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LIF involves exposing the lateral aspect of the lumbar 
spine through the retroperitoneum and psoas muscle [3]. A 
high fusion rate of approximately 97% has been reported 
in several studies evaluating LIF outcomes [4, 5], making 
it an efficacious procedure. Surgical exposure of the lum-
bar spine allows for the implantation of an interbody graft 
to maximize segmental lordosis, enhance fusion rates, and 
facilitate indirect nerve decompression [6–10]. By provid-
ing a large exposure of the disc space for interbody graft 
placement, the LIF approach precludes potential damage to 
the posterior spinal column and decreases the risk of bowel 
and vascular injury [11]. Several studies have associated 
LIF with decreased operative times, blood loss, and post-
operative pain and concomitant decompression of nervous 
tissue [12, 13]. In addition, compared with other fusion 
procedures, rates of iatrogenic spinal instability, nerve 
root injury, and epidural fibrosis are reportedly decreased 
with LIF [6–10]. Given the widespread adoption of LIF to 

Introduction

Lateral interbody fusion (LIF) is a minimally invasive surgi-
cal procedure established due to the growing need for lum-
bar fusion surgery. The annual incidence of spinal fusion 
for degenerative disease and deformity has steadily risen in 
the United States, nearly tripling from 174,223 to 413,171 
patients over 10 years (1998–2008) [1, 2]. The significant 
increase in incidence coincides with the broad implementa-
tion of LIF as a means of treating debilitating conditions of 
the lumbar spine [1].
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treat spine disorders, it is crucial to evaluate the quality of 
these clinical studies. Accordingly, the aim of this study is 
to summarize the myriad investigations for LIF procedures 
based on a review of journal publications since 1998. A 
bibliometric analysis was conducted on the 100 most cited 
articles discussing LIF procedures for spinal fusion to pro-
vide a detailed assessment of the current literature. Addi-
tionally, we provide a summary of select topics explored 
and the relevant article types present within the amassed 
literature.

Methods

A bibliometric strategy was utilized to analyze the literature 
on articles regarding LIF. Studies were queried using the 
Web of Science (WOS) database and sorted in descending 
order of citation number from inception to May 1st, 2023. 
Search terms in WOS included the terms “lateral interbody 
fusion”; “LLIF (lateral lumbar interbody fusion)”; “OLIF 
(oblique lateral interbody fusion)”; “ELIF, XLIF (extreme 
lateral interbody fusion)”; “DLIF (direct lateral interbody 
fusion)”; “pre-psoas”; and “trans-psoas”. The initial search 
based upon these criteria yielded 362 peer-reviewed articles. 
These results were then sorted in descending order of cita-
tion number. Two independent reviewers (J.Z. and A.J.S.) 
evaluated articles for relevance to the topic, resulting in the 
top 100 most-cited articles on lateral instrumented fusion. 
Any reviewer conflicts regarding relevance were decided on 
by the senior author (T.C.).

Inclusion criteria for the current study were the follow-
ing: (1) the primary topic (or major focus) of the article had 
to be lateral interbody fusion, (2) the primary or review arti-
cle had to have full-text access available, and (3) the article 
had to be published by a peer-reviewed process with a jour-
nal indexed in WOS. Articles were excluded if the focus 
was not related to LIF, the article was abstract or poster only 
without a full-text manuscript available, or if the article was 
not published in a peer-reviewed journal. After implement-
ing inclusion and exclusion criteria and reviewer consensus 
was attained on the top 100 articles, the following criteria 
were collected for each publication: article title, year of 
publication, first/senior author, institutions of authors, jour-
nal title, keywords, citation number, and country of publi-
cation. Descriptive statistics were captured using univariate 
analysis. Network analysis of author and keyword informa-
tion was conducted using VOSviewer (Version 1.6.16) and 
Bibliometrix (R-Studio).

Results

Our analysis of the top 100 highest cited articles on lateral 
approaches to lumbar interbody fusion spanned a period 
of 22 years (Fig. 1). The oldest of these articles was pub-
lished in 1998, the most recent was published in 2019, and 
the mean time since publication of an article on the list was 
10.09 years.

