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Abstract: Background/Objectives: Lumbar spine surgery has undergone significant tech-
nological transformation in recent years, driven by the goals of minimizing invasiveness,
improving precision, and enhancing clinical outcomes. Emerging tools—including robotics,
augmented reality, computer-assisted navigation, and artificial intelligence—have comple-
mented the evolution of minimally invasive surgical (MIS) approaches, such as endoscopic
and lateral interbody fusions. Methods: This systematic review evaluates the literature
from February 2020 to February 2025 on technological and procedural innovations in
LSS. Eligible studies focused on degenerative lumbar pathologies, advanced surgical tech-
nologies, and reported clinical or perioperative outcomes. Randomized controlled trials,
comparative studies, meta-analyses, and large case series were included. Results: A total of
32 studies met the inclusion criteria. Robotic-assisted surgery demonstrated high accuracy
in pedicle screw placement (~92-94%) and reduced intraoperative blood loss and radiation
exposure, although long-term clinical outcomes were comparable to conventional tech-
niques. Intraoperative navigation improved instrumentation precision, while AR enhanced
ergonomic workflow and reduced surgeon distraction. Al tools showed promise in surgical
planning, guidance, and outcome prediction but lacked definitive evidence of clinical
superiority. MIS techniques—including endoscopic discectomy and MIS-TLIF—offered
reduced blood loss, shorter hospital stays, and faster recovery, with equivalent pain relief,
fusion rates, and complication profiles compared to open procedures. Lateral and oblique
approaches (XLIF/OLIF) further optimized alignment and indirect decompression, with
favorable perioperative metrics. Conclusions: Recent innovations in lumbar spine surgery
have enhanced technical precision and perioperative efficiency without compromising
patient outcomes. While short-term benefits are clear, long-term clinical advantages and
cost-effectiveness require further investigation. Integration of robotics, navigation, Al, and
MIS into spine surgery reflects an ongoing shift toward personalized, data-driven, and less
invasive care.

Keywords: lumbar spine surgery; minimally invasive techniques; robotic-assisted surgery;
augmented reality navigation; artificial intelligence
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1. Introduction

Lumbar spine surgery (LSS) has evolved dramatically over the past several decades,
driven by a desire to improve patient outcomes and reduce the morbidity associated with
traditional open procedures. Early spinal surgeries in the 20th century, such as the first
lumbar discectomy in 1908 and spinal fusions reported in 1911, established foundational
techniques [1,2]. In the last decades, conventional open approaches were flack by the
adoption of minimally invasive techniques and novel technologies in lumbar surgery.
The rationale for embracing new methods is multifold: to minimize tissue trauma and
postoperative pain, enhance the accuracy of implant placement, reduce complications such
as neurovascular injuries from misplaced hardware, and improve overall surgical precision
and consistency. For example, computer-assisted navigation and robotic guidance were
introduced to reduce screw misplacement rate and boost accuracy. Likewise, the need
to reduce surgeons’ radiation exposure during fluoroscopy and to streamline operative
workflow has led to innovations like intraoperative 3D navigation, augmented reality (AR)
displays, and robotic platforms. Patient radiation exposure is an equally important concern:
traditional fluoroscopy-guided procedures, particularly when extensive imaging is needed
for instrument placement, can result in significant cumulative radiation doses to the patient
and surgeons. Innovations have been shown to reduce the number of repeated fluoroscopy
shots; nevertheless, technologies like intraoperative CT scans or 3D imaging systems may
deliver higher single-dose exposures compared to standard fluoroscopy, highlighting the
need for careful radiation management protocols.

In recent years, artificial intelligence (AI) has also emerged as a cutting-edge tool, with
potential applications in surgical planning, imaging analysis, and intraoperative guidance.
Overall, the past five years have seen a rapid uptake of these technologies alongside refined
minimally invasive surgical (MIS) techniques (endoscopic and percutaneous approaches),
signaling a paradigm shift in how lumbar spine surgery is performed.

This review provides a systematic and critical appraisal of the latest advancements in
lumbar spine surgery, focusing on peer-reviewed evidence from the last five years. Key
areas include technological innovations (robotics, AR, navigation, and Al), MIS techniques
(endoscopic and lateral approaches), comparisons of these innovations to conventional
surgery, and their impact on clinical and functional outcomes.

2. Materials and Methods
2.1. Study Design and Search Strategy

This review was conducted following a systematic approach to identify, appraise,
and synthesize recent advancements in LSS. We performed a comprehensive literature
search in February 2025 across multiple databases, including PubMed /Medline, Research
Gate, Google Scholar, and Cochrane, focusing on publications published between February
2019 and February 2025. The following search terms were used: “lumbar spine surgery”,
“machine learning”, “artificial intelligence”, “robotic”, “endoscopic”, and “minimally
invasive”. Additional studies were identified through manual reference screening of

relevant reviews and meta-analyses.

2.2. Inclusion Criteria
Studies were included if they met the following criteria:

- Published in a peer-reviewed journal indexed in PubMed from February 2020 onward.
- Focused on lumbar spine surgery, addressing degenerative conditions, deformity
correction, or other lumbar pathologies.
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- Utilized advanced technologies, including robotic-assisted surgery, computer navi-
gation, AR, Al, or MIS techniques such as full-endoscopic discectomy, percutaneous
instrumentation, and lateral /oblique lumbar interbody fusion (XLIF/OLIF).

- Reported relevant clinical and surgical outcomes, such as accuracy of instrumentation,
perioperative metrics (operative time, blood loss, and hospital stay), complication
rates, and functional outcomes (pain scores, disability indices, and fusion rates).

- Study types: randomized controlled trials (RCTs), prospective or retrospective compar-
ative studies, systematic reviews, meta-analyses, and large case series were included
if higher-level evidence was lacking (e.g., for AR or Al applications where RCT data
remain sparse).

2.3. Exclusion Criteria
We excluded studies that included the following;:

- Were case reports or small case series without comparative data.

- Were conference abstracts or non-peer-reviewed sources.

- Focused on cervical or thoracic spine surgery, unless findings were generalizable to
lumbar procedures.

- Were review papers that did not provide new data (these were used for background
information only).

- Contained overlapping patient cohorts—in such cases, the most comprehensive or
recent study was selected to avoid duplication.

- Non-English-language publications.

2.4. Study Selection and Data Extraction

All identified titles and abstracts were screened by two independent reviewers for rel-
evance. Full-text articles of potentially eligible studies were retrieved and assessed against
the inclusion criteria. Disagreements were resolved by consensus or consultation with a
third reviewer. A PRISMA flow diagram was used to document the study selection process.

Data extracted from the included studies included the following: study design (RCT,
cohort, and meta-analysis); patient population (sample size, demographics, and pathology
treated); surgical technique/technology evaluated; key outcomes (accuracy, operative time,
blood loss, hospital stay, complications, pain/disability scores, and fusion rates); quality
assessment of evidence (RCT risk of bias, assessing the methodological of systematic
reviews (AMSTAR) score for systematic reviews when available).

Due to study heterogeneity, a formal meta-analysis was not performed, and findings
were summarized narratively.

3. Results

The screening process is illustrated in Figure 1. A total of 88 studies were initially
identified through database searches. Following title and abstract screening, 56 publications
were excluded for the following reasons: 2 duplicates, 3 non-English language articles,
10 case reports, 4 studies focused on cervical or thoracic spine surgery, 8 articles present-
ing non-surgical data, 26 lacking innovative content or future perspectives, 2 conference
abstracts, and 1 video article. Ultimately, 32 studies met the inclusion criteria and were
included in this review.
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Figure 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of
databases and registers.

3.1. Technological Innovations in Lumbar Spine Surgery
3.1.1. Robotic-Assisted Surgery

Robotic-assisted spine surgery has seen increasing adoption in the past five years,
particularly for pedicle screw placement and lumbar fusion procedures. The primary
demonstrated benefit of robotic systems is improved accuracy and consistency of instru-
mentation [3]. Conventional freehand pedicle screw placement relies on the surgeon’s
anatomical knowledge and fluoroscopic guidance; in inexperienced hands, misplacement
rates as high as ~30% in the lumbar spine and 55% in thoracic spine have been reported [2].
In contrast, modern robotic guidance platforms, which use preoperative or intraoperative
imaging to plan screw trajectories and guide tools, achieve placement accuracy in the
range of ~92-94% [2,4]. Multiple recent studies and meta-analyses confirm that robotics
significantly increases the proportion of screws placed in the optimal position compared to
conventional techniques [5]. This precision is especially valuable in MIS approaches where
anatomic landmarks are not directly visible [2].

A 2023 updated systematic review of 20 RCTs and a total of 954 patients compared
robot-assisted versus conventional spine surgery. The meta-analysis found that robot-
assisted surgery was associated with less intraoperative blood loss and lower intraoperative
radiation dose exposure compared to freehand techniques [2]. Hospital length of stay was
also modestly shorter in the robotic groups on average [2,5]. These benefits likely stem
from the robot’s ability to facilitate minimally invasive screw placement (smaller incisions
and less muscle dissection) and more efficient, planned trajectories (reducing the need for
repeated fluoroscopy shots) [6,7]. However, one trade-off can be increased operative setup
time or technical troubleshooting, although the RCT meta-analysis found no significant
difference in total operative duration between robotic and freehand cohorts [2]. Early
iterations of robotic systems did face learning-curve challenges, but as surgeons become
more experienced, operative times have become comparable to non-robotic procedures [3].

Despite clear gains in screw accuracy and perioperative parameters, improvements
in patient-centered clinical outcomes with robotics have not yet been conclusively demon-
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strated. The meta-analyses of RCTs reported no significant differences in postoperative low
back pain scores or disability indices between robotic and conventional surgery patients [2].
At early follow-up, patients experienced similar pain relief and functional improvement
regardless of whether a robot was used for instrumentation. Similarly, rates of overall
complications (infection, neurological injury, etc.) did not differ appreciably between
groups in most studies [2,3]. A large multicenter database study (2015-2022) compar-
ing robotic-assisted vs. navigation-assisted lumbar fusions found no reduction in 90-day
adverse events with robotics; the robotic cohort had a slightly higher readmission rate,
possibly reflecting early adoption hurdles, and no difference in 3-year reoperation rates [8].
These findings underscore that, while robots enhance technical execution, the incremental
advantage in clinical efficacy remains unproven [2]. Table 1 summarizes key outcomes of
robotic-assisted versus conventional approaches.

Table 1. Key advantages and current evidence of robotic-assisted, intraoperative navigation, and AR
and Al for lumbar spine surgery.

Technology

Key Advantages Current Evidence (Last 5 Years)

High precision in pedicle screw placement  Accuracy: Significantly higher Grade A screw placement vs.
(~92-94% accuracy vs. ~70% freehand). conventional freehand.

Reduced intraoperative blood loss and
radiation exposure in some studies.

Perioperative: Less blood loss and shorter hospital stays
observed in RCT meta-analysis. No increase in overall
OR time.

