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Abstract

Purpose Pedicle screw placement is transitioning from traditional navigation to an “Intelligence Era.” This study aims to
map the evolutionary trajectory of intelligent pedicle screw placement, identifying the paradigm shift from mechanical vali-
dation to multi-modal integration, and to uncover the underlying clinical drivers and future technological frontiers.
Methods A systematic bibliometric analysis was conducted using VOSviewer and CiteSpace. Literature was retrieved
from the Web of Science Core Collection (WoSCC), focusing on the transformative period from 2019 to 2026. Following
PRISMA guidelines, 474 core articles were included. Analyses encompassed annual publication trends, institutional col-
laboration, keyword clustering, and citation bursts.

Results The knowledge base is objectively delineated into two parallel domains: technology-centric hardware systems and
pathology-centric clinical scenarios (e.g., minimally invasive surgery and osteoporosis). Longitudinal analysis reveals a
structural transition. Early research was quantitatively dominated by mechanical execution metrics, with “accuracy” (fre-
quency=211) as the primary focus. Subsequently, the focus shifted toward implementation barriers, evidenced by strong
bursts in “risk factors” (strength=2.97), “complications,” and “cost of care.” The latest emergent indicators are exclusively
led by multi-modal technologies, prominently featuring “augmented reality,” “artificial intelligence,” and “5G network.”
Conclusion The field has fundamentally shifted from validating geometric precision to managing systemic complexities
and patient-specific risks. The synergistic integration of augmented reality for in-situ visualization, artificial intelligence for
cognitive planning, and 5G networks for remote connectivity represents the ultimate paradigm shift to overcome current
ergonomic barriers and steep learning curves.

Keywords Pedicle screw placement - Bibliometric analysis - Augmented reality - Artificial intelligence - Surgical
robotics

Introduction

Pedicle screw placement is the cornerstone of modern spinal
Qiwen Bao and Xuan Tang contributed equally to this work. instrumentation, serving as the gold standard for stabiliz-
ing the vertebral column in cases of trauma, deformity, and
degeneration [1, 2]. However, the procedure remains techni-
cally demanding and inherently risky. Historical data indi-
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enduring pursuit of spinal surgery. While the introduction of
fluoroscopy-based navigation significantly improved accu-
racy, it introduced new challenges: substantial intraopera-
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[5, 6], and the ergonomic limitation of “hand-eye separa-
tion,” where surgeons must divert their attention from the
surgical field to external monitors [7].

To address these limitations, the field has undergone a
profound technological revolution since 2019, marking a
paradigm shift from simple navigation to “intelligent assis-
tance.” This period witnessed the convergence of three dis-
ruptive technologies: Robotics, Augmented Reality (AR),
and Artificial Intelligence (AI) [8]. The commercial launch
of integrated robotic platforms (e.g., Mazor X Stealth Edi-
tion) in early 2019 transformed robotic arms from passive
positioning tools into active, image-guided partners, signifi-
cantly reducing the learning curve [9, 10]. Simultaneously,
the clinical adoption of head-mounted displays, such as the
Microsoft HoloLens, pioneered “holographic navigation,”
effectively resolving the hand-eye coordination dilemma
[11, 12]. Furthermore, the integration of deep learning
algorithms for automated trajectory planning has begun to
reshape preoperative workflows [13, 14], moving the field
towards personalized precision medicine [15, 16]. These
advancements have collectively defined the years 2019 to
2026 as the “Intelligence Era” of spinal surgery.

Despite the rapid evolution of these technologies, exist-
ing bibliometric studies on spinal navigation often span
broad timeframes (e.g., 2000-2024), inadvertently dilut-
ing current trends with outdated data on early fluoroscopic
technique [17, 18]. Few studies have specifically isolated
the “Intelligence Era” to map the distinct evolutionary tra-
jectories of robotics, Al, and AR. To fill this gap, this study
employs CiteSpace and VOSviewer to conduct a compre-
hensive bibliometric analysis of 474 high-quality articles
published between January 2019 and February 2026 [19,
20]. By filtering out historical noise, we aim to provide a
high-resolution landscape of the global research hotspots,
collaborative networks, and emerging frontiers in smart
pedicle screw placement, offering a precise roadmap for
future clinical and engineering innovations.