The top ten articles in order of World of Science (WOS) 
citations are presented in Table 1. Information for all 100 

Fig. 1  The annual number of publications on lateral approaches to lumbar interbody fusion based on the 100 top cited articles (published between 
1998 and 2019). Bar graph (purple) depicts publication count per year. Superimposed line plot (blue) depicts citation count over time
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of South Florida (FL, USA) was the third most prolific 
author (n = 7). The average number of co-authors per docu-
ment was 5.86, and the percent of international co-author-
ships was 15.15%

Table  6 depicts the funding sources responsible for 
financing at least two of the publications in the top 100 most 
cited articles. NuVasive funded the vast majority of these 
high-impact publications (n = 17). DePuy Synthes Spine 
funded the second most (n = 4), with Medtronic, the United 

articles is available in Supplemental Table 1, which depicts 
publications in order of total WOS citations (minimum = 50, 
maximum = 300, range = 250). In total, there were 9,803 
citations, a combined H-index of 65, and an average citation 
count of 98.03 per article.

The top 100 articles were published across 17 journals 
(Table 2), with the top three being Spine (n = 24), Journal of 
Neurosurgery Spine (n = 22), and European Spine Journal 
(n = 12). All 100 articles were published in English, and 11 
countries were represented (Table 3). Of these, the United 
States accounted for the greatest number of publications 
(n = 81), followed by Brazil (n = 8) and Australia (n = 6). 
Austria, France, and Thailand each contributed one article. 
Of the more than 160 institutions represented (Table  4), 
the top three were the University of South Florida (n = 28), 
Duke University, (n = 17), and the University of California 
San Diego (n = 14).

Of the 391 total authors, 14 published more than five pub-
lications within the top 100 most cited articles, and are listed 
in Table 5. The most prolific was JS Uribe, currently at the 
Barrow Neurological Institute (AZ, USA) (n = 16), followed 
by a two-way tie in second place (n = 8) by E. Dakwar at 
the Cleveland Clinic Florida (FL, USA), and L. Pimenta, 
who has dual appointments at the Instituto de Patologia da 
Coluna (São Paulo, Brazil) and the University of California, 
San Diego (CA, USA). Finally, DA. Smith at the University 

Table 3  All 11 countries represented in the top 100 highest cited arti-
cles in order of total number of articles contributed
# Country Publication Count
1 United States of America 81
2 Brazil 8
3 Australia 7
4 Japan 5
5 Italy 4
6 People’s Republic of China 3
7 Germany 2
8 South Korea 2
9 Austria 1
10 France 1
11 Thailand 1

Table 4  The top ten institutes in order of number of publications con-
tributed to the top 100 highest cited articles
# Institution Location Publi-

cation 
Count

1 University of South Florida FL, USA 18
2 Duke University NC, USA 11
3 University of California, San Diego CA, USA 10
4 University of Miami FL, USA 9
5 University of California, San 

Francisco
CA, USA 8

6 Instituto de Patologia da Coluna SP, Brazil 7
7 Hospital for Special Surgery NY, USA 6
8 Rush University IL, USA 6
9 University of Pittsburgh PA, USA 5
10 Barrow Neurological Institute AZ, USA 4

Table 5  Authors with five or more articles in the top 100 highest cited
# Author Location Publication Count
1 Uribe, JS AZ, USA 16
2 Dakwar, E FL, USA 8
3 Pimenta, L CA, USA

SP, Brazil
8

4 Deukmedjian, AR FL, USA 7
5 Smith, DA FL, USA 7
6 Isaacs, RE NC, USA 6
7 Marchi, L SP, Brazil 6
8 Oliveira, L FL, USA 6
9 Rodgers, WB MO, USA 6
10 Coutinho, E SP, Brazil 5
11 Kanter, AS CA, USA 5
12 Okonkwo, DO PA, USA 5
13 Wang, MY FL, USA 5

# Journal Title Publication Count
1 Spine 24
2 Journal of Neurosurgery Spine 22
3 European Spine Journal 12
4 Journal of Spinal Disorders Techniques 9
5 Neurosurgical Focus 6
6 Clinical Orthopaedics and Related Research 4
7 Journal of Clinical Neuroscience 4
8 Scientific World Journal 4
9 Spine Journal 3
10 World Neurosurgery 3

Table 2  The top ten journals in 
order of number of publications 
contributed to the top 100 highest 
cited articles
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across the 100 highest cited articles. The line connecting 
two keywords represents the co-occurrence of those words 
within the same article, and the degree of significance of this 
co-occurrence is given by the total link strength (TLS). In 
total, there were 29 items and 364 links between them. The 
top three author keywords in order of TLS were “complica-
tions” (TLS = 231), “outcomes” (TLS = 162), and “surgery” 
(TLS = 152). Based on the interconnections between author 
keywords, four broad research domains (or clusters) were 
algorithmically generated and organized by color.