Robotic-Assisted

Outcomes: No improvement in 90-day or long-term clinical

Surgery outcomes versus non-robotic surgery in matched
Facilitates minimally invasive approaches comparisons. Similar pain relief and fusion rates.
(percutaneous instrumentation). Limitations: High initial cost; learning curve; few studies on
cost-benefit (one analysis shows cost-effectiveness if revisions
are reduced).
Improves screw placement accuracy over Accuracy: Established improvement in pedicle screw
fluoroscopy alone. accuracy vs. freehand.
Intraoperative - - -
Navigation Workflow: Can increase setup time and requires surgeon to
(Conventional 3D look away to a separate screen, which may disrupt workflow.
‘o Avoids reliance on surgeon’s anatomic - .
navigation estimates enhancii safety in Outcomes: Associated with reduced screw
systems) corr’1 lex anatgm y misplacement-related complications, but direct impact on
P Y long-term outcomes is unclear. Widely adopted especially in
deformity and revision cases.
Projects navigation cues into sureeon’s Accuracy: Non-inferior to standard navigation; AR-guided
ﬁell:l of viewézvia headsets or disg Jays) pedicle screw placement accuracy comparable to conventional
resulting in improved ereonomics (I;uryeon navigation and far better than freehand. Early head-mounted
& kee }; oves ong atient) & AR studies report accuracy on par with navigation
ps ey p ' (differences not statistically significant).
Augmented Realit - : o o .
gNaVi ation Y Workflow efficiency: Easier, more intuitive =~ Workflow: Qualitatively improved; surgeons report greater
& instrument guidance, potentially shorter ease and faster confirmation of trajectories. AR deemed a
learning curve for navigation. “meaningful addition” to traditional methods.

May reduce need for fluoroscopy (lower  Outcomes: No clinical outcome or cost data yet. Studies so far
radiation) by providing continuous are small; need prospective trials to confirm any reduction in

visual guidance. operative time or complication rates.
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Table 1. Cont.

Technology Key Advantages Current Evidence (Last 5 Years)
Preoperative: Automates image analvsis Feasibility: Al-driven tools have been implemented in pilot
and SE roical 'lannin (3D recogns truct};ons studies with satisfactory accuracy and safety profiles (e.g., Al
an:g:l o tIi)mal scr%w trajectories) planning yielding proper screw placement and Al-assisted
P ) ' imaging matching expert readings).
Artificial Ir:;?/(i)pae’;?)?’(z: En:g:ﬁi?;?;i;nd Radiation/Precision: Al-assisted navigation shown to reduce
Intelligence (AI) i djus tm(:;;l.tls ancl:l)real- t n]1 o y reliance on fluoroscopy and maintain or improve accuracy

(machine learning

. . versus standard techniques.
tissue recognition).

for planning,
guidance, and
decision support)

Postoperative: Predicts outcomes and

Clinical impact: No proven superiority in patient outcomes
yet. Lacks RCTs; current evidence (11 studies review) shows
no clear outcome advantage of Al assistance, although
processes are improved.

complication risks
(personalized prognostics).

Can integrate with AR/VR to improve

Future: Rapidly evolving; expected to enhance surgeon
decision-making and possibly enable

simulation and training. . .
& semi-autonomous surgeries.

Several studies have confirmed that robotic-assisted spine surgery maintains low
complication rates. In a multicenter study of 799 robotic procedures with 4838 pedicle
screws, the intraoperative complication rate was reported at 3.13%, and the 90-day implant-
related revision rate was 0.88% [9]. Good et al. (2021) found that 97% of robotic-guided
patients remained complication-free at 90 days versus 73% with fluoroscopy guidance [10].

The value proposition of robotics is still being evaluated. Robots entail substantial
capital and maintenance costs, and longer-term studies on cost-effectiveness are only be-
ginning to emerge. One recent single-center analysis suggested that robotic spinal surgery
can become cost-effective in the context of reducing revision surgeries, preventing com-
plications like misplaced screws that would require reoperation [3,11]. In that model, the
incremental cost-effectiveness ratio improved markedly for cases requiring instrumentation
of only 1-2 levels, and the authors concluded that if robotic use averts even a few costly
complications, it may justify the investment [11]. Nonetheless, high-quality evidence on
cost-benefit is scarce: the 2023 RCT meta-review noted that studies of cost-effectiveness
are still very rare [2]. Hospitals must weigh the upfront expense against potential gains in
efficiency and avoidance of complications. As robotic technology matures and competition
increases, costs may decrease, further influencing adoption.

Overall, robotic systems offer greater surgical precision, but the lack of superior
clinical outcomes thus far suggests that accuracy alone is not enough to improve metrics
like pain or fusion rate in the short term, or that existing conventional techniques were
already performing adequately in those domains [3]. It may be that the true benefits
of robotics will manifest in specific scenarios (like complex deformity cases or reducing
radiation to operating room staff) or over longer follow-up (as lower rates of screw-related
complications over years). Continued research, including randomized trials focusing on
patient outcomes and cost, is ongoing to determine the precise role of robotics in lumbar
spine surgery.

3.1.2. Intraoperative Navigation and Augmented Reality

Intraoperative navigation systems, non-robotic computer-assisted, have been used
in spine surgery for over two decades and represent a stepping stone between freehand
techniques and robotic automation [12,13]. Standard navigation typically involves ob-
taining 3D imaging, such as intraoperative Computer Tomography (CT) or O-arm scans
and using optical trackers to guide instrument placement on a virtual model of the pa-
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tient’s spine [14]. Numerous studies have shown that navigation improves pedicle screw
placement accuracy compared to freehand methods, increasing the proportion of correctly
placed screws and thereby potentially reducing neural impingement or breach of cortical
bone [15,16]. Navigation is especially valuable for anatomically challenging cases or de-
formities where landmarks are distorted. However, traditional navigation systems have
drawbacks: surgeons must shift their gaze between the surgical field and a remote monitor,
and the setup and registration process can be time-consuming, which disrupts operative
room (OR) workflow [13,15].

Recent evidence suggests that robotic systems may offer slightly greater precision and
workflow efficiency in specific contexts. For instance, Heath et al. found that robot-assisted
TLIF procedures achieved higher clinical accuracy than navigation-guided techniques
(100% vs. 92.1% acceptable screw placement, p < 0.001), although total operative time
was longer in two-level procedures [17]. Similarly, Sundaram et al. reported that robotic
assistance in OLIF reduced operative times by up to 62 min and improved surgical effi-
ciency [18]. Additionally, Shahi et al. demonstrated that robotic guidance was associated
with significantly lower radiation exposure to both surgeons and patients when compared
to navigation [19]. These findings suggest that, while both technologies enhance surgical
precision, robotics may confer additional benefits in selected patient populations or complex
procedures. Nevertheless, the added complexity, resource availability, and steep learning
curves associated with both robotic and navigation platforms have historically limited
their widespread adoption in spine surgery, as some surgeons reported longer operative
times and technical integration challenges [15]. One of the most significant barriers to
widespread adoption is the economic cost. These systems often require substantial upfront
investment for the acquisition of hardware (e.g., O-arm, navigation towers, and reference
arrays) and software licenses. There are ongoing maintenance and calibration expenses,
as well as training costs for staff and surgeons. A 2022 cost-analysis study reported that
the use of intraoperative navigation in lumbar fusion procedures increased operative costs
by up to $2500-$3000 USD per case, mainly due to the imaging equipment and dispos-
ables required [20]. These limitations have spurred development of newer solutions like
AR [12,13].

Augmented reality technology seeks to address the workflow issues of traditional
navigation by superimposing digital navigation cues directly into the surgeon’s field of view.
In AR-assisted spine surgery, the surgeon can see the patient’s anatomy or a holographic
trajectory for instrumentation, overlaid on the actual operative field, either via a head-
mounted display or an optical projection system [21]. This allows the surgeon to keep their
eyes on the patient while still visualizing critical internal anatomy or instrument paths [22].
A 2021 systematic review of AR navigation in spine surgery included 28 studies and found
that AR systems provided superior workflow and non-inferior accuracy compared to
conventional navigation or freehand techniques [15]. Essentially, AR can maintain the
accuracy benefits of computer guidance while improving ease of use; surgeons reported a
smoother workflow and less distraction using AR, as they did not need to look away to
a separate screen [15]. Early evidence also indicates AR may reduce radiation exposure:
by relying on pre-acquired imaging and continuous visual guidance, AR navigation can
decrease the need for repeated fluoroscopy shots, although data on radiation were limited
and mixed in the review [15,21,22].

Critically, while AR-assisted surgery appears technologically promising, the evidence
base is still nascent. The systematic review noted that there were no studies yet report-
ing on long-term clinical outcomes, complication rates, or cost-benefit for AR in spine
surgery [15,22]. Most included studies were feasibility studies, case series, or small compar-
ative trials focusing on technical metrics like screw accuracy and workflow [23]. So far, AR
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has been shown to achieve pedicle screw accuracy on par with standard navigation and
clearly better than unguided freehand [15]. For example, one study in the review found
head-mounted display AR was comparable in accuracy to conventional navigation, though
another noted that some AR systems still had kinks to work out [15]. Overall, no significant
accuracy trade-offs have been observed with AR, meaning surgeons can adopt AR without
losing precision. The main advantage lies in ergonomics and efficiency: AR offers a more
intuitive interface that may shorten the learning curve for navigation and encourage more
surgeons to use guidance technology. Indeed, AR is viewed as an important innovation to
promote wider adoption of computer-assisted spine surgery by overcoming the distraction
factor of older systems [15,22].
Table 1 provides an overview of AR versus conventional navigation.

3.1.3. Artificial Intelligence Applications

Artificial intelligence in spine surgery is an emerging frontier that overlaps with many
of the technologies above. Broadly, Al refers to computer algorithms, including machine
learning and deep learning models, that can analyze complex data, recognize patterns, and
assist in decision-making. In the context of lumbar spine surgery, Al has been explored in
several domains [24].

Al algorithms have been developed to interpret spinal imaging to detect pathologies
and even perform automated measurements [25]. They can generate 3D reconstructions
of the spine and help plan optimal surgical trajectories [26]. This can assist surgeons in
preoperative planning by simulating surgery and identifying potential challenges before
making an incision [27].

Al is being integrated with robotic surgery systems to enhance their capabilities. For
example, machine learning models can optimize the robotic trajectory planning for pedicle
screws or adjust in real-time to anatomic variations, potentially increasing the dexterity
and autonomy of robotic assistants [26]. Some robotic platforms incorporate Al for image
recognition and instrument tracking. Additionally, Al-driven analytics can process the
navigation data to provide the surgeon with real-time feedback or alerts: for example,
warning if a planned screw is too close to a nerve root [24,28].

AR offers a visual overlay; pairing it with Al could enable advanced features like
automatic anatomical labeling in the surgeon’s view or highlighting of critical structures.
Recent reviews emphasize that the incorporation of Al with AR/VR is promising, with
potential to further enhance surgeon performance and safety [26]. For instance, an Al might
analyze the live endoscopic feed during an AR-assisted procedure to identify tissue types
or flag abnormal anatomy, complementing the AR visualization [26].

AlI can sift through large patient datasets to predict outcomes of lumbar surgery [29].
Models have been created to forecast which patients will improve after a fusion or which are
at risk of complications, based on preoperative variables (imaging, demographic, and health
factors) [26]. Such predictive tools could someday guide patient selection or personalized
surgical approaches: for example, Al might suggest that a certain patient would benefit
more from an MIS approach vs. open or predict the likelihood of fusion success with or
without adjuncts [25,27,29].

Al in spine surgery is in early stages of clinical application. A 2024 systematic re-
view on Al-assisted spine surgery identified only 11 relevant studies in the last decade,
reflecting how nascent this field is [26]. The review concluded that no current evidence
shows superiority of Al-assisted techniques over conventional surgery in terms of patient
outcomes [26]. In other words, while various Al tools have been tested in pilot studies
or retrospective analyses, none have yet proven that using Al leads to better pain relief,
higher fusion rates, or other tangible patient benefits. However, those studies highlight that
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Al-assisted systems are generally feasible and safe, and they can improve certain process
measures, can reduce dependence on fluoroscopy, and maintain or improve accuracy of
screw placement relative to standard fluoroscopic guidance [26].