Methods
Literature database

To systematically map the paradigm shift toward the “Intel-
ligence Era” in spinal surgery, this study designed a biblio-
metric and visual analytics framework based on citation and
keyword co-occurrence. The research strategy was struc-
tured across three logical levels:

1) Macro-level: Evaluating the global spatiotemporal dis-

tribution of research productivity and collaborative net-
works among institutions.
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2) Meso-level: Utilizing keyword clustering to uncover
the structural relationships among core technological
themes (e.g., Robotics, Artificial Intelligence, and Aug-
mented Reality).

3) Micro-level: Applying burst detection and timeline
views to trace the evolutionary trajectory of specific
techniques and predict future clinical frontiers.

Literature analysis method

Data Source and Variables: Data were exclusively retrieved
from the Web of Science Core Collection (WoSCC) on
February 10, 2026. The WoSCC database is widely rec-
ognized for its high-quality data structure, comprehensive
citation indexing, and strict standardization, making it the
most ideal and frequently utilized database for bibliometric
analyses [21].

Search Strategy and Scope: To explicitly capture the
intelligent technological wave, the temporal scope was
strictly defined from January 1, 2019, to February 10, 2026.
The search query was formulated by combining anatomi-
cal targets with advanced technological interventions: TS
= (“Pedicle screw” OR “Spinal instrumentation”) AND TS
= (“Navigation” OR “Robotics” OR “Augmented Reality”
OR “Artificial Intelligence” OR “Computer-assisted sur-
gery” OR “Deep Learning”).

Inclusion, Exclusion, and Screening: Only “Articles”
and “Reviews” published in English were included. Stud-
ies purely focusing on implant biomechanics without navi-
gational systems, animal models unrelated to algorithm
validation, and low-quality meta-analyses were excluded.
The literature screening process was conducted in accor-
dance with the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines [22].
The initial query yielded 642 records. Following a rigor-
ous manual screening of titles and abstracts by two indepen-
dent researchers to ensure topic relevance, a final dataset
comprising 474 core articles was established for subsequent
topological analysis.

Table 1. PRISMA flow diagram detailing the literature
search, screening, and inclusion process for this bibliomet-
ric study. The search was conducted in the Web of Science
Core Collection (WoSCC), yielding an initial 642 records.
After rigorous screening, a final dataset of 474 core articles
was included for visual and statistical analysis.

Inclusion and exclusion criteria
Bibliometric mapping and statistical inferences were con-

ducted using VOSviewer (version 1.6.20) and CiteSpace
(version 6.4.R1).
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Table 1 PRISMA flow diagram of the literature search and selection process

[ Identification of studies via databases and registers
Records removed before
c screening:
2 Duplicate records removed (n
ﬁ Records identified from*: - P
¢ Databases (n = 642) > =9
% Records marked as ineligible
[ by automation tools (n = 0)
= Records removed for other
reasons (n = 0)
y
Records screened Records excluded**
—>
(n=637) (n=0)
A 4
Reports sought for retrieval o| Reports not retrieved
- (n=637) (n=0)
3 \ 4
Reports assessed for eligibility _| Reports excluded:
(n=637) > Reason 1: Reviews (n = 121)
Reason 2: Pure implant
studies without navigation (n
=20)
Reason 3: Low-quality meta-
analyses (h = 16)
Reason 4: Animal models
v without algorithm validation
. — (n=6)
T Studies included in review
S (n = 474)
° Reports of included studies
£ (n = 474)

Network Construction (VOSviewer): Employed for insti-
tutional collaboration and keyword co-occurrence analyses.
The software uses probability-based normalization to estab-
lish network nodes and links, weighted by occurrence fre-
quency and Total Link Strength (TLS), thereby identifying
the core driving forces in the field [20].

