by Komp M, with
1708; they came from the same institute, St Anna Hospital
Herne. Similarly, He S and Fan G also were two impactful
authors from the same institute, Shanghai Peoples Hospital
9. In the author rankings, Ahn Y, Rutten S, Komp S, Lee
SH, Kim JS, and Choi G calculated the same metrics in
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G-index and NP, which reflected that their papers can be
used as a reliable source or were due to their reputation
or popularity in the world. Furthermore, Fig. 5 shows the
authors’ productions over time from their first publication.
The volume of the sphere is proportionate to the publi-
cation number per year, and the depth of the color of a
sphere is proportionate to the total citations per year. We
found that Ahn Y, Lee SH, and Rutten S are the earliest
and longest-period authors, from 2004 until 2022, in the
TFES publication list.
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Fig.2 Annual publication distribution and citation trends (bar & line graphs)

Table 2 Top journals in TFES

Journal
research ranked by H-index,

h-index g-index m-index TC NP PY IF JCR

G-index, and Eigenfactor score Pain Physician 18 30 1.8 1016 44 2013 4396 Ql
Spine 16 17 0.842 1855 17 2004 3.241 Ql
World Neurosurgery 16 26 1.778 1055 102 2014 2210 Q2
European Spine Journal 11 15 0.786 610 15 2009 2.721 Ql
Clinical Neurology and Neurosurgery 10 16 1 290 16 2013 1.885 Q2
Biomed Research International 8 13 1.143 174 14 2016 3.246 Q2
Journal of Orthopedic Surgery and Research 8 12 0.8 150 13 2013 2.677 Q2
Medicine 8 11 1 175 24 2015 1.817 Q3
International Orthopedics 7 8 0.7 222 8 2013 3.479 Ql
Journal of Neurosurgery-Spine 7 9 0.438 552 9 2007 3.467 Ql

TC represents total citations, NP represents the number of publications, PY-start represents the year of the
first publication, /F impact factor, JCR journal citation reports

Most influential citations and historical citation
network

In our research, we choose the global citation score (GCS)
and local citation score (LCS) to explore the seminal or
breakthrough studies in the body of intellectual structure.
Figure 6 illustrates the historical citation network that
describes the landmark articles, ranked based on their GCS
and LCS. It is feasible to explore influential works that
earned a relatively small number of citations within the local
citation network but a sizable number of citations across the
global citation network. We found that combination in only
one paper. In the comparison of these two rankings, only one
article focuses on the learning curve of the full-endoscopic

technique that appears in the LCS ranking [18]. Meanwhile,
it is obvious that in the top 10 cited papers, seven studies
belong to the Spine journal, published from 2002 to 2008.
Meanwhile, those studies are indeed seminal works in the
TFES field, from the early preliminary clinical trials of
TFES and high evidence of a randomized controlled study to
the standard microsurgical technique and modified technique
for expanded indication to the more recent investigation of
the learning curve and radiation exposure [10, 19-26].

To discover a possible future sentinel paper representing
a potentially impactful and promising scientific contribution
to the TFES research, which still has a lower GCS in recent
times (Table 4). Our team also ranked the newest published
papers according to the total GSC in the most recent five
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Fig.6 Historical direct citation network of most impacted journal.
Global citation score (GCS): the citation frequency based on the
online WOS database count which represent the fundamental devel-

years, showing the average per year number of citations.
We found that all of the recently published papers were not
included in the previous GCS ranking. These additional
papers pursue higher-level clinical evidence to demonstrate
the effectiveness of TFES, such as long-term follow-up-
controlled trials or systematic reviews and meta-analyses.
[27-29] Meanwhile, some papers seem to move toward cut-
ting-edge topics such as endoscopic transforaminal lumbar
interbody fusion without general anesthesia [30].

Co-occurrence analysis of keywords and reference

From the 628 published records, a total of 1674 keywords
were extracted. The co-occurrence keyword network map
was clustered, and the overlay visualization is shown in
Fig. 7. The algorithm automatically generated five different
clusters, and the largest nodes were “herniation” and “dis-
cectomy”. Cluster 1 was structured with the largest node,
“herniation”, representing the technique indication, such
as the diagnosis, classification of herniation and instabil-
ity of spine alignment, which is the key point to determine
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opment of selected field; Local citation score (LCS)., it is the number
of citation times cited by researches within the included papers, indi-
cating the impact of scope of this research