One concrete example is the use of Al in the automated planning of pedicle screw
trajectories: algorithms can recommend the optimal entry point and angle based on each
patient’s CT scan, which the surgeon can then follow with or without a robot [28]. Studies
show this can be highly accurate and may shorten planning time [30]. Another area is Al-
driven monitoring: systems that analyze the sound or resistance feedback when a pedicle
is being probed, to warn if the bone is thinning. These kinds of “smart” tools are under
development [15].

Al has also been applied to postoperative outcomes; for example, machine learning
models have been used to predict which patients will achieve a certain percentage of
Oswestry Disability Index (ODI) improvement at 1 year after lumbar fusion or to classify
MRI (Magnetic Resonance Imaging) images to decide if a patient is a surgical candidate.
In one imaging study, an Al-assisted interpretation of lumbar MRI had a sensitivity of
~94.5% for detecting certain degenerative changes, slightly outperforming human read-
ings [27,29,31,32].

Beyond digital technologies, emerging areas such as regenerative medicine and nan-
otechnology are opening new frontiers in lumbar spine surgery. Regenerative strategies,
including stem cell therapy and biologics, aim to restore intervertebral disc health or
enhance bony fusion. Mesenchymal stem cells (MSCs), derived from sources like bone
marrow, adipose tissue, and umbilical cord, have shown promise in preclinical studies for
regenerating degenerated intervertebral discs by promoting extracellular matrix production
and modulating inflammation. However, challenges such as the harsh microenvironment of
the disc and limited cell survival post-implantation remain. Recent approaches combining
MSCs with hydrogels or extracellular vesicles (EVs) are being explored to enhance cell
viability and therapeutic efficacy [33-36].

Nanotechnology offers advanced implant coatings and drug delivery systems to
reduce infection or enhance osteointegration. For instance, nanostructured surfaces on
spinal implants can promote better bone-implant integration, while nanoparticle-based
delivery systems can provide a controlled release of anti-inflammatory or osteoinductive
agents directly at the surgical site. These innovations, though still largely experimental,
may complement surgical techniques by addressing tissue-level pathologies and improving
long-term outcomes.

Recent studies have demonstrated that nanostructured surfaces on spinal implants can
significantly enhance osseointegration. For instance, titanium implants with TiO, nanotube
arrays have been shown to improve protein adsorption, promote osteoblast adhesion, and
modulate immune responses, thereby facilitating better bone-implant integration [37-39].

In addition to surface modifications, nanoparticle-based delivery systems are being ex-
plored to provide the controlled release of therapeutic agents at the surgical site. Lactoferrin-
anchored, tannylated, mesoporous silica nanoparticles, for example, have demonstrated
potential in promoting bone fusion and angiogenesis in spinal fusion models [40].

Furthermore, the use of bioactive nanomaterials, such as metal and metal oxide
nanoparticles, has been investigated for their antibacterial and anti-inflammatory proper-
ties, which are crucial in preventing postoperative infections and promoting healing [41].

3.2. Minimally Invasive Techniques
3.2.1. Endoscopic and Percutaneous Spine Surgery

Fully endoscopic spine surgery has emerged as one of the least invasive surgical
options for lumbar disc herniations and spinal canal decompression [42,43]. In endoscopic
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lumbar discectomy, surgeons use a needle-size tubular endoscope to remove herniated
disc fragments through a very small incision [44,45]. Over the past five years, endoscopic
techniques have gained popularity worldwide and increasingly in the United States [1]. The
proposed benefits include less muscle and soft tissue disruption, reduced blood loss, less
postoperative pain, and faster recovery compared to the standard open microdiscectomy,
which requires a larger incision and muscle retraction [1,46,47].

Recent evidence suggests that endoscopic discectomy achieves equivalent long-term
outcomes to conventional microdiscectomy, while conferring some short-term advan-
tages [43,48,49]. A 2021 systematic review and meta-analysis compared percutaneous
transforaminal endoscopic discectomy (PTED) with open microdiscectomy for lumbar disc
herniation. It found no significant differences in leg pain relief or functional recovery at
6- to 12-month follow-ups between the two procedures [50]. This aligns with the results
of several randomized trials that reported non-inferior pain and ODI improvements with
endoscopic discectomy compared to microdiscectomy [43,51,52].

Where endoscopic surgery appears to shine is in perioperative morbidity and recov-
ery time. A large multi-center analysis of the ACS-NSQIP database, from 2015 to 2018,
identified over 38,000 single-level lumbar discectomy cases, of which a subset of 175 were
endoscopic. Despite the small proportion, the outcomes were telling: patients who un-
derwent endoscopic discectomy had a significantly lower overall complication rate (only
0.6% adverse events) compared to those who had open discectomy (3.4% adverse events).
They also had a shorter hospital stay on average (0.8 days vs. 1.15 days, p < 0.05) [1].
Although both approaches typically allow for rapid discharge (next-day or even same-day
surgery), the endoscopic group’s shorter length of stay suggests some patients were able to
go home the same day of surgery, reflecting faster immediate recovery [53]. Operative time
in that series was roughly similar between groups [1], dispelling the notion that endoscopic
procedures necessarily take longer. These findings indicate that endoscopic techniques
can reduce the immediate postoperative pain and risk of complications like surgical site
infection or excessive blood loss [51,52,54].

It is worth noting that endoscopic surgery has a learning curve, and outcomes are
highly operator dependent [43]. As surgeons have gained experience, reherniation rates
and reoperation rates for endoscopic discectomy in recent studies are comparable to open
surgery. Some recent RCTs even suggest slightly faster early pain reduction and return to
work with endoscopic techniques, although by 1 year the differences equalize [44,47,52].
Overall, the evidence now supports endoscopic lumbar discectomy as a safe and effective
alternative to open microdiscectomy for properly selected patients [50]. Key patient fac-
tors for success include contained herniations and no severe canal stenosis, as extremely
migrated or large fragments may still require an open approach [43,46,51,54].

In addition to discectomy, minimally invasive principles have been extended to lumbar
fusions [49,55,56]. Percutaneous pedicle screw fixation involves inserting screws through
small stab incisions in the skin, using guidewires and dilation, rather than via an open
midline exposure [57,58]. This technique, combined with tubular retractors for performing
the decompression and interbody fusion, defines MIS fusion procedures like MIS-TLIF
(Transforaminal Lumbar Interbody Fusion) and MIS-PLIF (Posterior Lumbar Interbody
Fusion) [42,57]. The advantage of percutaneous instrumentation is that it avoids detaching
the paraspinal muscles from the spine; instead, screws are placed with guidance (fluoro-
scopic or navigation) through muscle planes, and rods are connected subfacially [56,58].
This drastically reduces muscle trauma, bleeding, and postoperative pain [42,47].

High-level evidence from RCTs and meta-analyses in the past five years has solidified
the benefits of MIS fusion. A 2020 systematic review and meta-analysis pooled seven RCTs
with a total of 496 patients, comparing single-level minimally invasive TLIF to traditional
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open TLIF [59]. The results showed MIS-TLIF achieved the same therapeutic goals as
open TLIF in terms of fusion success and long-term patient outcomes, with significantly
less surgical morbidity. Specifically, there was no difference in fusion rates at 12 months
(pseudarthrosis incidence ~10% in both and not statistically different) [59] and no difference
in long-term leg or back pain scores [59,60]. Functional outcomes were likewise similar,
though the MIS group had a marginally better ODI, on average ~3 points lower, p = 0.01,
which is a small but statistically significant difference favoring MIS [59,60].

MIS-TLIF was associated with reduced intraoperative blood loss, approximately
200 mL less on average, and a shorter hospital stay by roughly two days compared to the
open TLIF approach [59,61,62]. Patients undergoing MIS-TLIF typically mobilize earlier
and fulfill discharge criteria sooner, primarily due to reduced postoperative pain and lower
analgesic requirements [49,56,63]. The main trade-off observed was a modest increase
in fluoroscopy time, averaging 48 s more than in open procedures [49,59]. However, the
overall operative time was comparable between MIS and open approaches, challenging
the notion that MIS techniques are inherently slower. Importantly, complication rates did
not differ significantly between the two techniques, indicating no increased risk of periop-
erative complications with MIS-TLIF [59]. These findings suggest that, when performed
with appropriate image guidance, MIS-TLIF does not carry a higher risk of pedicle screw
malposition or neurological injury [57]. Table 2 summarizes these comparisons.

A newer frontier that overlaps endoscopy and fusion is endoscopic-assisted interbody
fusion (endoscopic TLIF), where an endoscope is used through a tubular retractor to
perform discectomy and cage placement with minimal exposure [57]. Early case series in
the last five years have shown it is feasible, but evidence is still limited, and it remains
technically challenging. It aims to combine the benefits of endoscopic decompression with
the stability of fusion for select cases like low-grade spondylolisthesis [51].

Table 2. Comparison of the key findings from the sources (2019-2024).

Procedures Surgical Outcome Measures Key Findings
Long-term leg pain relief and No significant difference. Both approaches yield
functional improvement comparable outcomes for sciatica at 6—12 months.
Hospital Stay Endoscopic shorter (e.g., ~O..8 vs. 1.1 days) with
more same day discharges.
Endoscopic Endoscopic has lower risk of adverse events
Discectomy Complications (0.6% vs. 3.4% in one large series), including lower
~ vs. Open infection rates.
Microdiscectomy

Faster early mobility and less postoperative pain
medication reported with endoscopic technique in

Recovery several studies (due to minimal muscle
disruption).
Less blood loss with MIS (~200 mL reduction).
MIS TLIF vs. Open Shorter hospitalization by ~2 days (earlier
TLIF Perioperative ambulation and discharge).

(single-level fusion)

Fluoroscopy use is higher in MIS (by ~48 s) due to
percutaneous screw placement.
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Table 2. Cont.

Procedures Surgical Outcome Measures

Key Findings

Complications

No significant difference in overall complication
rates. MIS approach does not increase neurological
or hardware-related complications when
performed with navigation/experience.

MIS TLIF vs. Open

TLIE Fusion Rate

Equivalent between groups (~90% at 12 months).
MIS does not compromise bony fusion healing.

(single-level fusion)

Clinical Outcomes

Similar pain scores at 1 year (both groups improve
greatly). ODI slightly better in MIS group (by
~3 points), indicating a small functional benefit.
Long-term outcomes (up to 5 years) show no
differences in pain/disability trajectories.

Operative Time

No significant difference (lateral approaches as
efficient as TLIF for single level).

Blood Loss

Lower in lateral (XLIF/OLIF)—often by
150250 mL less than TLIF.

Hospital Stay

Shorter with XLIF/OLIF (mean 1-2 days shorter)

due to reduced pain and quicker mobilization.

Faster early improvement in OLIF vs. TLIF. Lower
VAS back pain at 3 months and better ODI at
3 months and final follow-up (2-3 point
advantage). Leg pain relief similar
between groups.

Fusion rates high and comparable. XLIF/OLIF
yield greater disc height and foraminal height
restoration, aiding indirect decompression. Similar
or slightly better segmental lordosis gain vs. TLIF,
depending on levels fused.

Pain and Disability
Lateral/Oblique

Fusion (XLIF/OLIF)
vs. Posterior
Fusion (TLIF)

Fusion and Alignment

Opverall rates similar, but profile differs. OLIF: risk
of vascular injury (~3%) higher than TLIF
(near zero).

XLIF: risk of lumbar plexus neuropraxia (transient
thigh numbness/weakness) ~10-20% vs. much
lower in TLIF. No significant difference in infection
rates (both are low due to minimal incisions).