Evolutionary Modeling and Validation (CiteSpace): Uti-
lized to generate Timeline views and execute Burst detec-
tion based on set-theoretic data normalization [19].

Model Configuration: The time slicing was set to 1 year
per slice (2019-2026). The g-index (k=21) was applied as the
selection criterion to filter high-frequency representative nodes.

Network Pruning: To eliminate redundant connections and
optimize the clarity of the topological structure, the Pathfinder
algorithm and “Pruning sliced networks” were applied [19].

Evaluation Metrics: The statistical reliability of the key-
word clustering model was validated using two critical
metrics: the Modularity Q and the Mean Silhouette S. In
our established model, the network achieved a Modularity
Q>0.5 (indicating a significant clustering structure) and a
Silhouette S>0.7 (confirming high homogeneity and cred-
ibility within clusters).

Results
Annual publication output and growth trend
Following the PRISMA guidelines (Table 1), 474 core arti-

cles were included. The annual publication trend analysis
(Fig. 1) focused on 465 articles published between 2019 and
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Fig. 1 Annual Publication Output
and Growth Trend
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Table 2 Top 10 most productive countries/regions based on publica-
tion volume and betweenness centrality

Publications (n) Centrality First Year

Rank Country/Region

1 USA 150 0.72 2019
2 PEOPLES R CHINA 143 0.00 2019
3 GERMANY 41 0.17 2019
4 SWITZERLAND 36 0.26 2019
5 JAPAN 24 0.00 2019
6 NETHERLANDS 18 0.06 2019
7 CANADA 17 0.28 2019
8 SWEDEN 16 0.00 2019
9 ITALY 13 0.16 2019
10 INDIA 13 0.25 2019

(Betweenness centrality >0.1 is typically considered as an important
hub in the co-authorship network.)

2025. The data indicates a steady publication volume from
2019 to 2023, averaging approximately 60 articles annually.
An upward trend was observed subsequently, with publica-
tions increasing to 75 in 2024 and reaching 90 in 2025.
Figure 1. Annual publication trends of intelligent pedicle
screw placement research from 2019 to 2025. The continu-
ous upward trajectory, particularly the significant surge
observed in 2024 and 2025, illustrates the accelerating
clinical integration of navigation, artificial intelligence, and
robotic technologies in spinal surgery. (Note: To present
complete yearly cycles, 9 articles published in early 2026
were excluded from this trend chart, though they remain
included in the overall bibliometric network analysis.)

National distribution and centrality

Table 2 details the top 10 most productive countries/regions.
Based on publication volume, the United States (150

@ Springer

2021 2022 2023 2024 2025
Publication Year

publications) and China (143 publications) were the primary
contributors. In terms of betweenness centrality—a metric
reflecting international collaborative influence—the United
States exhibited the highest value (0.72). In contrast, China
recorded a centrality of 0.00, indicating a co-authorship net-
work primarily concentrated within domestic institutions.
Other countries, such as Switzerland (Centrality=0.26) and
Canada (Centrality=0.28), demonstrated high collaborative
centrality relative to their publication output.

Core authors and co-authorship networks

Following name disambiguation, the top 10 most productive
authors were identified (Table 3). Mazda Farshad (23 pub-
lications) and Philipp Fiirnstahl (21 publications) recorded
the highest publication volumes. In terms of total citations,
Erik Edstrom (705 citations, 16 publications) was the most
highly cited author. The co-authorship network, as mea-
sured by Total Link Strength (TLS), reveals that high-TLS
clusters are predominantly formed within specific institu-
tional or national groups, such as the Swiss team (Farshad
and Fiirnstahl), the Swedish team (Edstrom and Burstrom),
and the Chinese team (Tian, Han, and Liu).