Discussion

In this study, we analyzed the top 100 most-cited articles on 
LIF, an increasingly popular neurosurgical technique. Our 
analysis provides insight on important trends and themes, 
as well as on the general direction the technique has been 
evolving in over the past two decades, to help guide future 
researchers and clinicians.

Over the 22 years the top 100 cited articles on LIF were 
published, there was a surge in publications occurring in the 
years 2010, 2011, and 2012 (Fig. 1). The final year in which 
more than ten articles were published was 2015, with an 
abrupt drop to five articles published in 2016. Interestingly, 
the top three publications, each cited more than 200 times, 
were all on the XLIF procedure. Additionally, when con-
sidering the most productive years together (2010 through 
2012; n = 40), fully one quarter of the most cited publica-
tions were on this singular technique alone (n = 10), while 
all remaining articles were on LIF procedures more broadly. 
Furthermore, all but two of these XLIF articles were on post-
procedure complications and outcomes. Taken together, it is 
reasonable to assume that the surge in high-impact LIF pub-
lications during this period could at least be partially attrib-
utable to the rise in popularity of the XLIF as a technique 
in the years following its initial description in 2006 [13]. 
This three year peak of LIF publications can thus be viewed 
as the field interrogating a new and promising technique. 
Along these lines, the subsequent drop observed after 2015 
can be considered a plateau in research interest as the XLIF 
technique matured in the decade after its inception.

Of the top ten institutions in terms of contributions to 
the most cited articles (Table  2), nine are located in the 
United States, with the sole exception being the Instituto 
de Patologia da Coluna (IPC, Institute of Pathology of the 
Spine), a private spine practice in Brazil. The IPC is also 
the only private practice included in the top ten institutions. 
However, it is important to note that the medical director of 
the IPC, L. Pimenta, is also an Associate Professor at the 
University of California, San Diego, in the United States. 
Considering this, all ten of the top institutions are directly 

States National Institutes of Health (NIH), and the United 
States Department of Health and Human Services (HHS) 
tied for third-most (n = 3).

Citation analysis of these 14 most productive authors 
was also conducted, and is shown in Fig.  2a. The degree 
of connection between a given author to the other authors 
is given by total link strength (TLS). Of these 14 authors, 
the top five ranked by TLS were JS. Uribe (TLS = 283, 
total citations = 1486); E. Dakwar (TLS = 175, total cita-
tions = 920); L. Pimenta (TLS = 157, total citations = 882); 
DA. Smith (TLS = 153, total citations = 689); with L. Mar-
chi tied with L. Oliveira for fifth, both with the same TLS 
and total citations (TLS = 134, total citations = 748). Each of 
these authors had links to every other, suggesting a robust 
network of collaboration.

A similar analysis was conducted for co-authorship 
between these 14 authors (Fig. 2b). In this case, a high TLS 
is indicative of the degree of significance of co-authorship. 
In this analysis, the total number of links was 30, and the 
top three authors in order of TLS were JS. Uribe (TLS = 34), 
L. Pimenta (TLS = 18), followed by a five-way tie between 
DA. Smith, AR. Deukmedjian, E. Dakwar, L. Oliviera, and 
L. Marchi (TLS = 17). Three distinct clusters of authors who 
engaged in close collaboration were generated (red, blue, 
and green), with the red and blue clusters demonstrating 
robust inter-collaboration. The fourth yellow cluster con-
sisted of two authors who had only collaborated with each 
other.