Complications

3.2.2. Lateral and Oblique Lumbar Interbody Fusion

Minimally invasive anterolateral approaches to the lumbar spine, namely Extreme
Lateral Interbody Fusion (XLIF) and Oblique Lumbar Interbody Fusion (OLIF), have gained
substantial traction in the last 5-10 years. These techniques allow surgeons to access the
lumbar disc space from the retroperitoneal space, avoiding the posterior muscles and bones
entirely. By doing so, a larger interbody cage can often be inserted, restoring disc height
and lordosis effectively, and with less back muscle disruption. XLIF, introduced in the
mid-2000s, uses a direct lateral trans-psoas route, whereas OLIF takes a slightly more
oblique anterior-to-psoas trajectory, aiming to avoid traversing the psoas muscle and thus
potentially reduce nerve irritation [64].

Both XLIF and OLIF are indicated for lumbar degenerative disease, deformity correc-
tion, and spondylolisthesis. A 2023 meta-analysis comparing OLIF to TLIF for degenerative
lumbar disease found no significant difference in operative time, complication rates, or
fusion rates between the two techniques, confirming their equivalence in achieving surgical
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goals. However, OLIF demonstrated notable advantages in perioperative outcomes, in-
cluding significantly lower blood loss, by approximately 150-200 mL, and shorter hospital
stays, by 1-2 days, reflective of its muscle-sparing nature [65-67].

Importantly, patients undergoing OLIF reported faster early recovery. At 3 months,
OLIF was associated with lower back pain scores and better ODI scores compared to TLIF,
with a residual ODI benefit (2-3 points) persisting at final follow-up. Leg pain relief was
comparable between approaches, as both provide adequate neural decompression [64].

Lateral approaches have also shown superiority in radiographic outcomes. OLIF
and XLIF achieved greater improvements in disc height, foraminal height, and segmental
lordosis compared to TLIF, making them suitable for sagittal imbalance correction in adult
deformity cases [65,67].

While clinical outcomes between XLIF and OLIF are similar for levels L1-L5, their
complication profiles differ due to surgical trajectory. A 2022 meta-analysis reported a
higher rate of transient postoperative neuropraxia with XLIF (21%) versus OLIF (11%),
attributed to the trans-psoas path’s proximity to the lumbar plexus [64]. Conversely, OLIF
carries a higher risk of vascular injury (~3.2%) due to its anterior-to-psoas trajectory, often
requiring vascular access surgeons, particularly at higher lumbar levels [66,67].

Surgeon expertise and patient selection are key: not every patient is a candidate
(XLIF cannot access L5-51, so OLIF may be needed there, or an anterior ALIF), and careful
attention must be paid to avoid each approach’s specific complications. The learning
curve can be significant, requiring familiarity with retroperitoneal anatomy [65]. Table 2
highlights how these lateral methods stack up against conventional approaches.

3.3. Clinical and Functional Outcomes of New Techniques

A central question for any surgical innovation is the following: Do patients fare better
in terms of pain relief, quality of life, and functional recovery? For lumbar spine surgery,
patient-centric outcomes include postoperative pain levels, neurological status, disability
indices, return to daily activities or work, and the durability of symptom relief. Based
on data from the past five years, we can summarize the clinical and functional outcomes
associated with the latest advancements.

3.3.1. Postoperative Pain

Patients treated with minimally invasive or technologically guided techniques often
experience less early postoperative pain compared to those who underwent traditional
open surgery [68]. This is evidenced by lower inpatient pain scores and reduced analgesic
requirements in many MIS studies (MIS-TLIF vs. open-TLIF and OLIF vs. MIS-TLIF) [64].
However, by intermediate and long-term follow-up (3, 6, or 12 months), pain outcomes
equalize in most comparative studies [5,50]. Essentially, new-tech and conventional groups
achieve substantial relief of nerve-related pain if the surgery adequately addresses the
pathology [69]. The residual back pain that patients sometimes have from muscle damage
or scarring tends to be lower in MIS cohorts, which can slightly tilt patient-reported back
pain in favor of MIS even long-term, but differences are usually small [70].

3.3.2. Disability and Functional Recovery

Measured by the ODI or Short From-36 (SF-36) physical component, functional out-
comes have likewise been comparable or slightly improved with newer techniques [71].
MIS fusion patients (MIS-TLIF vs. open-TLIF and OLIF vs. MIS-TLIF) in RCTs achieved
the same or marginally better ODI improvements at 1 year [59,64]. More striking is the
speed of functional recovery: patients often regain mobility faster after MIS procedures.
Measures like time to walk unassisted, time to climb stairs, or time to return to work favor
MIS [72]. One study on endoscopic vs. open discectomy found patients in the endoscopic
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group returned to work on average 1-2 weeks sooner. In lumbar fusion, some MIS patients
can do light activities in a matter of weeks, whereas open surgery patients might be laid up
a bit longer due to wound and muscle healing [60].

3.3.3. Fusion Rates, Radiographic Outcomes, and Infection Rates

The goal of fusion surgery is a solid arthrodesis. It is reassuring that fusion rates
have not been compromised by MIS techniques or new technology. High fusion (>90%) is
reported at 12 months for both MIS-TLIF and open TLIF alike [59] and similarly high rates
for lateral fusion vs. posterior fusion [65]. Use of biologics or adjuncts (BMP, etc.) can affect
fusion rates, but those are variables common to both approaches [73]. Radiographically,
patients who undergo lateral fusions often have better disc height and alignment, which
correlates with possibly better foraminal decompression, and in some studies, this meant
better leg pain relief [65], potentially due to indirect decompression. However, generally
clinical outcomes like leg pain or neurogenic claudication relief are equivalent if nerves are
adequately decompressed by any approach [42].

Recent evidence has consistently shown that minimally invasive spine surgery is
associated with lower rates of surgical site infections compared to traditional open pro-
cedures. In a 2024 retrospective cohort study involving 150 patients undergoing lumbar
decompression, the surgical site infection rate was 5.6% in the open surgery group versus
2.4% in the endoscopic group, suggesting a trend toward improved infection control with
MIS techniques, although the difference did not reach statistical significance [74].

Another recent study reported a significantly lower infection rate of 1.5% in the MIS
group compared to 3.8% in the open surgery group, reinforcing the clinical benefit of
tissue-sparing approaches in reducing postoperative infections [75].

Similarly, a large retrospective analysis of 1442 patients undergoing lumbar spine
surgery for degenerative conditions found a markedly lower site infection rate in the MIS
group (0.5%) compared to the open surgery group (3.3%), revealing a statistically significant
difference (p = 0.0003) [76].

These findings support the hypothesis that MIS techniques, by minimizing soft tis-
sue disruption and shortening wound exposure time, can contribute to a lower risk of
postoperative infection and improved wound healing.

3.3.4. Recovery Time and Return to Activity

Length of hospital stay (LOS) is a concrete metric reflecting recovery speed. Virtually
all comparisons show reduced LOS with MIS techniques: patients go home sooner by
roughly 1 day (discectomy) to 2-3 days (fusion) on average [1,59]. This is a patient-centered
outcome in that it indicates they have achieved pain control and independent mobility
faster [77]. Early mobilization also reduces risks like deep vein thrombosis and atelectasis,
indirectly improving outcomes [42]. One randomized trial reported that full-endoscopic
lumbar discectomy patients returned to work significantly earlier (median 27 days) than
microdiscectomy patients (median 42 days) [1]. For fusions, heavy laborers might be out
for 3-6 months regardless of approach, but those with sedentary jobs may resume sooner
after MIS [72,78].

3.3.5. Patient Satisfaction and Quality of Life

These subjective measures tend to mirror the objective outcomes. In general, when
pain relief is equal and function is equal, satisfaction rates are equal. However, patients do
appreciate less invasive surgery (smaller scar and an earlier discharge) and perception of
high-tech care can positively influence satisfaction [5,43,77]. Surveys in some studies indi-
cated a higher proportion of MIS patients would choose the same surgery again compared
to open patients, although this is not universal [59,79].
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3.3.6. Durability and Reoperations

A critical outcome is whether new techniques lead to more reoperations: for example,
if an MIS decompression was inadequate and needed revision. Current data show that
reoperation rates for recurrent herniation or adjacent level disease did not consistently
increase with MIS [80]. Endoscopic discectomy has a similar reherniation risk as microdis-
cectomy in meta-analysis. In the Spine database study, 3-year reoperation was statistically
identical between robotic and non-robotic fusions (~5-6%) [8], indicating the technology
did not reduce or increase the need for later surgery [81]. Fusion constructs placed by MIS
have held up similarly to open constructs in mid-term follow-ups. Thus, the long-term
durability of outcomes appears to be maintained with new techniques [2].

3.3.7. Learning Curve of Minimally Invasive Spine Surgery

These techniques are associated with a notable learning curve. Surgeons transitioning
from open to MIS approaches often face technical challenges, including limited working
space, altered anatomic visualization, and a greater reliance on fluoroscopy or navigation
for orientation. Systematic reviews by Yong et al. and Kong et al. found that proficiency in
MIS-TLIF typically requires 20 to 40 cases, with operative times, complication rates, and
conversion to open surgery decreasing as experience increases [82,83].

Furthermore, studies show that, early in the learning curve, MIS procedures are asso-
ciated with longer operative durations and a higher rate of technical complications such
as dural tears or suboptimal implant placement [83]. This underscores the importance of
structured training, mentorship, and simulation-based practice for safe adoption. The inte-
gration of technologies like robotics, navigation, and augmented reality can help mitigate
the steepness of the learning curve by enhancing intraoperative visualization and guidance,
though these systems themselves also require training [84].

Similarly, robotic-assisted spine surgery follows a distinct learning curve. Early robotic
procedures are often characterized by longer setup and registration times (30—40 min ad-
ditional in the first 10-15 cases), increased intraoperative troubleshooting, and initially
prolonged operative durations. A systematic review by Pennington et al. found that
proficiency in robotic spine surgery is typically achieved after 20 to 30 cases, with subse-
quent improvements in workflow integration, setup efficiency, and reduction in technical
errors [85]. Importantly, studies report that complication rates remain low even during the
early learning phase, suggesting that robotic platforms maintain safety while the surgical
team gains experience.

4. Discussion

This review highlights the clinical implications of recent advancements in lumbar
spine surgery, emphasizing both their benefits and limitations. Over the past five years, the
adoption of robotic systems, computer navigation with augmented reality, and minimally
invasive techniques has reshaped surgical practice, refined procedural accuracy, and im-
proved perioperative outcomes without compromising the fundamental goals of pain relief
and neural decompression.

One of the most significant contributions of new technologies is the improvement in
surgical precision and reproducibility. Robotic systems allow for highly accurate pedicle
screw placement, minimizing the risk of misplacement and potential neurological compli-
cations [6]. This level of precision is particularly advantageous in complex cases, such as
deformity corrections and revision surgeries, where anatomical distortions challenge free-
hand techniques [5,28]. Similarly, augmented reality navigation enhances intraoperative
visualization by integrating digital overlays within the surgeon’s field of view, improving
workflow efficiency and reducing reliance on traditional fluoroscopic guidance [15,21].
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Artificial intelligence, though still in its early stages, offers promising applications in sur-
gical planning, intraoperative guidance, and predictive analytics, potentially aiding in
personalized surgical decision-making [26,86]. Meanwhile, minimally invasive approaches,
particularly endoscopic and percutaneous techniques, continue to gain traction due to
their ability to reduce muscle trauma, decrease postoperative pain, and shorten recovery
times [1]. These innovations align with the principles of enhanced recovery after surgery,
facilitating earlier mobilization and discharge while minimizing overall physiological
stress [42].