Keyword clustering analysis

Keyword clustering analysis yielded 7 major clusters
(Fig. 3). Based on the extracted cluster labels, the network
can be categorized into two primary themes. The first theme
relates to hardware and systemic configurations, encom-
passing Cluster #2 (robot-assisted surgery), #3 (surgical
robotics), and #6 (mechatronic systems). The second theme
focuses on surgical applications and clinical parameters,
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Table 3 Top 10 most productive authors and their collaboration met-
rics in intelligent pedicle screw placement research

Rank  Author Affiliation Documents Cita-
(Country) tions
1 Farshad, Balgrist 23 618
Mazda Univ Hosp
(Switzerland)
2 Fiirnstahl, Univ of Zurich 21 617
Philipp (Switzerland)
3 Edstrom, Erik  Karolinska Inst 16 705
(Sweden)
4 Tian, Wei Jishuitan Hosp 14 581
(China)
5 Burstrom, Karolinska Inst 13 623
Gustav (Sweden)
6 Elmi-Terander, Karolinska Inst 13 497
Adrian (Sweden)
7 Han, Jishuitan Hosp 11 446
Xiaoguang (China)
8 Liu, Yajun Jishuitan Hosp 10 471
(China)
9 He, Da Jishuitan Hosp 10 427
(China)
10 Liu, Bo Jishuitan Hosp 10 421
(China)

(To ensure the accuracy of the bibliometric analysis, publication
counts and citations for authors with variant name spellings in the
WoSCC database (e.g., Philipp Fiirnstahl, Xiaoguang Han, and Yajun
Liu) have been manually verified and merged.)
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(lateral surgery), #4 (spinal fusion), and #5 (spine surgery).
The emergence of terms such as “accuracy,” “complica-
tions,” and “osteoporosis” within these clusters reflects the
targeted clinical metrics in current navigation and robotic
studies.

Figure 2. Keyword clustering network map of intelligent
pedicle screw placement research. The 7 distinct clusters
illustrate a dual-track development in the field: the engi-
neering advancement of intelligent mechatronic/robotic
systems, and their targeted clinical application in complex
scenarios such as minimally invasive procedures and osteo-
porotic spinal fusions.

Thematic evolution and emerging research frontiers

The temporal evolution of the knowledge domain is
visualized in the timeline view (Fig. 3). Cluster #0 (spi-
nal fusion) and #4 (pedicle screw fixation) demonstrate
a chronological shift from foundational imaging terms
(e.g., intraoperative CT, 2019-2020) to algorithmic con-
cepts (e.g., machine learning, 2022-2023). Keyword
citation burst analysis (Fig. 4) quantifies this shift. Early
high-burst keywords included “feasibility” (2019-2020)
and “clinical accuracy” (2021-2023). In the most recent
period (2024-2026), the keywords with the strongest
ongoing bursts are “risk factors” (Strength=2.97),
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Fig. 2 Keyword clustering network map of intelligent pedicle screw placement research
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Fig. 3 Timeline view of keyword clusters in intelligent pedicle screw placement research

Fig.4 Top 10 keywords with the
strongest citation bursts in the
field

Keywords
risk factors
robotic surgery

robotic surgical procedures
surgical navigation systems
computer-assisted spine surgery 2021

clinical accuracy
feasibility

image guidance

template

screw placement

“robotic surgery” (Strength=2.97), and “surgical naviga-
tion systems” (Strength=2.22).

Figure 3. Timeline view of keyword clusters in intel-
ligent pedicle screw placement research. The horizontal
axis represents time, and nodes are positioned based on
their first appearance year. Major clusters, such as #0
(spinal fusion) and #4 (pedicle screw fixation), reveal a
clear progression from basic navigation topics in earlier
years towards intelligent planning and risk-related con-
cerns in recent years.