the postoperative clinical outcome of TFES. Cluster 2 was
constructed by the various surgical technique strategies to
address the various spinal disorders, such as foraminoplasty,
foraminotomy, foraminal stenosis, lateral recess stenosis, and
spinal stenosis. Cluster 3 represented the surgical evidence
and technique issues, including meta-analysis, radiation
exposure, and learning curve. Cluster 4 indicated the tech-
nique prototype at the earlier application of TFES, includ-
ing arthroscopic microdiscectomy and percutaneous nucle-
otomy. In addition, the overlay visualization of the keyword
network map shows that recent research trends are clustered
by the words “efficacy”, “TLIF”, and “risk factors”. Further-
more, the data showed that the top 20 keywords with the
strongest citation burst first appeared in 2002. The timeline
of keyword co-occurrence analysis was illustrated in Fig. 8.

In our study, our team also used CiteSpace to visualize
the co-occurrence network of cited references. (Fig. 7). The
primary clusters were illustrated and calculated by Silhou-
ette Coefficient (The best value is 1, values near O indicate
overlapping clusters and the worst value is: 1) from 2002
to 2020 with the following: “clinical outcome” (Cluster 0,
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Table 4 Top emerging TFES papers ranked by recent gcs and average annual citations

No Title

Author

Journal Year Average per year

GCS

1 Comparison of percutaneous endoscopic transfo-
raminal discectomy, microendoscopic discectomy,
and microdiscectomy for symptomatic lumbar disc
herniation: minimum 2-year follow-up results

I Endoscopic transforaminal lumbar interbody fusion
without general anesthesia: operative and clinical
outcomes in 100 consecutive patients with a mini-
mum 1-year follow-up

III  Percutaneous transforaminal endoscopic discectomy
compared with microendoscopic discectomy for
lumbar disc herniation: 1-year results of an ongoing
randomized controlled trial

IV Percutaneous Endoscopic Lumbar Discectomy for All
Types of Lumbar Disc Herniations (LDH Includ-
ing Severely Difficult and Extremely Difficult LDH
Cases

\% Reduced Acute Care Costs With the ERAS (R) Mini-
mally Invasive Transforaminal Lumbar Interbody
Fusion Compared With Conventional Minimally
Invasive Transforaminal Lumbar Interbody Fusion

VI  Endoscopic transforaminal lumbar interbody fusion: a
comprehensive review

VII

VIII

Evolution of Spinal Endoscopic Surgery

Percutaneous Endoscopic Lumbar Discectomy: Indica-
tions and Complications

IX  Endoscopic spine discectomy: indications and out-
comes

X Percutaneous Endoscopic Lumbar Discectomy for
L5S1 Lumbar Disc Herniation Using a Transforami-
nal Approach Versus an Interlaminar Approach: A
Systematic Review and Meta-Analysis

Liu XY

Kolcun JPG Neurosurgrical Focus

Chen ZH

Kim HS

Wang MY  Neurosurgery

Ahn'Y

Kim M
Pan MM

Ahn'Y

Chen JG

Journal of Neurosurgery 2018 15.2

2019 16.75

Journal of Neurosurgery 2018 10.8

Pain Physician 2018 10.6

2018 10.4

Expert Review of Medical Devices 2019 11.75

2019
2020

11.5
14.67

Neurospine
Pain Physician

2018 9.5

International Orthopedics

World Neurosurgery 2018 7.2
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Fig.8 Timeline of most cited reference co-occurrence network

n=135, Sihouette =0.814), “minimally invasive” (Cluster 1,
n=122, Sihouette =0.748), “‘endoscopic nucleotomy” (Clus-
ter 2, n=49, Sihouette =0.896), “lumbar disc herniation”
(Cluster 3, n=38, Sihouette =0.884). On the other hand, the
earliest and highest reference burst occurred in 2003, only
one year after Yeung published his groundbreaking article,
and the burst continued until four years later. The average
duration of their bursts was 3.1240.83, and the longest burst
time was reported with Lee’s paper, which demonstrated the
high risk of operative failure of full-endoscopic surgery in
cases with high-canal compromise or high-grade migrated
herniation [31]. From the dual-map overlay visualization of
journal-to-journal reference citation, we revealed that the
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research field of TFES is frequently cite the journal areas
of neurology, sports, clinical, medical, medicine; and most
cited by the area of health, nursing, sports, rehabilitation,
psychology, education, economics, social, economic, and
political (Fig. 9).