Despite these advantages, challenges remain in integrating these technologies into
routine practice. The learning curve associated with robotic navigation and endoscopic
techniques is substantial, often leading to increased operative times and a higher risk of
technical errors during the initial phase of adoption [48]. Adequate training programs,
including simulation-based learning, are necessary to mitigate these challenges and ensure
safe implementation. To address the learning curve associated with advanced spine surgery
techniques, it is crucial to emphasize the role of structured university-based educational pro-
grams. These initiatives, such as cadaver labs, hands-on fellowships, and interdisciplinary
research courses, provide comprehensive and unbiased training environments. Academic
curricula ensure that future surgeons acquire both the technical and critical-thinking skills
needed for the safe and effective adoption of emerging technologies.

Another concern is the potential over-reliance on technology, which can introduce
new failure points, such as navigation errors, system malfunctions, or robotic calibration
issues [5,12]. Surgeons must maintain fundamental technical skills and be prepared to
revert to conventional methods when necessary, emphasizing that technology should
augment, rather than replace, clinical judgment. Additionally, the economic impact of these
innovations must be carefully evaluated [11]. High upfront costs, ongoing maintenance,
and disposable instrumentation contribute to significant financial burdens, particularly
for smaller institutions or resource-limited settings [87]. While preliminary data suggest
that robotic and navigated spine surgeries may reduce complication rates and revision
procedures, thereby offsetting some costs, definitive cost-effectiveness studies are still
lacking [12].

A critical and often debated topic is the correlation between decompression surgery
and the indication for spinal fusion. While decompression alone may be sufficient for
isolated neural compression, many clinical scenarios like segmental instability, degenera-
tive spondylolisthesis, or recurrent stenosis necessitate the addition of fusion to prevent
progression or recurrence [88,89]. The decision-making process remains nuanced and
patient-specific, influenced by both radiographic findings and dynamic biomechanical con-
siderations [90,91]. Future studies are warranted to better stratify which patient populations
derive the greatest benefit from adjunctive fusion following decompression.

One of the key limitations of the current body of evidence is the relatively short
follow-up duration in most studies, often limited to one or two years. Long-term data are
needed to determine whether the advantages of robotic and minimally invasive techniques
translate into the superior durability of outcomes, such as reduced adjacent segment degen-
eration or lower rates of chronic postoperative pain [81,92]. Similarly, while early infection
rates appear lower with minimally invasive surgery, the impact on long-term implant
stability and late-onset complications requires further study [59]. The quality of available
evidence also varies depending on the technology in question. Robust Level I evidence
from randomized controlled trials supports many aspects of minimally invasive fusion and
endoscopic discectomy, while data on augmented reality and artificial intelligence remain
limited to feasibility studies and small cohort analyses [93]. Although robotic-assisted
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surgery has been evaluated in meta-analyses, many studies are industry-sponsored or
non-blinded, raising concerns about potential bias.

Future research should focus on refining patient selection criteria for these advanced
techniques, identifying subgroups who may derive the greatest benefit from minimally
invasive or technology-assisted approaches. For instance, elderly and frail patients may
experience significant advantages from muscle-sparing procedures, whereas complex de-
formity cases may still require open surgical exposure despite technological aids. As these
innovations become more widespread, they must be integrated into surgical training pro-
grams to ensure that future generations of spine surgeons are proficient in both traditional
and modern techniques. Additionally, long-term comparative studies examining clinical
and functional outcomes beyond the immediate postoperative period will be crucial in
determining the true value of these advancements. The convergence of robotics, navigation,
artificial intelligence, and augmented reality into comprehensive surgical platforms repre-
sents the next frontier in spine surgery, potentially enabling semi-autonomous procedures
and data-driven intraoperative decision-making.

5. Conclusions

The latest advancements in lumbar spine surgery have proven to be evolutionary
rather than revolutionary. They build upon the solid foundation of conventional techniques,
making surgery more precise, less invasive, and potentially safer. The relevance for clinical
practice is significant: spine surgeons now have an expanded toolkit to tailor the best
approach for each patient, which is at the heart of personalized surgical care. By integrating
robotics, navigation/ AR, and MIS techniques, surgeons can achieve outcomes that meet or
exceed those of the past, often with fewer patient risks and faster recoveries. As the field
progresses, a continued commitment to the evidence-based adoption of innovations will
ensure that these advancements truly benefit patients and advance the standard of care in
lumbar spine surgery.
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Abbreviations

The following abbreviations are used in this manuscript:

LSS Lumbar Spine Surgery

Al Artificial Intelligence

AR Augmented Reality

MIS Minimally Invasive Surgery

RCT Randomized Controlled Trial
XLIF Extreme Lateral Interbody Fusion

OLIF Oblique Lateral Interbody Fusion



J. Clin. Med. 2025, 14, 3390 18 of 22

AMSTAR  Assessing the Methodological of Systematic Reviews

3D Three Dimensions
CT Computer Tomography
(0] Operative Room
ODI Oswestry Disability Index
PTED Percutaneous Transforaminal Endoscopic Discectomy
TLIF Transforaminal Lumbar Interbody Fusion
PLIF Posterior Lumbar Interbody Fusion
ALIF Anterior Lumbar Interbody Fusion
SF-36 Short Form 36
LOS Length of Hospital Stay
References
1.  Page, P.S.; Ammanuel, 5.G.; Josiah, D.T. Evaluation of Endoscopic Versus Open Lumbar Discectomy: A Multi-Center Retrospective

10.

11.

12.

13.

14.

15.

Review Utilizing the American College of Surgeons’ National Surgical Quality Improvement Program (ACS-NSQIP) Database.
Cureus 2022, 14, €25202. [CrossRef] [PubMed]

Sun, W.X,; Huang, W.Q.; Li, H.Y,; Wang, H.S.; Guo, S.L.; Dong, J.; Chen, B.L.; Lin, Y.P. Clinical Efficacy of Robotic Spine Surgery:
An Updated Systematic Review of 20 Randomized Controlled Trials. EFORT Open Rev. 2023, 8, 841-853. [CrossRef]

Ton, A.; Hang, N.; Liu, W,; Liu, R; Hsieh, P.C.; Wang, ].C.; Hah, R.J.; Alluri, R.K. Top 25 Most-Cited Articles on Robotic-Assisted
Lumbar Spine Surgery. Int. |. Spine Surg. 2024, 18, 37-46. [CrossRef]

Shahi, P,; Maayan, O.; Shinn, D.; Dalal, S.; Song, J.; Araghi, K.; Melissaridou, D.; Vaishnav, A.; Shafi, K.; Pompeu, Y.; et al.
Floor-Mounted Robotic Pedicle Screw Placement in Lumbar Spine Surgery: An Analysis of 1050 Screws. Neurospine 2023, 20,
577-586. [CrossRef]

Komolafe, T.E.; Zhou, L.; Zhao, W.; Guo, J.; Li, Z.; Fan, Z.; Komolafe, B.E.; Wei, W.; Samuel, O.W. Advancing Robot-Guided
Techniques in Lumbar Spine Surgery: A Systematic Review and Meta-Analysis. Expert Rev. Med. Devices 2024, 21, 765-779.
[CrossRef] [PubMed]

Han, J.; Guo, J.; Ma, X,; Zhang, G.; Han, S.; Zhang, H.; Liu, H.; Chen, M.; Wang, Y. The Cortical Bone Trajectory Screw Technique
Assisted by the Mazor Renaissance Robotic System as a Salvage Strategy for Failed Lumbar Spine Surgery: Technical Note and
Case Series. . Pain Res. 2023, 16, 2971-2980. [CrossRef]

Karimi, H.; Taylor, N.; Patel, J.; Wiepert, L.; Riesenburger, R.I.; Kryzanski, J. Practice Pattern Variations in the Use of Neuromoni-
toring, Image Guidance, and Robotics for Lumbar Pedicle Screw Placement Based on a Nationwide Neurosurgery Survey. World
Neurosurg. 2024, 192, e539-e546. [CrossRef]

Gouzoulis, M.].; Seddio, A.E.; Winter, A.D.; Jabbouri, S.S.; Zhu, ].R.; Rubio, D.R.; Varthi, A.G.; Grauer, ].N. Robotic-Assisted Versus
Navigation-Assisted Posterior Lumbar Fusion: A National Database Study. Spine 2024, 49, 1483-1487. [CrossRef] [PubMed]
Liounakos, J.I.; Khan, A.; Eliahu, K.; Mao, J.Z.; Good, C.R.; Pollina, J.; Haines, C.M.; Gum, J.L.; Schuler, T.C.; Jazini, E.; et al.
Ninety-Day Complication, Revision, and Readmission Rates for Current-Generation Robot-Assisted Thoracolumbar Spinal
Fusion Surgery: Results of a Multicenter Case Series. |. Neurosurg. Spine 2022, 36, 841-848. [CrossRef]

Good, C.R,; Orosz, L.; Schroerlucke, S.R.; Cannestra, A.; Lim, ].Y.; Hsu, VW.; Zahrawi, F; Villalobos, H.].; Ramirez, P.M.; Sweeney,
T.; et al. Complications and Revision Rates in Minimally Invasive Robotic-Guided Versus Fluoroscopic-Guided Spinal Fusions:
The MIS ReFRESH Prospective Comparative Study. Spine 2021, 46, 1661. [CrossRef]

Chumnanvej, S.; Ariyaprakai, K.; Pillai, B.M.; Suthakorn, J.; Gurusamy, S.; Chumnanvej, S. Cost-Effectiveness of Robotic-Assisted
Spinal Surgery: A Single-Center Retrospective Study. Laparosc. Endosc. Robot. Surg. 2023, 6, 147-153. [CrossRef]

Heydar, A.M.; Tanaka, M.; Prabhu, S.P.; Komatsubara, T.; Arataki, S.; Yashiro, S.; Kanamaru, A.; Nanba, K.; Xiang, H.; Hieu, H.K.
The Impact of Navigation in Lumbar Spine Surgery: A Study of Historical Aspects, Current Techniques and Future Directions. J.
Clin. Med. 2024, 13, 4663. [CrossRef] [PubMed]

Shahzad, H.; Saade, A.; Tse, S.; Simister, S.; Anthony Viola, I.; Muthu, S.; Singh, H.; Ambrosio, L.; Tavakoli, J.; Vetter, S.Y,;
et al. Advancements and Challenges in Computer-Assisted Navigation for Cervical Spine Surgery: A Comprehensive Review
of Perioperative Integration, Complications, and Emerging Technologies. Glob. Spine J. 2025, 21925682251329340. [CrossRef]
[PubMed]

La Rocca, G.; Mazzucchi, E.; Pignotti, F; Nasto, L.A.; Galieri, G.; Rinaldi, P.; De Santis, V.; Pola, E.; Sabatino, G. Navigated,
Percutaneous, Three-Step Technique for Lumbar and Sacral Screw Placement: A Novel, Minimally Invasive, and Maximally Safe
Strategy. J. Orthop. Traumatol. 2023, 24, 32. [CrossRef]

Burstrém, G.; Persson, O.; Edstrom, E.; Elmi-Terander, A. Augmented Reality Navigation in Spine Surgery: A Systematic Review.
Acta Neurochir. 2021, 163, 843-852. [CrossRef]


https://doi.org/10.7759/cureus.25202
https://www.ncbi.nlm.nih.gov/pubmed/35747045
https://doi.org/10.1530/EOR-23-0125
https://doi.org/10.14444/8565
https://doi.org/10.14245/ns.2346070.035
https://doi.org/10.1080/17434440.2024.2378080
https://www.ncbi.nlm.nih.gov/pubmed/39007890
https://doi.org/10.2147/JPR.S423058
https://doi.org/10.1016/j.wneu.2024.10.017
https://doi.org/10.1097/BRS.0000000000005032
https://www.ncbi.nlm.nih.gov/pubmed/38717329
https://doi.org/10.3171/2021.8.SPINE21330
https://doi.org/10.1097/BRS.0000000000004048
https://doi.org/10.1016/j.lers.2023.11.004
https://doi.org/10.3390/jcm13164663
https://www.ncbi.nlm.nih.gov/pubmed/39200805
https://doi.org/10.1177/21925682251329340
https://www.ncbi.nlm.nih.gov/pubmed/40183132
https://doi.org/10.1186/s10195-023-00696-5
https://doi.org/10.1007/s00701-021-04708-3