Figure 4. Top 10 keywords with the strongest citation
bursts in the field. The red segments represent the time inter-
vals where the keyword frequency increased significantly.
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Top 10 Keywords with the Strongest Citation Bursts

Year Strength Begin End 2019 - 2026
2024 2.97 2024 2026 o
2024 2.97 2024 2026 =——
2024 2.59 2024 2026 —
2024 2.22 2024 2026 ==
2.76 2021 2022 —.
2023 2.512023 2024 —
2019 2482019 2020 smun
2019 2.382019 2020 s c——
2021 2.32021 2022 — —
2021 2.292021 2022 —

The shift from early “feasibility” terms to recent strong
bursts in “robotic surgery” and ‘“risk factors” (ongoing
through 2026) highlights the current transition towards
intelligent integration and risk stratification.

Reference co-citation analysis and intellectual base

Reference co-citation analysis identifies the foundational
literature based on citation frequency (Table 4). The most
highly co-cited reference is Gertzbein et al. (1990) with
174 co-citations, which established the grading system
for pedicle screw placement. The remaining top 10 co-
cited references, published between 2010 and 2019,
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Table 4 Top 10 most highly Rank  First Year  Source Journal Co-cita-
co-cited references in the field Author tions
of intelligent pedicle screw 1 Gertz- 1990  Spine Accuracy of pedicular screw placement in 174
placement bein SD vivo
2 Hyun SJ 2017  Spine Minimally invasive robotic versus open 64
fluoroscopic-guided spinal instrumented
fusions: a randomized controlled trial
3 Kantel- 2011  Eur Spine J Perioperative course and accuracy of screw 60
hardt S positioning in conventional, open robotic-
guided and percutaneous robotic-guided,
pedicle screw placement
4 Ringel F 2012  Spine Accuracy of robot-assisted placement of 56
lumbar and sacral pedicle screws: a prospec-
tive randomized comparison to conventional
freehand fluoroscopy-guided placement
5 Gelalis 2012 Eur Spine J Accuracy of pedicle screw placement: a sys- 54
ID tematic review of prospective in vivo studies
comparing free hand, fluoroscopy guidance
and navigation techniques
6 Mason 2014  J Neurosurg-Spine  The accuracy of pedicle screw placement 54
A using intraoperative image guidance systems
7 Han XG 2019  J Neurosurg-Spine  Safety and accuracy of robot-assisted versus 53
fluoroscopy-assisted pedicle screw insertion
in thoracolumbar spinal surgery: a prospec-
tive randomized controlled trial
8 Molliqaj 2017  Neurosurg Focus Accuracy of robot-guided versus freehand 52
G fluoroscopy-assisted pedicle screw insertion
in thoracolumbar spinal surgery
9 Van 2015  Spine Clinical pedicle screw accuracy and deviation 51
Dijk JD from planning in robot-guided spine surgery
10 Devito 2010  Spine Clinical acceptance and accuracy assessment 47
DP of spinal implants guided with SpineAssist

surgical robot: retrospective study

primarily consist of systematic reviews and random-
ized controlled trials (e.g., Hyun SJ, 2017; Kantelhardt
S, 2011) that compare the clinical accuracy and safety
of robot-assisted or navigation-guided placement against
conventional freehand techniques.

Discussion
The “accuracy paradox” and risk stratification

The critical nature of accurate pedicle screw placement can-
not be overstated, as it directly impacts patient outcomes,
significantly reduces the risk of neurological complications,
and minimizes the likelihood of revision surgeries [23,
24]. Historically, this pursuit of optimal spinal fixation has
driven a continuous evolution from conventional C-arm flu-
oroscopy and early minimally invasive techniques toward
modern intelligent platforms. The bibliometric trajectory of
intelligent pedicle screw placement demonstrates a signifi-
cant publication surge post-2019. Early literature was fun-
damentally driven by technical feasibility [2, 25-28], with
foundational randomized controlled trials (RCTs) robustly

validating the superior accuracy of robotic systems over
freehand techniques [9, 29-32]. Consequently, validation
metrics dominated this era, with “accuracy” (frequency =
211) acting as the primary keyword. However, our burst
analysis reveals a recent cessation in the burst of “accu-
racy,” rapidly superseded by “risk factors” (Strength =2.97)
and “complications” (frequency = 46) [33, 34].