Figure 3a depicts the 15 most common Keywords Plus 
terms extracted from the 100 highest cited articles, as well 
as their cumulative occurrences between 2005 and 2019. 
Keywords Plus terms are words or phrases algorithmi-
cally extracted from the titles of the cited references of a 
given article. The three most common keywords used were 
“complication” (n = 34), “surgery” (n = 30), and “outcomes” 
(n = 24). A deeper analysis examining the change in the fre-
quency of these top 15 keywords was conducted as well 
(Fig. 3b), again from 2005 to 2019.

Figure 3c depicts the results of a co-occurrence network 
analysis of all author keywords present ten or more times 

Table 6  Funding sources with at least two publications in the top 100
# Funding Source Location Publi-

cation 
Count

1 NuVasive CA, USA 17
2 DePuy Synthes Spine MA, USA 4
3 Medtronic MN, USA 3
4 National Institutes of Health MA, USA 3
5 United States Department of 

Health Human Services
DC, USA 3

6 RTI Surgical FL, USA 2
7 Stryker Spine NJ, USA 2
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discectomy [14, 15], and the first case series on the min-
imally-invasive resection of intradural spinal tumors [16].

These results correlate well with an analysis of the most 
productive countries (Table 3) — of the 11 nations repre-
sented in the most cited articles, the United States accounted 

located or have strong ties to the United States. Specifically 
in the field of minimally invasive spine surgery, the United 
States has been a major driver of innovation for some time; 
accomplishments by United States institutions include the 
first reported use of a laparoscopic approach to lumbar 

Fig. 2  a. Citation analysis of the most prolific authors. b. Co-authorship network of the most prolific authors
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is consistent with their heavy involvement in the develop-
ment of the XLIF procedure [13]. Additionally, with a mere 
six of the top 100 most cited publications funded by federal 
research organizations, this demonstrates a strong role of 
the private sector as a driver of LIF research efforts.

Given the important role the United States has played in 
the development of minimally-invasive spine techniques 
like LIF, it is the country that is most represented among 
LIF publications. It is also logical to assume some temporal 
lag in LIF research output from other countries, as it takes 
time for these Given the important role the United States 
has played in the development of minimally-invasive spine 
techniques like LIF, it is the country that is most represented 
among LIF publications. It is also logical to assume some 
temporal lag in LIF research output from other countries, 
as it takes time for these techniques to be validated and 
adopted, and for funding opportunities to arise and mature. 
Analysis over the 22 years covered shows a steady increase 
in the percentage of top cited publications from non-United 
States countries over time (Supp. Table  2). Of the seven 
most-cited articles published prior to 2009, there was only 
a single publication from a non-United States institution. In 
the ten years following, the percentage of publications from 

for 81 of the 100 articles. These American institutions are 
well-distributed geographically, with the top three — Uni-
versity of South Florida, Duke University, and University 
of California San Diego — located in the south, southeast, 
and west coast of the country, respectively (Table 4). This 
suggests that while the United States has been driving the 
bulk of LIF research worldwide, within the country, no 
single institution or geographic region claims a monopoly. 
Many of these institutions are pioneers in LIF techniques. 
For instance, JS. Uribe at the University of South Florida 
published a seminal peer-reviewed article highlighting their 
novel technique of multilevel (> 4) minimally invasive LIF 
for the treatment of scoliosis [17]. Duke University was the 
first to comprehensively review surgical outcomes and com-
plications associated with the transforaminal approach for 
lateral interbody fusion [18]. University of California San 
Diego uses an innovative expandable technology to opti-
mize fit between vertebral endplates [19].

This United States predominance in the field of LIF may 
be attributable to the funding opportunities available, as 
all seven of the funding sources that supported a minimum 
of two articles within the top 100, are based in the United 
States (Table 6). Nuvasive funded the most articles, which 

Fig. 3  a. The top 15 keywords plus organized by frequency. b. A graph depicting the change in frequency of the top 15 keywords plus over time. 
c. Author keyword co-occurrence network
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primarily concerned with the clinical results of LIF proce-
dures. When analyzing the change in keyword frequency 
over time, our data revealed the steepest increase in fre-
quency of “complication”, the most common keyword, 
occurred over the same time period as the surge in publica-
tions discussed above (years 2010 through 2012), and seen 
in Fig. 1a. This is consistent with the notion that research 
interest in the safety and efficacy of the then-recent XLIF 
technique was a major driving force behind the high-impact 
LIF articles published during this most productive period.