J. Clin. Med. 2025, 14, 3390 19 of 22

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

La Rocca, G.; Mazzucchi, E.; Pignotti, F; Nasto, L.A.; Galieri, G.; Olivi, A.; De Santis, V.; Rinaldi, P.; Pola, E.; Sabatino,
G. Intraoperative CT-Guided Navigation versus Fluoroscopy for Percutaneous Pedicle Screw Placement in 192 Patients: A
Comparative Analysis. J. Orthop. Traumatol. 2022, 23, 44. [CrossRef]

Heath, D.C.; Chang, HK.; Chang, C.C; Yang, H.C; Tu, TH.; Hsu, B.H,; Lin, M.C.; Wy, J.C.; Lin, C.M.; Huang, W.C.; et al.
Comparison between Robot-Assisted and Navigation-Guided Minimally Invasive Transforaminal Lumbar Interbody Fusion: A
Multicenter Study. Neurosurg. Focus 2024, 57, E12. [CrossRef]

Paramasivam Meenakshi Sundaram, P.; Peh, D.Y.Y.; Poh, ].W,; Kalanchiam, G.P,; Yap, WM.Q.; Kaliya-Perumal, A.K.; Oh, J.Y.L.
Does Robotic Spine Surgery Add Value to Surgical Practice over Navigation-Based Systems? A Study on Operating Room
Efficiency. Medicina 2024, 60, 2112. [CrossRef]

Shahi, P,; Vaishnav, A.; Araghi, K.; Shinn, D.; Song, J.; Dalal, S.; Melissaridou, D.; Mai, E.; Dupont, M.; Sheha, E.; et al. Robotics
Reduces Radiation Exposure in Minimally Invasive Lumbar Fusion Compared with Navigation. Spine 2022, 47, 1279-1286.
[CrossRef]

Prabhu, M.C.; Jacob, K.C.; Patel, M.R.; Pawlowski, H.; Vanjani, N.; Singh, K. Is Intraoperative Navigation in Minimally Invasive
Spine Surgery Cost-Effective? Mini-Invasive Surg. 2022, 6, 31. [CrossRef]

Tovar, M.A.; Dowlati, E.; Zhao, D.Y.; Khan, Z.; Pasko, K.B.D.; Sandhu, FA.; Voyadzis, ]. M. Robot-Assisted and Augmented
Reality-Assisted Spinal Instrumentation: A Systematic Review and Meta-Analysis of Screw Accuracy and Outcomes over the
Last Decade. J. Neurosurg. Spine 2022, 37,299-314. [CrossRef] [PubMed]

Pruthi, A.; Alexander, T.; Mengaliyeva, A.; Kota, N.; Koneru, M. Augmented Reality in Minimally Invasive Spinal Interventions:
Current Use and Future Directions. Cureus 2025, 17, e80119. [CrossRef] [PubMed]

Liu, Z.Q.; Hsieh, C.T.; Hsu, W.E,; Tseng, C.S.; Chang, C.J. Two-Dimensional C-Arm Robotic Navigation System (i-Navi) in Spine
Surgery: A Pilot Study. Int. ]. Comput. Assist. Radiol. Surg. 2022, 17, 2281-2290. [CrossRef]

Lee, N.J.; Lombardi, ].M.; Lehman, R.A. Artificial Intelligence and Machine Learning Applications in Spine Surgery. Int. J. Spine
Surg. 2023, 17, S18-525. [CrossRef]

Wirries, A.; Geiger, F; Hammad, A.; Oberkircher, L.; Bliimcke, I.; Jabari, S. Artificial Intelligence Facilitates Decision-Making in
the Treatment of Lumbar Disc Herniations. Eur. Spine J. 2021, 30, 2176-2184. [CrossRef]

Liawrungrueang, W.; Cho, S.T.; Sarasombath, P.; Kim, I.; Kim, J.H. Current Trends in Artificial Intelligence-Assisted Spine Surgery:
A Systematic Review. Asian Spine J. 2024, 18, 146-157. [CrossRef] [PubMed]

Purohit, G.; Choudhary, M.; Sinha, V.D. Use of Artificial Intelligence for the Development of Predictive Model to Help in
Decision-Making for Patients with Degenerative Lumbar Spine Disease. Asian ]. Neurosurg. 2022, 17, 274-279. [CrossRef]
Davidar, A.D.; Jiang, K.; Weber-Levine, C.; Bhimreddy, M.; Theodore, N. Advancements in Robotic-Assisted Spine Surgery.
Neurosurg. Clin. N. Am. 2024, 35, 263-272. [CrossRef]

Saravi, B.; Zink, A.; Ulkiimen, S.; Couillard-Despres, S.; Hassel, F.; Lang, G. Performance of Artificial Intelligence-Based
Algorithms to Predict Prolonged Length of Stay after Lumbar Decompression Surgery. . Clin. Med. 2022, 11, 4050. [CrossRef]
Dietz, N.; Alkin, V.; Lieberman, I.; Manista, A.; Kim, T.; Johnson, J.P.,; Drazin, D. Scoping Review of Robotics Technology in Spinal
Surgery with Highlights of the Annual Seattle Science Foundation Course. Ann. Transl. Med. 2024, 12, 118. [CrossRef]

Berg, B.; Gorosito, M.A.; Fjeld, O.; Haugerud, H.; Storheim, K.; Solberg, TK.; Grotle, M. Machine Learning Models for Predicting
Disability and Pain Following Lumbar Disc Herniation Surgery. JAMA Netw. Open 2024, 7, E2355024. [CrossRef] [PubMed]
Lee, S.; Jung, ].Y.; Mahatthanatrakul, A.; Kim, ]J.S. Artificial Intelligence in Spinal Imaging and Patient Care: A Review of Recent
Advances. Neurospine 2024, 21, 474-486. [CrossRef] [PubMed]

Zhao, Y.; Dong, H.; Xia, Q.; Wang, Y.; Zhu, L.; Hu, Z.; Xia, J.; Mao, Q.; Weng, Z.; Yi, J.; et al. A New Strategy for Intervertebral Disc
Regeneration: The Synergistic Potential of Mesenchymal Stem Cells and Their Extracellular Vesicles with Hydrogel Scaffolds.
Biomed. Pharmacother. 2024, 172, 116238. [CrossRef] [PubMed]

Huang, H.; Liu, X.; Wang, J.; Suo, M.; Zhang, ].; Sun, T.; Zhang, W.; Li, Z. Umbilical Cord Mesenchymal Stem Cells for Regenerative
Treatment of Intervertebral Disc Degeneration. Front. Cell Dev. Biol. 2023, 11, 1215698. [CrossRef]

Farag, M.; Rezk, R.; Hutchinson, H.; Zankevich, A.; Lucke-Wold, B. Intervertebral Disc Degeneration and Regenerative Medicine.
Clin. Transl. Discov. 2024, 4, €289. [CrossRef]

Munda, M.; Velnar, T. Stem Cell Therapy for Degenerative Disc Disease: Bridging the Gap between Preclinical Promise and
Clinical Potential. Biomol. Biomed. 2024, 24, 210. [CrossRef]

Croft, A.J.; Chanbour, H.; Chen, ].W.; Young, M.W.; Stephens, B.F. Implant Surface Technologies to Promote Spinal Fusion: A
Narrative Review. Int. ]. Spine Surg. 2023, 17, S35. [CrossRef]

Smith, W.R.; Hudson, PW.; Ponce, B.A.; Rajaram Manoharan, S.R. Nanotechnology in Orthopedics: A Clinically Oriented Review.
BMC Musculoskelet. Disord. 2018, 19, 67. [CrossRef]

Wu, B,; Tang, Y.; Wang, K.; Zhou, X.; Xiang, L. Nanostructured Titanium Implant Surface Facilitating Osseointegration from
Protein Adsorption to Osteogenesis: The Example of TiOp, NTAs. Int. J. Nanomed. 2022, 17, 1865. [CrossRef]


https://doi.org/10.1186/s10195-022-00661-8
https://doi.org/10.3171/2024.9.FOCUS24521
https://doi.org/10.3390/medicina60122112
https://doi.org/10.1097/BRS.0000000000004381
https://doi.org/10.20517/2574-1225.2022.15
https://doi.org/10.3171/2022.1.SPINE211345
https://www.ncbi.nlm.nih.gov/pubmed/35213837
https://doi.org/10.7759/cureus.80119
https://www.ncbi.nlm.nih.gov/pubmed/40190981
https://doi.org/10.1007/s11548-022-02751-8
https://doi.org/10.14444/8503
https://doi.org/10.1007/s00586-020-06613-2
https://doi.org/10.31616/asj.2023.0410
https://www.ncbi.nlm.nih.gov/pubmed/38130042
https://doi.org/10.1055/s-0042-1750785
https://doi.org/10.1016/j.nec.2023.11.005
https://doi.org/10.3390/jcm11144050
https://doi.org/10.21037/atm-24-100
https://doi.org/10.1001/jamanetworkopen.2023.55024
https://www.ncbi.nlm.nih.gov/pubmed/38324310
https://doi.org/10.14245/ns.2448388.194
https://www.ncbi.nlm.nih.gov/pubmed/38955525
https://doi.org/10.1016/j.biopha.2024.116238
https://www.ncbi.nlm.nih.gov/pubmed/38308965
https://doi.org/10.3389/fcell.2023.1215698
https://doi.org/10.1002/ctd2.289
https://doi.org/10.17305/bb.2023.9518
https://doi.org/10.14444/8559
https://doi.org/10.1186/s12891-018-1990-1
https://doi.org/10.2147/IJN.S362720

J. Clin. Med. 2025, 14, 3390 20 of 22

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Noh, S.H.; Sung, K.; Byeon, H.E.; Kim, S.E.; Kim, K.N. Lactoferrin-Anchored Tannylated Mesoporous Silica Nanomaterials-
Induced Bone Fusion in a Rat Model of Lumbar Spinal Fusion. Int. J. Mol. Sci. 2023, 24, 15782. [CrossRef]

Wen, J.; Cai, D.; Gao, W.; He, R.; Li, Y.; Zhou, Y.; Klein, T.; Xiao, L.; Xiao, Y. Osteoimmunomodulatory Nanoparticles for Bone
Regeneration. Nanomaterials 2023, 13, 692. [CrossRef] [PubMed]

Momin, A.A.; Steinmetz, M.P. Evolution of Minimally Invasive Lumbar Spine Surgery. World Neurosurg. 2020, 140, 622-626.
[CrossRef]

Wu, PH,; Kim, H.S,; Jang, I.T. A Narrative Review of Development of Full-Endoscopic Lumbar Spine Surgery. Neurospine 2020,
17, 520-S33. [CrossRef] [PubMed]

Pertile, M.E.; de Assuncgao Bicca, Y.; Maccari, PM.; Neto, O.R.; Quintas, D.P.; Bertani, R.; Batista, S.; Koester, S.W.; Rusafa, E.;
Flores de Barros Vasconcelos Fernandes Serra, M.V. Advancing Education in Endoscopic Spinal Navigation: Novel Methods and
Technical Note. Cureus 2023, 15, e37017. [CrossRef]