This longitudinal shift highlights the “accuracy para-
dox.” Current mechatronic systems have reached a plateau
in geometric precision; yet, perfect anatomical execution
does not intrinsically guarantee a complication-free out-
come [35-37]. The fundamental mechanism behind this
shift is the transition of clinical challenges from the hard-
ware’s execution capability to the systemic risks introduced
by technological complexity in advanced procedures (e.g.,
MIS and lateral surgery) [8, 38, 39]. In complex scenarios,
such as osteoporotic fractures, achieving reliable fixation
has historically necessitated supplementary techniques like
electromyography (EMG) guidance and cement augmenta-
tion to ensure safety [40]. Today, complications in modern
navigated procedures predominantly arise from prolonged
operative times, registration failures, and compromised

@ Springer
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spatial orientation rather than simple trajectory deviation
[41, 42].

Therefore, achieving sub-millimeter precision is no lon-
ger the sole endpoint; contemporary intelligent spine sur-
gery must prioritize patient-specific risk stratification and
systemic complication management over mere technical
execution.

Clinical disconnect and implementation barriers

While the shift towards risk stratification explains the evolv-
ing clinical focus, our keyword clusters expose the systemic
barriers hindering widespread adoption. The lateral com-
parison reveals a stark contrast between high-end hardware
(Cluster #2: robot-assisted surgery) and the emergence of
“cost of care” (emerging in 2020) alongside “complica-
tions* [43, 44].

The underlying driver of this disconnect is the friction
between technological capability and real-world surgical
ergonomics [45, 46]. The progressive integration of tech-
nology into minimally invasive procedures (e.g., multi-level
mini-open TLIF) was originally intended to enhance intra-
operative safety and streamline the surgical workflow [47].
Paradoxically, contemporary robotic systems often require
disruptive workflow alterations, bulky operating room
setups, and prolonged registration protocols [48—50]. Fur-
thermore, as corroborated by implementation science, the
formidable economic burden and the steep cognitive learn-
ing curve represent massive barriers [51-53]. Surgeons face
a paradoxical situation where the technology designed to
reduce operative risk simultaneously introduces new logis-
tical loads during the initial adoption phase [54].

Ultimately, the widespread integration of current robotic
systems is severely bottlenecked by ergonomic and eco-
nomic infeasibility, necessitating a shift toward more intui-
tive, less disruptive surgical assistance modalities.

The future paradigm of AR, Al, and 5G integration

Driven by the need to overcome these ergonomic and cogni-
tive limitations, the bibliometric data points toward a highly
integrated future. Our timeline identifies a massive surge in
“augmented reality” (AR) (frequency = 99), alongside the
emergence of “3D image guidance” and “5G network” by
2025 [54].

These technologies target specific mechanisms of surgi-
cal failure. AR directly resolves the “hand-eye coordination”
problem of traditional navigation by projecting 3D anatomi-
cal models and planned trajectories directly onto the surgi-
cal site via head-mounted displays, restoring the surgeon’s
natural focus and reducing operating room clutter [55-57].
Concurrently, Artificial Intelligence (Al) algorithms serve
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as the cognitive engine, automating preoperative planning
to proactively avoid trajectory-related risk factors [14, 58].
Finally, the ultra-low latency of 5G networks facilitates
cloud-based computing and zero-latency tele-mentoring
[59-61], directly flattening the steep learning curve for
junior surgeons [62, 63].

The synergistic integration of AR (for ergonomic execu-
tion), Al (for cognitive planning), and 5G (for global connec-
tivity) represents the ultimate paradigm shift, democratizing
high-precision pedicle screw placement and resolving cur-
rent implementation barriers.

Limitations and future perspectives

While this study provides the first comprehensive biblio-
metric mapping of intelligent pedicle screw placement
over a 20-year span, several limitations must be objectively
acknowledged.

First, regarding limitations in scope, the search strategy
was strictly confined to “pedicle screw placement” to main-
tain high specificity. Consequently, broader applications of
intelligent spinal technologies (e.g., robotic osteotomies or
Al-driven diagnostic imaging) were deliberately excluded,
which may limit the generalizability of our findings across
the entire spectrum of spine surgery.