Finally, the co-occurrence network analysis of author key-
words (Fig. 3c) provides a deeper dive by generating clusters 
of highly-associated themes. The two most extensive clus-
ters focused on: (i) broad surgical themes (main keywords: 
“surgery”, “instrumentation”, “decompression”; in red); (ii) 
specific, more recently developed surgical techniques, with 
a focus on minimal invasiveness and outcome (main key-
words: “complications”, “extreme lateral interbody fusion”; 
“direct lateral interbody fusion”; “lateral lumbar interbody 
fusion”; in green). This cluster data thus reiterates the top 
two most common keywords as depicted in Fig. 3a.

Limitations

There are some limitations in our study that warrant fur-
ther discussion. First, each database used in our study has 
variations in citation numbers, which may influence the 
compilation and ranking of these top-cited articles. Second, 
our analysis focused only on articles published in English, 
thereby excluding potentially important works in other lan-
guages and limiting the comprehensive representation of our 
study. Additionally, an important limitation lies in the omis-
sion of the pivotal paper by Ozgur et al. [13], detailing the 
inception of the XLIF technique, as the WOS database was 
unable to retroactively add this article. However, given the 
early date of publication and the evolution of the field since 
this seminal work, we believe its inclusion would not have 
significantly altered our projections on current trends and 
future directions of the field. Finally, our analysis focused on 
only the top 100 articles, which, while not exhaustive, aims to 
highlight the most impactful developments and trends within 
the field in a concise manner while minimizing redundancy. 
We encourage future bibliometric studies to consider these 
limitations to ensure an even more comprehensive overview.

Conclusion

In conclusion, this bibliometric analysis provides valuable 
insights into the evolution and trends of LIF over the last 
two decades. Our study affirms the dominance of the United 

non-United States institutions has been steadily increasing, 
from 17.50% between 2010 and 2012, to 32.40% between 
2013 and 2015, to 47.30% between 2016 and 2019 (the 
most recent year in which a top 100 article was published). 
This data suggests that international LIF research has been 
gaining momentum over the past decades, and contributions 
to the field by country may become more diversified in the 
near future. This trend is additionally reinforced by analysis 
of the publishing journals, as of the ten journals that pub-
lished at least three of the top 100 most cited publications, 
the European Spine Journal ranked third (Fig. 1b). While 
non-European institutions are not precluded from publishing 
in the European Spine Journal, it being the official journal of 
the Spine Society of Europe (EuroSpine) and accounting for 
a not insignificant proportion of the top cited articles, sug-
gests rising research interest in the LIF technique.

Our citation analysis of these 14 most productive authors 
(Fig. 2a) showed a robust network of collaboration. Further 
investigation via co-authorship analysis (Fig. 2b) revealed 
four clusters. Of these, three of the four most productive 
authors (JS. Uribe, E. Dakwar, and DA. Smith) are all 
included in the same cluster (blue), indicating they collabo-
rate the most often together. These authors all are/have been 
affiliated with the University of South Florida, which our 
analysis indicates as the most productive institution in terms 
of LIF research output.

Interestingly, co-authorship analysis shows that L. 
Pimenta, the remaining author of this top four, does not 
significantly collaborate with the other three, and is located 
in an entirely separate co-authorship cluster (green). This 
may be explained by the fact that the green cluster heav-
ily consists of authors from the University of São Paulo in 
Brazil. L. Pimenta is also the only author within this clus-
ter who has a link with another cluster (red), which may 
be explained by his dual appointment at the University of 
California, San Diego. This geographic connection is reiter-
ated by the single link this author has with GM. Mundis of 
the red cluster, who is affiliated with the Spine Fellowship 
Program and the Scripps Green Hospital, both located in 
San Diego. As expected, each of the top three most prolific 
authors has contributed significantly to the LIF field. Both 
JS. Uribe’s and DA. Smith’s research works were some of 
the first to describe surgical outcomes and complications of 
the lateral retroperitoneal transpsoas approach [20, 21]. E. 
Dakwar’s research at large focuses on the anatomical course 
of nerves and ligaments relevant to LIF procedures [20, 22]. 
L. Pimenta leveraged diagnostic imaging to evaluate the 
efficacy of several types of LIF procedures [23, 24].

