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Abstract

Lumbar Disc Herniation (LDH) ranks among the most prevalent degenerative
spinal disorders responsible for refractory low back pain and radicular sciatica,
substantially impairing daily function and work productivity in adult popula-
tions. Conventional open discectomy has gradually lost clinical priority in favor
of Minimally Invasive Spinal Surgery (MISS), largely owing to its associated ex-
tensive paraspinal muscle dissection, destruction of the posterior ligamentous
complex, prolonged rehabilitation, and an elevated risk of postoperative lum-
bar stiffness. Percutaneous Endoscopic Lumbar Discectomy (PELD), Unilateral
Biportal Endoscopy (UBE), Percutaneous Endoscopic Interlaminar Discectomy
(PEID), and Microendoscopic Discectomy (MED) currently represent four
dominant minimally invasive modalities for LDH management, each distin-
guished by unique surgical corridors, visualization systems, indications, and
therapeutic profiles. This comparative review synthesizes the technical work-
flows, perioperative metrics, complication profiles, and long-term functional
outcomes of these four procedures, cross-referencing recent meta-analyses and
prospective comparative clinical trials to resolve existing clinical controversies.
Aggregated clinical evidence confirms that all four interventions deliver suffi-
cient neural decompression and effective pain remission, outperforming open
laminotomy discectomy in minimizing hemorrhage, shortening hospital stays,
and accelerating early ambulation. Specifically, PELD achieves unparalleled
minimal tissue injury for routine foraminal and central single-level LDH; UBE
enables comprehensive spinal canal decompression, making it ideal for LDH
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concurrent with spinal stenosis, by virtue of its broad operative field and flexi-
ble instrument manipulation; PEID addresses the critical limitation of trans-
foraminal endoscopy in excising high-grade migrated and sequestered disc frag-
ments; and MED merges microscopic magnification with tubular retraction to
balance surgical safety with soft-tissue preservation. This review further elabo-
rates on the procedural pitfalls, contraindications, and postsurgical reherniation
risk associated with each technique, thereby generating evidence-based guid-
ance for personalized surgical decision-making and informing future technical
refinement in endoscopic spinal surgery.

Keywords

Lumbar Disc Herniation, Minimally Invasive Spine Surgery, PELD, UBE,
PEID, MED, Endoscopic Discectomy, Surgical Indication, Clinical Outcomes

1. Introduction

LDH arises from nucleus pulposus herniation through torn annulus fibrosus, com-
pressing lumbar nerve roots or the thecal sac, indicating that the lifetime risk for
symptomatic lumbar disc herniation is 1% - 3% [1]. Surgical intervention is indi-
cated for patients failing standardized conservative management (rest, analgesia,
physical rehabilitation) sustained over three consecutive months [2], with core
therapeutic goals of neural decompression and restoration of lumbar mechanical
function. Although traditional open laminectomy permits gross total resection of
herniated disc material, extensive stripping of multifidus muscles and partial re-
section of lamina and interspinous ligaments frequently precipitate persistent ax-
ial back pain, segmental spinal instability and protracted recovery timelines [3].
MISS has undergone rapid translational development over the past two dec-
ades, defined by precise targeted dissection, limited soft tissue trauma, shortened
inpatient stay and low major complication incidence [3]. PELD, UBE, PEID and
MED constitute four mainstream minimally invasive discectomy platforms with
divergent anatomical entry points and instrument systems, establishing comple-
mentary clinical niches for heterogeneous LDH phenotypes [4]. PELD, a mature
single-port transforaminal endoscopic technique, remains the first-line interven-
tion for uncomplicated single-level LDH [4] [5]. UBE, a novel dual-channel en-
doscopic paradigm, overcomes visual and instrumental constraints inherent to
uniportal endoscopy, expanding indications to complex stenotic and multi-level
disc pathology [6]. PEID adopts a percutaneous interlaminar single-port trajec-
tory, resolving the inability of transforaminal approaches to access caudally mi-
grated free disc fragments [7]. MED integrates tubular dilating retractors with
surgical microscopy, reconciling the anatomical familiarity of open microdiscec-
tomy with minimally invasive soft tissue protection [7]. This review comprehen-
sively contrasts technical specifications, perioperative safety data, advantages and

drawbacks of the four modalities, summarizes real-world clinical application ex-
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perience, and outlines prospective developmental directions for minimally invasive

lumbar discectomy.

Review Methodology

This narrative comparative review was conducted following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines
for systematic reviews. We searched PubMed/MEDLINE, Embase, and Web of Sci-
ence using the following search strategy: (lumbar disc herniation OR LDH) AND
(minimally invasive OR endoscopic OR percutaneous) AND (PELD OR PTED OR
UBE OR PEID OR MED OR microendoscopic OR biportal OR transforaminal OR
interlaminar). Reference lists of retrieved articles and relevant review articles were
hand-searched for additional eligible studies.

Eligibility criteria included: 1) comparative studies (randomized controlled trials,
prospective or retrospective cohort studies, case-control studies) evaluating two or
more of the four minimally invasive techniques (PELD, UBE, PEID, MED) for lum-
bar disc herniation; 2) systematic reviews and meta-analyses comparing these tech-
niques; 3) studies reporting at least one of the following outcomes: perioperative
metrics, complication rates, functional outcomes (VAS, ODI, MacNab criteria), re-
operation rates, or long-term follow-up data; 4) full-text articles published in Eng-
lish; and 5) human studies with a minimum follow-up of 6 months. Exclusion cri-
teria included: 1) case reports, technical notes without comparative outcome data,
and expert opinions; 2) studies focusing exclusively on spinal stenosis, spondylolis-
thesis, or other degenerative conditions without separate analysis of LDH subgroups;
3) cadaveric or biomechanical studies; and 4) duplicate publications.