Liawrungrueang, W.; Cho, S.T.; Sharma, A.; Cholamjiak, W.; Wu, M.H.; Yau, L.C.; Park, H.J.; Lee, H.J. Clinical Outcomes and
Patient Perspectives in Full Endoscopic Cervical Surgery: A Systematic Review. Neurospine 2025, 22, 81. [CrossRef]
Persaud-Sharma, D.; Gunaratne, C.; Talati, J.; Philips, W.; Sohel, A.; Blake, A.; Vasilopoulos, T.; Kumar, S. Efficacy of Endoscopic
Decompression Surgery for Treatment of Lumbar Spinal Stenosis. Interv. Pain Med. 2024, 3, 100391. [CrossRef] [PubMed]
Shinn, D.; Mok, ] K,; Vaishnav, A.S.; Louie, PK.; Sivaganesan, A.; Shahi, P.; Dalal, S.; Song, J.; Araghi, K.; Melissaridou, D.; et al.
Recovery Kinetics after Commonly Performed Minimally Invasive Spine Surgery Procedures. Spine 2022, 47, 1489. [CrossRef]
Balain, B.; Bhachu, D.S.; Gadkari, A.; Ghodke, A.; Kuiper, ].H. 2nd and 3rd Generation Full Endoscopic Lumbar Spine Surgery:
Clinical Safety and Learning Curve. Eur. Spine J. 2023, 32, 2796-2804. [CrossRef]

Mobbs, R.J.; Phan, K. Minimally Invasive Spine. J. Spine Surg. 2020, 6, E1. [CrossRef]

Gadjradj, P.S.; Harhangi, B.S.; Amelink, J.; Van Susante, J.; Kamper, S.; Van Tulder, M.; Peul, W.C.; Vleggeert-Lankamp, C,;
Rubinstein, S.M. Percutaneous Transforaminal Endoscopic Discectomy Versus Open Microdiscectomy for Lumbar Disc Herniation:
A Systematic Review and Meta-Analysis. Spine 2021, 46, 538-549. [CrossRef]

Jitpakdee, K.; Liu, Y.; Heo, D.H.; Kotheeranurak, V.; Suvithayasiri, S.; Kim, J. sung Minimally Invasive Endoscopy in Spine
Surgery: Where Are We Now? Eur. Spine J. 2023, 32, 2755-2768. [CrossRef] [PubMed]

Sivakanthan, S.; Hasan, S.; Hofstetter, C. Full-Endoscopic Lumbar Discectomy. Neurosurg. Clin. N. Am. 2020, 31, 1-7. [CrossRef]
[PubMed]

Zhuang, HX,; Guo, S.J.; Meng, H.; Lin, ].S.; Yang, Y.; Fei, Q. Unilateral Biportal Endoscopic Spine Surgery for Lumbar Spinal
Stenosis: A Systematic Review and Meta-Analysis. Eur. Rev. Med. Pharmacol. Sci. 2023, 27, 4998-5012. [CrossRef] [PubMed]
Sun, EW.; Chang, K.E.; Shen, J.; Telfeian, A.E. Biportal Versus Uniportal Lumbar Decompression-Indications and Efficacy: A
Review With Case Examples. Neurosurgery 2025, 96, S63-S68. [CrossRef]

La Rocca, G.; Galieri, G.; Mazzucchi, E.; Pignotti, F.; Orlando, V.,; Pappalardo, S.; Olivi, A.; Sabatino, G. The Three-Step Approach
for Lumbar Disk Herniation with Anatomical Insights Tailored for the Next Generation of Young Spine Surgeons. J. Clin. Med.
2024, 13, 3571. [CrossRef]

Enache, A.V,; Toader, C.; Onciul, R.; Costin, H.P.; Glavan, L.A.; Covache-Busuioc, R.A.; Corlatescu, A.D.; Ciurea, A.V. Surgical
Stabilization of the Spine: A Clinical Review of Spinal Fractures, Spondylolisthesis, and Instrumentation Methods. J. Clin. Med.
2025, 14, 1124. [CrossRef]

Sarikonda, A.; Sivaganesan, A.; Qureshi, S. Advanced Visualization in Minimally Invasive Spine Surgery: The Ergonomics,
Economics, and Evolution of Camera-Based Tubes and Retractors. Int. J. Spine Surg. 2024, 18, S64-S70. [CrossRef]

Ambrosio, L.; Muthu, S.; Cho, S.K.; Virk, M.S.; Cabrera, J.P.; Hsieh, P.C.; Demetriades, A.K.; Corluka, S.; Yoon, S.T.; Vadala, G.;
et al. Open Versus Minimally Invasive Spine Surgery in the Treatment of Single-Level Degenerative Lumbar Spondylolisthesis:
An AO Spine Global Cross-Sectional Study. Neurospine 2025, 22, 40. [CrossRef]

Miller, L.E.; Bhattacharyya, S.; Pracyk, ]. Minimally Invasive Versus Open Transforaminal Lumbar Interbody Fusion for Single-
Level Degenerative Disease: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. World Neurosurg. 2020,
133, 358-365.e4. [CrossRef]

Jacob, K.C.; Patel, M.R.; Hartman, T.J.; Nie, ].W.; Parsons, A.W.; Ribot, M.A.; Prabhu, M.; Pawlowski, H.; Vanjani, N.; Singh, K.
Minimally Invasive Transforaminal Versus Lateral Lumbar Interbody Fusion for Degenerative Spinal Pathology Clinical Outcome
Comparison in Patients with Predominant Back Pain. Clin. Spine Surg. 2024, 37, E441-E447. [CrossRef]

Zhou, S.; Yang, Z.; Zhang, W.; Liu, S.; Xiao, Q.; Hou, G.; Chen, R.; Han, N.; Guo, J.; Liang, M.; et al. Development and Validation
of a Predictive Model and Tool for Functional Recovery in Patients after Postero-Lateral Interbody Fusion. J. Orthop. Surg. Res.
2025, 20, 38. [CrossRef] [PubMed]

Galieri, G.; Mazzucchi, E.; Pignotti, F; Rinaldi, P.; De Santis, V.; La Rocca, G.; Sabatino, G. Lumbo-Sacral Pedicular Aplasia
Diagnosis and Treatment: A Systematic Literature Review and Case Report. Br. |. Neurosurg. 2022, 38, 1269-1275. [CrossRef]
[PubMed]


https://doi.org/10.3390/ijms242115782
https://doi.org/10.3390/nano13040692
https://www.ncbi.nlm.nih.gov/pubmed/36839060
https://doi.org/10.1016/j.wneu.2020.05.071
https://doi.org/10.14245/ns.2040116.058
https://www.ncbi.nlm.nih.gov/pubmed/32746515
https://doi.org/10.7759/cureus.37017
https://doi.org/10.14245/ns.2449086.534
https://doi.org/10.1016/j.inpm.2024.100391
https://www.ncbi.nlm.nih.gov/pubmed/39239502
https://doi.org/10.1097/BRS.0000000000004399
https://doi.org/10.1007/s00586-023-07703-7
https://doi.org/10.21037/jss-20-618
https://doi.org/10.1097/BRS.0000000000003843
https://doi.org/10.1007/s00586-023-07622-7
https://www.ncbi.nlm.nih.gov/pubmed/36856868
https://doi.org/10.1016/j.nec.2019.08.016
https://www.ncbi.nlm.nih.gov/pubmed/31739919
https://doi.org/10.26355/EURREV_202306_32617
https://www.ncbi.nlm.nih.gov/pubmed/37318474
https://doi.org/10.1227/neu.0000000000003339
https://doi.org/10.3390/jcm13123571
https://doi.org/10.3390/jcm14041124
https://doi.org/10.14444/8643
https://doi.org/10.14245/ns.2448902.451
https://doi.org/10.1016/j.wneu.2019.08.162
https://doi.org/10.1097/BSD.0000000000001631
https://doi.org/10.1186/s13018-024-05353-z
https://www.ncbi.nlm.nih.gov/pubmed/39794809
https://doi.org/10.1080/02688697.2022.2057431
https://www.ncbi.nlm.nih.gov/pubmed/35393903

J. Clin. Med. 2025, 14, 3390 21 of 22

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

Zhang, ].H.; Yuan, Y.E; Gao, H.R,; Liao, B.; Qian, ] X.; Yan, X.D. Comparative Study on the Technique and Efficacy of Microscope-
Assisted MI-TLIF and Naked-Eye MI-TLIF in Lumbar Revision Surgery. J. Orthop. Surg. Res. 2024, 19, 101. [CrossRef]

Lin, G.X.; Xu, W.B.; Kotheeranurak, V.; Chen, C.M.; Deng, Z.H.; Zhu, M.T. Comparison of Oblique and Transforaminal Approaches
to Lumbar Interbody Fusion for Lumbar Degenerative Disease: An Updated Meta-Analysis. Front. Surg. 2023, 9, 1004870.
[CrossRef]

Li, X.Y,; Wang, Y.L.; Yang, S.; Liao, C.S.; Li, S.F; Han, PY,; Han, P.F. Efficacy of Oblique Lumbar Interbody Fusion versus
Transforaminal Lumbar Interbody Fusion in the Treatment of Lumbar Degenerative Diseases: A Systematic Review and Meta-
Analysis. Arch. Orthop. Trauma Surg. 2023, 143, 5657-5670. [CrossRef]

Ricciardi, L.; Piazza, A.; Capobianco, M.; Della Pepa, G.M.; Miscusi, M.; Raco, A.; Scerrati, A.; Somma, T.; Lofrese, G.; Sturiale,
C.L. Lumbar Interbody Fusion Using Oblique (OLIF) and Lateral (LLIF) Approaches for Degenerative Spine Disorders: A
Meta-Analysis of the Comparative Studies. Eur. J. Orthop. Surg. Traumatol. 2023, 33, 1-7. [CrossRef]

Byvaltsev, V.A.; Kalinin, A.A.; Pestryakov, Y.Y.; Aliyev, M.A_; Yuldashev, R.M.; Dyussembekov, Y.K.; Riew, K.D. Effect of Different
Minimally Invasive Posterior Stabilization Techniques After Direct Lateral Interbody Fusion with Long-Term Clinical and
Radiological Outcomes in Railway Workers: A Retrospective Single-Center Study. Glob. Spine J. 2025, 27, 21925682251331464.
[CrossRef]

Rocca, G.L.; Galieri, G.; Mazzucchi, E.; Pignotti, E; Orlando, V,; Pappalardo, S.; Olivi, A.; Sabatino, G. The 3-Steps Approach for
Lumbar Stenosis with Anatomical Insights, Tailored for Young Spine Surgeons. J. Pers. Med. 2024, 14, 985. [CrossRef] [PubMed]
Mazzucchi, E.; La Rocca, G.; Cusumano, D.; Bazzu, P; Pignotti, F; Galieri, G.; Rinaldi, P.; De Santis, V.; Sabatino, G. The Role of
Psychopathological Symptoms in Lumbar Stenosis: A Prediction Model of Disability after Lumbar Decompression and Fusion.
Front. Psychol. 2023, 14, 1070205. [CrossRef]

Kaye, A.D.; Edinoff, A.N.; Temple, S.N.; Kaye, A.].; Chami, A.A.; Shah, R.J.; Dixon, B.M.; Alvarado, M.A.; Cornett, EM,;
Viswanath, O.; et al. A Comprehensive Review of Novel Interventional Techniques for Chronic Pain: Spinal Stenosis and
Degenerative Disc Disease-MILD Percutaneous Image Guided Lumbar Decompression, Vertiflex Interspinous Spacer, MinuteMan
G3 Interspinous-Interlaminar Fusion. Adv. Ther. 2021, 38, 4628-4645. [CrossRef]