The top three most common keywords revealed through 
keyword analysis (Fig. 3a) were “complication”, “surgery”, 
and “outcomes”. These words suggest a theme of patient-
focused research across these influential publications, one 
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Neurosurg Spine 13(2):260–266. https://doi.org/10.3171/2010.3
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4.	 Rodgers WB, Lehmen JA, Gerber EJ, Rodgers JA (2012) Grade 
2 spondylolisthesis at L4-5 treated by XLIF: safety and mid-
term results in the worst case scenario. Scientific World Journal 
2012:356712. https://doi.org/10.1100/2012/356712
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analysis of hospital cost differences between open and minimally 
invasive instrumented spinal fusion procedures during the periop-
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10.	 Rodgers WB, Gerber EJ, Rodgers JA (2010) Lumbar fusion 
in octogenarians: the promise of minimally invasive surgery. 
Spine (Phila Pa 1976) 35(26 Suppl):S355–S360. https://doi.
org/10.1097/BRS.0b013e3182023796

11.	 Hijji FY, Narain AS, Bohl DD, Ahn J, Long WW, DiBattista JV, 
Kudaravalli KT, Singh K (2017) Lateral lumbar interbody fusion: 
a systematic review of complication rates. Spine J 17(10):1412–
1419. https://doi.org/10.1016/j.spinee.2017.04.022

12.	 Lykissas MG, Aichmair A, Hughes AP, Sama AA, Lebl DR, Taher 
F, Du JY, Cammisa FP, Girardi FP (2014) Nerve injury after lat-
eral lumbar interbody fusion: a review of 919 treated levels with 
identification of risk factors. Spine J 14(5):749–758. https://doi.
org/10.1016/j.spinee.2013.06.066

13.	 Ozgur BM, Aryan HE, Pimenta L, Taylor WR (2006) Extreme 
lateral Interbody Fusion (XLIF): a novel surgical technique for 
anterior lumbar interbody fusion. Spine J 6(4):435–443. https://
doi.org/10.1016/j.spinee.2005.08.012

14.	 Snyder LA, O’Toole J, Eichholz KM, Perez-Cruet MJ, Fessler 
R (2014) The technological development of minimally invasive 
spine surgery. BioMed research international, 2014

15.	 Obenchain TG (1991) Laparoscopic lumbar discectomy: case 
report. J Laparoendosc Surg 1(3):145–149

16.	 Tredway TL, Santiago P, Hrubes MR, Song JK, Christie SD, Fes-
sler RG (2006) Minimally invasive resection of intradural-extra-
medullary spinal neoplasms. Operative Neurosurg 58(1):ONS–52

17.	 Amin BY, Mummaneni PV, Ibrahim T, Zouzias A, Uribe J (2013) 
Four-level minimally invasive lateral interbody fusion for treat-
ment of degenerative scoliosis. Neurosurg Focus 35(2 Suppl). 
https://doi.org/10.3171/2013.V2.FOCUS13198

18.	 Karikari IO, Isaacs RE (2010) Minimally invasive transforaminal 
lumbar interbody fusion: a review of techniques and outcomes. 
Spine (Phila Pa 1976) 35(26 Suppl):S294–S301. https://doi.
org/10.1097/BRS.0b013e3182022ddc

19.	 Kim CW, Doerr TM, Luna IY et al (2016) Minimally inva-
sive transforaminal lumbar Interbody Fusion using Expand-
able Technology: a clinical and radiographic analysis of 50 

States in this specific neurosurgical research field, although 
we also highlight the exciting growth of international con-
tributions. This development, evidenced by the steady 
increase in non-United States articles and the emergence of 
European Spine Journal as a significant publisher of influen-
tial LIF papers, suggests that there may be a broader global 
participation in the LIF research landscape in the future. 
Additionally, we have identified key institutions, authors, 
and funding sources pivotal to the growth of this field, as 
well as highlighted a robust network of collaboration among 
authors, particularly within the United States. Moreover, our 
study underscores the patient-centric research focus within 
the top-cited LIF literature, with “complications” and “out-
comes” emerging as central themes. Future researchers can 
use these trends as a foundation for understanding the past 
and current state of LIF research while designing their own 
investigations.
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