International cooperation trends

According to the Worldometer, there are 195 countries in
the world as of 2022. Of a total of 601 FEDS papers that
were published from the top 10 most productive areas,
almost all of the papers were from these countries. This
indicates that the FEDS technique did not earn higher
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penetration rates in the world; however, with the devel-
opment of the last twenty years, an increasing number
of countries are starting to join, and the countries that
already have the technology are cooperating more fre-
quently. As shown in Fig. 10, China received the high-
est single country publication (SCP), and South Korea
received the highest multiple country publication (MCP).
The USA has the highest international collaboration rate
(ICR), followed by the Netherlands and South Korea.
Among them, South Korea rewards the highest H-index
value and citations, with an average number of citations
of 28.8 per year. Moreover, the world map of worldwide
research productivity is illustrated, and the countries
marked with the intensity of the color in the figures are
the degree of productivity, and the line between them
represents the frequency of international cooperation.
Of the top 10 major productive countries, China was the
most productive country, followed by South Korea and
the United States.

Discussion

Our paper represents the first scoping study on the cut-
ting-edge evolution of minimally invasive spine surgery
with the full-endoscopic technique via the transforaminal
approach. The study results inform the full-endoscopic com-
munity about the current state of the art, and we identified
the critical area in the development of the TFES field and
demonstrated how the existing knowledge has evolved over
the years. The clinical supervisors, decision-makers, and
manufacturers can use the information here as identified
research trajectories to design the standards and agendas by
collecting a past overview or drawing the advanced direction
in endoscopic technology, accelerating the real transition
spread of TFES to one of the standard procedures covered
by the health insurance system.

We described the developmental research trajectory of
TFES from the analysis of the VOSviewer and CiteSpace
bibliometric networks. Specifically, as endoscopic instru-
mentation was in its infancy in spine surgery, researchers
were dedicated to publishing research on the feasibility of

Country N (%) SCP MCP ICR H-index TC Avg. C
CHINA 348 (55.41) 336 12 0.034 23 2467 7.09
KOREA 105 (16.72) 85 20 0.19 33 2814 26.8
USA 69 (10.99) 55 14 0.2 20 925 13.41
GERMANY 21 (3.34) 20 1 0.048 15 2081 99.1
JAPAN 19 (3.03) 18 1 0.053 7 215 11.32
NETHERLANDS 13 (2.07) i 6 0.462 10 427 32.85
TURKEY 13 (2.07) 12 1 0.077 6 158 1215
GREECE 6 (0.96) 6 0 0 4 41 6.83
ITALY 4 (0.64) 4 0 0 3 26 6.5
INDIA 3(0.48) 3 0 0 3 64 21.33

Fig. 10 World map showing the distributions of publications. The
color intensity is proportional to the number of publications, and the
red line is the relationship of country collaboration. Single country
publications (SCP): The list of authors in one article are all come

from the same area; Multiple country publications (MCP): the list of
authors belong to various countries which represents inter-country
collaboration
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the endoscopic technique that passed directly through the
intervertebral foramen and removal of the pain generator by
fragmentectomy, which we call the “inside-out” technique
designed by Anthony Yeung. Subsequently, Hoogland pub-
lished the “outside-in” technique, which involves position-
ing the working cannula outside the foramen first and then,
entering the spinal canal via foraminoplasty before targeting
removal of the herniated disc [32]. Moreover, the effect of
TFES on the stability of the spinal sequence also was consid-
ered. The full-endoscopic technique is less intrusive on the
facet joint than conventional decompression spine surgery,
which eliminates the necessity for positioning the pedicle
screw, thus preserving postoperative spinal mobility while
reducing the risk of adjacent spine degeneration.

On the other hand, TFES allows surgery to be performed
under local anesthesia (LA), which decreases the risk of
intraoperative and postoperative complications associated
with general anesthesia, especially in a community of degen-
erative spinal diseases that are considered poor candidates
for general anesthesia because of advanced age or underly-
ing diseases [33]. At the same time, LA allows for real-time
feedback on nerve root interferences during intraoperative
decompression and thus, circumvents associated complica-
tions, such as paresthesias in a dermatomal distribution or
weakness of muscle. This feedback mechanism also com-
pensates to some extent for the early stage of the technical
defect with low resolution and high latency of the camera,
reducing the risk of potential iatrogenic injury to the neural
structure. With the number of reported scientific studies on
this technique having increased, researchers have begun to
improve the surgical technique to improve the safety of the
surgical trajectory from the foramen into the spinal canal or
to conduct studies on different surgical approaches, such as
the interlaminar approach, to explore the difference on com-
parison of the posterior approach compared to the postero-
lateral approach on nerve decompression [34]. Furthermore,
updated instruments have improved the overall efficiency of
the procedure, such as high-speed diamond drills and large-
diameter working channels that allow for safer and more
efficient bony work with a wider and clearer surgical field.
This instrumentation innovation combined with modified
surgical techniques has expanded the indications for early-
stage TFES, such as converting the contraindication to indi-
cation, such as mild spinal stenosis or disc migration. The
evolution of clinical practice and medical devices has been
positive in the development of TFES, which is a technique
that is a device closely related to and in constant update with
the needs of the operator.