Galieri, G.; Orlando, V.; Mazzucchi, E.; Pignotti, F.; Cusumano, D.; Bazzu, P.; Mantini, S.; Altieri, R.; Barbarisi, M.; Olivi, A ; et al.
Psychopathological Influences on Surgical and Clinical Outcomes in Lumbar Disk Herniation: Prediction Models and Literature
Analysis. . Pers. Med. 2025, 15, 48. [CrossRef] [PubMed]

Zhang, J.; Liu, T.F; Shan, H.; Wan, Z.Y.; Wang, Z.; Viswanath, O.; Paladini, A.; Varrassi, G.; Wang, H.Q. Decompression Using
Minimally Invasive Surgery for Lumbar Spinal Stenosis Associated with Degenerative Spondylolisthesis: A Review. Pain Ther.
2021, 10, 941. [CrossRef] [PubMed]

Formica, M.; Vallerga, D.; Zanirato, A.; Cavagnaro, L.; Basso, M.; Divano, S.; Mosconi, L.; Quarto, E.; Siri, G.; Felli, L. Fusion Rate
and Influence of Surgery-Related Factors in Lumbar Interbody Arthrodesis for Degenerative Spine Diseases: A Meta-Analysis
and Systematic Review. Musculoskelet. Surg. 2020, 104, 1-15. [CrossRef]

Kpegeol, C.K.; Jain, V.S.; Ansari, D.; Ammanuel, S.G.; Page, PS.; Josiah, D.T. Surgical Site Infection Rates in Open versus
Endoscopic Lumbar Spinal Decompression Surgery: A Retrospective Cohort Study. World Neurosurg. X 2024, 22, 100347.
[CrossRef]

Miyamoto, A.; Tanaka, M.; Flores, A.O.P,; Yu, D.; Jain, M.; Heng, C.; Komatsubara, T.; Arataki, S.; Oda, Y.; Shinohara, K.; et al.
Predicting Surgical Site Infections in Spine Surgery: Association of Postoperative Lymphocyte Reduction. Diagnostics 2024, 14,
2715. [CrossRef]

Mueller, K.; Zhao, D.; Johnson, O.; Sandhu, EA.; Voyadzis, ].M. The Difference in Surgical Site Infection Rates between Open and
Minimally Invasive Spine Surgery for Degenerative Lumbar Pathology: A Retrospective Single Center Experience of 1442 Cases.
Oper. Neurosurg. 2019, 16, 750-755. [CrossRef] [PubMed]

Orlando, V.; Galieri, G.; Mazzucchi, E.; Pignotti, F.; Carcagni, A.; Bazzu, P.; Altieri, R.; Barbarisi, M.; Olivi, A.; Sabatino, G.;
et al. Comparative Analysis of Pedicle Screw Fixation and Interspinous Devices in Lumbar Spinal Fusion: Clinical and Surgical
Outcomes in Degenerative Spine Conditions. J. Pers. Med. 2025, 15, 95. [CrossRef]

La Rocca, G.; Orlando, V.; Galieri, G.; Mazzucchi, E.; Pignotti, F.; Cusumano, D.; Bazzu, P; Olivi, A.; Sabatino, G. Mindfulness vs.
Physiotherapy vs. Medical Therapy: Uncovering the Best Postoperative Recovery Method for Low Back Surgery Patients during
the COVID-19 Pandemic-A Single Institution’s Experience. J. Pers. Med. 2024, 14, 917. [CrossRef]

Hermansen, E.; Austevoll, LM.; Hellum, C.; Storheim, K.; Myklebust, T.A.; Aaen, J.; Banitalebi, H.; Anvar, M.; Rekeland, E.; Brox,
J.IL; et al. Comparison of 3 Different Minimally Invasive Surgical Techniques for Lumbar Spinal Stenosis: A Randomized Clinical
Trial. JAMA Netw. Open 2022, 5, E224291. [CrossRef]

Shepard, N.; Cho, W. Recurrent Lumbar Disc Herniation: A Review. Glob. Spine J. 2019, 9, 202-209. [CrossRef]

Bombieri, EF.; Shafafy, R.; Elsayed, S. Complications Associated with Lumbar Discectomy Surgical Techniques: A Systematic
Review. J. Spine Surg. 2022, 8, 377-389. [CrossRef] [PubMed]


https://doi.org/10.1186/s13018-024-04591-5
https://doi.org/10.3389/fsurg.2022.1004870
https://doi.org/10.1007/s00402-023-04880-4
https://doi.org/10.1007/s00590-021-03172-0
https://doi.org/10.1177/21925682251331462
https://doi.org/10.3390/jpm14090985
https://www.ncbi.nlm.nih.gov/pubmed/39338239
https://doi.org/10.3389/fpsyg.2023.1070205
https://doi.org/10.1007/s12325-021-01875-8
https://doi.org/10.3390/jpm15020048
https://www.ncbi.nlm.nih.gov/pubmed/39997325
https://doi.org/10.1007/s40122-021-00293-6
https://www.ncbi.nlm.nih.gov/pubmed/34322837
https://doi.org/10.1007/s12306-019-00634-x
https://doi.org/10.1016/j.wnsx.2024.100347
https://doi.org/10.3390/diagnostics14232715
https://doi.org/10.1093/ons/opy221
https://www.ncbi.nlm.nih.gov/pubmed/30107559
https://doi.org/10.3390/jpm15030095
https://doi.org/10.3390/jpm14090917
https://doi.org/10.1001/jamanetworkopen.2022.4291
https://doi.org/10.1177/2192568217745063
https://doi.org/10.21037/jss-21-59
https://www.ncbi.nlm.nih.gov/pubmed/36285095

J. Clin. Med. 2025, 14, 3390 22 of 22

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Ahn, Y,; Lee, S.; Kim, WK.; Lee, S.G. Learning Curve for Minimally Invasive Transforaminal Lumbar Interbody Fusion: A
Systematic Review. Eur. Spine J. 2022, 31, 3551-3559. [CrossRef]

Lee, K.H.; Yeo, W.; Soeharno, H.; Yue, W.M. Learning Curve of a Complex Surgical Technique: Minimally Invasive Transforaminal
Lumbar Interbody Fusion (MIS TLIF). J. Spinal Disord. Tech. 2014, 27, E234-E240. [CrossRef]

Wu, K; Yun, Z.; Suvithayasiri, S.; Liang, Y.; Setiawan, D.R.; Kotheeranurak, V.; Jitpakdee, K.; Giordan, E.; Liu, Q.; Kim, J.S.
Evolving Paradigms in Spinal Surgery: A Systematic Review of the Learning Curves in Minimally Invasive Spine Techniques.
Neurospine 2024, 21, 1251-1275. [CrossRef] [PubMed]

Pennington, Z.; Judy, B.F,; Zakaria, HM.; Lakomkin, N.; Mikula, A.L.; Elder, B.D.; Theodore, N. Learning Curves in Robot-
Assisted Spine Surgery: A Systematic Review and Proposal of Application to Residency Curricula. Neurosurg. Focus 2022, 52, E3.
[CrossRef]

Katsuura, Y.; Colén, L.E; Perez, A.A.; Albert, T.J.; Qureshi, S.A. A Primer on the Use of Artificial Intelligence in Spine Surgery.
Clin. Spine Surg. 2021, 34, 316-321. [CrossRef]

Passias, P.G.; Brown, A.E.; Alas, H.; Bortz, C.A.; Pierce, K.E.; Hassanzadeh, H.; Labaran, L.A.; Puvanesarajah, V.; Vasquez-Montes,
D.; Wang, E.; et al. A Cost Benefit Analysis of Increasing Surgical Technology in Lumbar Spine Fusion. Spine J. 2021, 21, 193-201.
[CrossRef]

Austevoll, LM.; Hermansen, E.; Fagerland, M.W.; Storheim, K.; Brox, J.I; Solberg, T.; Rekeland, F.; Franssen, E.; Weber, C.; Brisby,
H.; et al. Decompression with or without Fusion in Degenerative Lumbar Spondylolisthesis. N. Engl. |. Med. 2021, 385, 526-538.
[CrossRef] [PubMed]

Gadjradj, P.S.; Basilious, M.; Goldberg, J.L.; Sommer, F.; Navarro-Ramirez, R.; Mykolajtchuk, C.; Ng, A.Z.; Medary, B.; Hussain, L;
Hartl, R. Decompression Alone versus Decompression with Fusion in Patients with Lumbar Spinal Stenosis with Degenerative
Spondylolisthesis: A Systematic Review and Meta-Analysis. Eur. Spine J. 2023, 32, 1054-1067. [CrossRef]

Tozawa, K.; Matsubayashi, Y.; Kato, S.; Doi, T.; Taniguchi, Y.; Kumanomido, Y.; Higashikawa, A.; Yosihida, Y.; Kawamura, N.;
Sasaki, K.; et al. Surgical Outcomes between Posterior Decompression Alone and Posterior Decompression with Fusion Surgery
among Patients with Meyerding Grade 2 Degenerative Spondylolisthesis: A Multicenter Cohort Study. BMC Musculoskelet. Disord.
2022, 23, 902. [CrossRef]

Wei, FL.; Zhou, C.P; Gao, Q.Y,; Du, M.R; Gao, H.R.; Zhu, K.L.; Li, T; Qian, ].X.; Yan, X.D. Decompression Alone or Decompression
and Fusion in Degenerative Lumbar Spondylolisthesis. EClinicalMedicine 2022, 51, 101559. [CrossRef]

Perfetti, D.C.; Kisinde, S.; Rogers-Lavanne, M.P,; Satin, A.M.; Lieberman, I.H. Robotic Spine Surgery: Past, Present, and Future.
Spine 2022, 47, 909-921. [CrossRef] [PubMed]

Matur, A.V,; Palmisciano, P.; Duah, H.O.; Chilakapati, S.S.; Cheng, ].S.; Adogwa, O. Robotic and Navigated Pedicle Screws Are
Safer and More Accurate than Fluoroscopic Freehand Screws: A Systematic Review and Meta-Analysis. Spine J. 2023, 23, 197-208.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00586-022-07397-3
https://doi.org/10.1097/BSD.0000000000000089
https://doi.org/10.14245/ns.2448838.419
https://www.ncbi.nlm.nih.gov/pubmed/39765270
https://doi.org/10.3171/2021.10.FOCUS21496
https://doi.org/10.1097/BSD.0000000000001211
https://doi.org/10.1016/j.spinee.2020.10.012
https://doi.org/10.1056/NEJMoa2100990
https://www.ncbi.nlm.nih.gov/pubmed/34347953
https://doi.org/10.1007/s00586-022-07507-1
https://doi.org/10.1186/s12891-022-05850-4
https://doi.org/10.1016/j.eclinm.2022.101559
https://doi.org/10.1097/BRS.0000000000004357
https://www.ncbi.nlm.nih.gov/pubmed/35472043
https://doi.org/10.1016/j.spinee.2022.10.006

	Introduction 
	Materials and Methods 
	Study Design and Search Strategy 
	Inclusion Criteria 
	Exclusion Criteria 
	Study Selection and Data Extraction 

	Results 
	Technological Innovations in Lumbar Spine Surgery 
	Robotic-Assisted Surgery 
	Intraoperative Navigation and Augmented Reality 
	Artificial Intelligence Applications 

	Minimally Invasive Techniques 
	Endoscopic and Percutaneous Spine Surgery 
	Lateral and Oblique Lumbar Interbody Fusion 

	Clinical and Functional Outcomes of New Techniques 
	Postoperative Pain 
	Disability and Functional Recovery 
	Fusion Rates, Radiographic Outcomes, and Infection Rates 
	Recovery Time and Return to Activity 
	Patient Satisfaction and Quality of Life 
	Durability and Reoperations 
	Learning Curve of Minimally Invasive Spine Surgery 


	Discussion 
	Conclusions 
	References