Second, regarding limitations in data and methodology,
the retrieval was restricted to the Web of Science Core Col-
lection (WoSCC) to ensure formatting compatibility with
VOSviewer and CiteSpace, potentially omitting relevant
literature indexed solely in Scopus or PubMed. Further-
more, bibliometric algorithms primarily analyze metadata
(titles, abstracts, and keywords) rather than full-text seman-
tics, occasionally overlooking nuanced methodological or
biomechanical details. Additionally, owing to the inherent
temporal lag of citation dynamics, highly impactful studies
published recently (e.g., 2023-2024) may not have accu-
mulated sufficient citations to appear prominently in the co-
citation networks.

Based on these limitations and our current findings, future
studies should adopt a multi-database fusion approach to
broaden the data scope. Methodologically, transitioning
from traditional bibliometrics to Natural Language Pro-
cessing (NLP) models capable of full-text semantic extrac-
tion will be crucial for uncovering deep technical details.
Clinically, our predictions urgently call for prospective,
multi-center studies to validate the actual efficacy, cost-
effectiveness, and learning-curve reduction of the proposed
“AR-AI-5G” synergistic paradigm in real-world operating
rooms.
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Table 5 Summary of Core Bibliometric Indicators and Evolutionary Phases in Intelligent Pedicle Screw Placement

Evolutionary Phase Primary Indicator

Objective Core Nodes (Extracted Metrics)

Defined Research Focus

Category
Phase I: Mechanical Valida-  Efficacy & Feasibility  “Accuracy” (Freq: 211) Validation of geometric trajectory
tion (<2019) Indicators “Feasibility” (Burst: 2017-2021) precision and fundamental anatomical

Phase 1I: Implementation
Bottlenecks (2020-2024)

Systemic & Clinical
Barrier Indicators

Phase I1I: Multi-modal Inte-
gration (2024-2026)

Emerging Frontier
Indicators

“Complications” (Freq: 46)

“Risk factors” (Strength: 2.97)
“Cost of care” (Node: 2020)
“Augmented reality” (Freq: 99)
“5G network” (Burst to 2025)
“Artificial intelligence” (Cluster #2)

safety of hardware.

Identification of clinical disconnects in
complex scenarios (e.g., MIS, osteo-
porosis), including learning curves.
Structural transition towards in-situ
visualization, automated cognitive
planning, and remote connectivity.

Conclusion

This study employed VOSviewer and CiteSpace to sys-
tematically extract and analyze 474 literature records from
the Web of Science Core Collection (2004-2024) regard-
ing intelligent pedicle screw placement. The bibliometric
indicators collectively re-abstract a 20-year evolutionary
trajectory of the field, marking a structural transition from
the validation of mechanical precision to the management
of systemic complexities in clinical adoption.

Categorized by clustering and co-citation indicators, the
knowledge base is objectively delineated into two parallel
domains: technology-centric hardware systems (Cluster #2:
robot-assisted surgery; Cluster #6: mechatronic systems)
and pathology-centric clinical scenarios (Cluster #0: mini-
mally invasive surgery; Cluster #5: osteoporosis).

Longitudinal keyword indicators (bursts and timelines)
further map the temporal evolution of research frontiers.
Early bibliometric outputs were quantitatively dominated
by execution metrics (“accuracy,” frequency=211). A
subsequent shift in indicators highlights implementation
variables, evidenced by nodes such as “complications” (fre-
quency=46), “cost of care” (emerging node in 2020), and
“risk factors” (burst strength=2.97). The latest emergent
indicators (projected through 2025/2026) are exclusively
led by multi-modal and non-mechanical technologies,
with “augmented reality” (frequency=99), “artificial intel-
ligence,” and “5G network” forming the contemporary
frontier array. The core bibliometric results and metric tran-
sitions are summarized in Table 5.
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