As the surgical technique continues to mature, the need
for evidence about it has increased. Particularly, in the last
decade, an increasing number of clinical studies have begun
to report high-quality clinical evidence, such as long-term
clinical follow-up results, randomized or retrospective

@ Springer

controlled trials, and systematic reviews with meta-analyses.
In fact, TFES has achieved encouraging clinical outcomes
in decompression surgery [27]. The available results suggest
that the TFES technique is considered to have equivalent
effectiveness compared to microscopic discectomy [35].
Recently, some innovators have attempted to transfer the
technique advantage of the full-endoscopic technique to lum-
bar interbody fusion. Actually, investigators have identified
that the full-endoscopic technique can fill the technical gap
of indirect decompression, like TLIF or OLIF technique [36,
37]. Full-endoscopic interbody fusion combines the concept
of indirect and direct decompression for precise removal of
the pain generator while also allowing for supervision of
the processing of endplate preparation under endoscopy.
Customizing the fusion bed of the implant further improved
postoperative patient fusion rates. This paradigm shifts to
traditional disc preparation, which depends on fluoroscopic
C-arm guidance without direct visualization.

The endoscopic technique differs from conventional sur-
gical views in that the investigator extends the field of view
to the lesion target through the instrument camera, and the
surgical field of view depends on the instrumentation and
the operator's own skill. Therefore, there is a steep learning
curve for the full-endoscopic technique [18]. Beginners are
more prone to intraoperative or postoperative complications
in their early practice and perform multiple times intraop-
erative X-rays, which not only increases the total radiation
exposure but also prolongs the overall endoscopic opera-
tion time. Fortunately, recent advances in image-assisted
technology, such as electromagnetic or robotic navigation
technologies, have all been installed with real-time intra-
operative instrument tracking systems that can be achieved
to maximize lesion removal while avoiding excessive X-ray
exposure [38, 39]. Obviously, these assistive technologies
have the potential to flatten the learning curve. However, the
cost of the device may impede the step of surgeons who want
to try, which also is one of the main reasons for the limited
spread of FEDS.

Limitations

There are certain limitations in our study. First, high-quality
articles published recently with high citation potential in
the future may not be accurately predicted and analyzed.
Second, to ensure the integrity of the data information and
the quality of best practice publications, we included only
journal articles from the Web of Science Core Collection's
social science citation index database in our bibliometric
analysis in our methodological search strategy. Although
Web of Science is one of the largest databases in the world,
it includes only a fraction of scientific publications. Future
research may expand the scope of the search strategy to
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larger databases, such as Scopus; however, the causes of
potential citation network analysis errors caused by con-
founding citation networks in non-WoS databases need to
be further explored before they can be applied. The third
concerns keyword omission and confusion caused by pos-
sible artificial search bias in the early technology of endos-
copy. It is worth mentioning that we performed a manual
secondary check of the title, abstract, and keyword fields of
the included articles after analyzing the search and consulted
senior researchers to exclude irrelevant articles, which may
help to compensate for this limitation to some extent. Mean-
while, we cannot neglect to consider the ‘Matthew effect’
in our citation analysis, which means that researchers tend
to cite articles written by researchers who embrace respect,
reputation, and popularity in their citation selections; thus,
the actual value of the citations may be exaggerated.

Conclusion

Our research is the first attempt to illustrate the 20-year
development of knowledge structure on the full-endoscopic
technique via the transforaminal approach. In this study,
various quantitative bibliometric results have provided the
big picture of the knowledge structure on the subject under
study, all of which are based on the elaborate conceptual
design and advanced software algorithms. A growing body
of evidence has revealed that TFES has leapfrogged from the
infancy stage and has gradually entered a mature develop-
ment stage.
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