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Abstract

Objective: Spine surgery education is undergoing a paradigm shift due to the structural mismatch
between traditional apprenticeship models and the complexities of modern surgical demands.
Technologies such as 3D printing and mixed reality have facilitated this transformation by improv-
ing screw placement accuracy to 94.2% and reducing surgical planning time by 42%. However, a
technological divide persists, with device accessibility in developing countries as low as 23%. Meth-
ods: This study employed bibliometric methods to analyze 498 publications from the Web of Science
database between 2004 and 2025. Using VOSviewer and CiteSpace, we quantified journal influence,
national contributions, and thematic evolution. Keyword co-occurrence clustering (threshold = 20)
and burst detection were applied for validation. Results: The United States dominated the academic
landscape with 286 publications, though its proportion of output showed a declining trend over
time. Research themes shifted from pedicle screw placement (burst strength 5.24) to artificial in-
telligence (strength 3.63) and competency-based assessment. World Neurosurgery emerged as the
leading journal with 41 publications, while Harvard University and the Mayo Clinic served as global
collaboration hubs. Conclusion: Technology-driven advancements, global restructuring, and evalu-
ation innovations—such as the NASA-TLX scale and Al tools—are reshaping training systems. An
inclusive ecosystem, exemplified by tripartite investment models, is essential to mitigate skill at-
tenuation risks and achieve a new paradigm of “precision training-standardized assessment-inclu-
sive access.”.
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A FCRFH SCHR TE 8L 27 77 6 AN R ST R G0 T B SRYE T Web of Science %004
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FBT T ZEISTENLH 6 E S SO T N TR, SRR 0 A B
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Table 1. The triple characteristics of the global landscape in spine surgery training research

= 1 BEIMNENZNIRRN SRS B = EHE

Ex X E B BIR REEERE
ES 286 7404 65
Hit 27 443 35
JIEFN 50 1847 31
HERE A 28 666 30
e 35 596 30
RORA 23 426 25
il 26 414 22
% 10 347 12
i 2= 10 1069 11
i 10 100 9
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Figure 1. Global contribution and collaboration in spine surgery training research
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Table 2. Institutional distribution

2. s

Bt gy BEOR VIR gy IS RS

Univ Hosp Geneva 14 120 8.57 1 19 19.00

Univ Toronto 57 112 1.96 9 13 1.44

Univ British Columbia 19 72 3.79 3 14 4.67

Univ Calgary 14 50 3.57 2 4 2.00

Vanderbilt Univ 35 47 1.34 7 5 0.71

Univ Florida 8 41 5.13 2 4 2.00

Tech Univ Munich 6 40 6.67 1 0 0.00

Ludwig Maximilians Univ Munchen 2 34 17.00 1 17 17.00

Thomas Jefferson Univ 24 30 1.25 7 8 1.14

Ohio State Univ 11 29 2.64 5 4 0.80
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Figure 2. Institutional collaboration network
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Table 3. Journal distribution

=3 BRSH

W4 S SH ISE TN ERE T 5 R EL

WORLD NEUROSURGERY 41 62 151
SPINE 34 60 1.76

SPINE JOURNAL 31 60 1.94

ACTA NEUROCHIRURGICA 11 51 4.64
NEUROSURGERY 9 51 5.67
JOURNAL OF NEUROSURGERY-SPINE 29 38 131
GLOBAL SPINE JOURNAL 20 31 1.55
OPERATIVE NEUROSURGERY 13 28 2.15
EUROPEAN SPINE JOURNAL 14 17 1.21

JOURNAL OF BONE AND JOINT

SURGERY-AMERICAN VOLUME 3 17 567

ARG CLECCE . W5 R A I8 51 % O F8 R, fRNTE FESMRHER ITE5 YT 7 1) 3 T $E R RE
H.rF WORLD NEUROSURGERY VA 41 &% SC & w7 AT FEAL A7, SPINE £ SPINE JOURNAL 4351 LA
34 BN 31 AL EM BB R 7T S SRR L
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Figure 3. Time sequence diagram of periodical co-citation network reveals
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Top 11 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin  End 2015-2025
impact 2016 3.03 2016 2017
performance 2016 2.8 2016 2018
diskectomy 2016 249 2016 2017

pedicle screw placement 2019 5.24 2019 2020
virtual reality 2018 2.77 2021 2025
augmented reality 2020 32 2022 2025

spondylotic myelopathy 2022 3.03 2022 2023

learning curve 2023 3.99 2023 2025
artificial intelligence 2023 3.63 2023 2025
risk 2023 3.1 2023 2025
pain 2023 2.53 2023 2025

Figure 4. A chart of the 11 keywords with the highest citation burst strength (generated by CiteSpace) reveals the evolution
of research hotspots in spine surgery training: Early bursts (2016~2017) focused on surgical technical metrics (“impact”
strength 3.03, “performance” strength 2.8, “diskectomy” strength 2.49). The mid-phase (2019~2020) centered on precision
surgery themes (“pedicle screw placement” with the highest burst strength of 5.24). Post-2021, burst clusters exhibited a triple
shift: Technology Enablement: Virtual/augmented reality (VR/AR strength 2.77~3.2) and artificial intelligence (Al strength
3.63 in 2023). Training Quality Assessment: “learning curve” (strength 3.99) and “risk/pain” (strength 3.1/2.53), marking a
new focus on clinical training quality evaluation. This progression outlines a three-stage evolution in the field: from technol-
ogy-centric — intelligent assistance — safety and quality control
4. 5|RBRERE RSN 11 XA EFR(CiteSpace £ RR)IBR 7 FHEIMIEITEIM RO EHHNE: FH
JRE 1.(2016~2017 ) BEF RIFARIEFR( “impact” 3BE 3.03, “performance” IR 2.8, “diskectomy” FEE 2.49),
thHA(2019~2020 £F)&EF THEEFAR TS ( “pedicle screw placement” [ 5.24 SRERRIRIEA S), T 2021 E£FERE
SREN =S E—ER/IEEIISI(VR/IAR GBE 2.77~3.2), ATE#E(2023 F Al 32 3.63)MmHBARMAEF L%,
“learning curve” (SR 3.99)5 “risk/pain” (GEE 3.1/2.53)MfrElGKRIZNREIHERAFIES, TR IZHI
MEARARN - >R ERIERN = RRHAER
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Figure 5. Evolution of research focus in the field
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RS A A TR 4% 570 25 B PSR P 5 BE R P, DAL B SIE A S S SR v, D AR ET N R 22
5.8% [6]. XM BAS I AR PR B v T AR RN GG B S A4 BRI . S LRI, MR BOARSEIL T ) 45
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[7]. (HASEREME, BRI 5% 4 o~ (Global Spine Journal) 5 (Journal of Surgical Education)
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B LA 26 F SCBR R A = ARBN, 2 414 OSSR (R Y 16.9 1R) EoR i B RE ST

2020 4 )5 5 [ P E 2 BUR R A, B T aRMER” SIEHA. XPh 2 B E R SCHLFIITiRK
SRZEW, (HERESEMIXUIMFEAE “BITEE ) - o Az (CCIRE 10 7§, #2511 100 iX). HRA
JEAE T B % Rk Z AR R SR 6, @ VOGRS AR T AR I ACREVE M % (=R FH Blockchain 7
AT AAE), I AR R IR G BRI

4.3. BENARNGLVEGFRIBARMEERE
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