Data extraction included study characteristics, patient demographics, surgical
parameters, outcome measures, and follow-up duration. Given the heterogeneity
of study designs and outcome measures, a meta-analysis was not performed; in-
stead, we synthesized findings narratively with emphasis on comparative evidence
from randomized controlled trials and large cohort studies, supplemented by sys-

tematic reviews and meta-analyses identified through our search.

2. Core Technical Characteristics of Four Minimally Invasive
Discectomy Modalities

Substantial disparities in surgical corridor design, portal configuration, visualiza-
tion hardware and operative mechanics differentiate the four techniques, leading
to non-overlapping primary indications and unique technical limitations [8]. All
key procedural parameters and operational workflows are summarized below (Ta-
ble 1), supported by standardized comparative table synthesizing published con-

trolled trial data and meta-analytic evidence [9].

2.1. Percutaneous Endoscopic Lumbar Discectomy (PELD /PTED)

PELD is the foundational uniportal transforaminal endoscopic discectomy tech-

nique, utilizing the Kambin triangular zone within the lumbar intervertebral fo-
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ramen to establish a single percutaneous working cannula, predominantly per-
formed under conscious local anesthesia [10]. All procedural steps: foramino-
plasty, annular release, nucleus pulposus extraction and direct nerve root decom-
pression are completed under continuous high-definition endoscopic live visual-
ization [11]. The working channel diameter is 0.7 - 1.0 cm [12], and prospective
controlled trials document significantly reduced intraoperative blood loss, shorter
total operative duration and earlier post-operative mobilization relative to conven-
tional open discectomy [13]. Primary clinical indications include single-level cen-
tral, foraminal, and mildly migrated contained LDH, alongside recurrent disc her-
niation following prior open spinal surgery [14]. The confined uniportal trans-
foraminal workspace creates critical procedural limitations: complete decompres-
sion is challenging in severe lateral recess stenosis and high-grade cranio-caudal
migrated sequestered disc herniation [15]-[17]. For L5-S1 lesions with high iliac
crest or narrow foraminal anatomy, the transforaminal approach may be techni-

cally demanding or infeasible [18]-[20].

Table 1. Basic technical characteristics of four minimally invasive spinal surgery techniques
for LDH.

Technical
echnic PELD UBE PEID MED
Parameters
Posterior Posterior Percutaneous
Sureical Transforaminal unilateral interlaminar dilated tubular
urgica
g. (Kambin triangle interlaminar uniportal posterior
Corridor ) )
uniportal) [10] dual-portal [21] percutaneous corridor [40]
[22] cannula [18] [30] [41]
Single 1.5 - 2.0
Skin . Two separate 1.0 - Single 0.8 - 1.2 gl .
. Single 0.7 - 1.0 cm o cm dilated
Incision 1.5 cm incisions  c¢m percutaneous L
Siz cut [12] [14] (23] [24] ¢ [31] [34] [35] tubular incision
ize cu (42] [43]
Pri Local conscious  General/epidural Local or epidural General/epidural
rimar
Y. sedation anesthesia [22] [25] anesthesia (dual anesthesia [45]
Anesthesia . .
(first-line) [10] [26] option) [31]-[33] [46]

o Panoramic visual Superior Familiar open
Minimal soft . . . T ) .
. field, flexible multi- visualization of = microdiscec-
tissue trauma, . .
Core . angle instruments, migrated/ tomy anatomy,
ultra-rapid early

Clinical o comprehensive sequestered low learning
rehabilitation, ) . . .
Advantages | . circumferential caudal disc curve, high
intact posterior . . .
i s [13] decompression [21] fragments [19]  intraoperative
igaments
& 27] [31][52]  safety [47] 48]
Restricted
. Elevated dural Rigid fixed
uniportal . . .
Mildly increased  tear risk, steep  tubular channel
workspace, . L .
. . soft tissue trauma, endoscopic skill limits
Primary inadequate

o ) risk of irrigation ~ requirement for multi-angle
Limitations decompression . . . . .

fluid extravasation  interlaminar ~ decompression
for severe lateral . . .
oedema [28] [29]  dissection [37] for severe spinal

recess stenosis K
[38] stenosis [51]

[15]-[17]
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Continued
Simple Complex multi- . Routine
. High-grade .
single-level level LDH, LDH ’ uncomplicated
. . . . cranio-caudal .
Dominant central/foraminal  combined with LDH, revision

migrated and

recurrent LDH
free sequestered

Clinical  LDH, post-open degenerative

Indications recurrent spinal stenosis, . o with distorted
. ) disc herniation ]
contained massive sequestered (31]-[33] surgical anatomy
herniation [14] herniation [21] [27] [49] [50]

2.2. Unilateral Biportal Endoscopy (UBE)

UBE is a dual-channel posterior endoscopic technique that creates two discrete
small skin incisions ipsilateral to the pathological segment: one dedicated visuali-
zation portal housing the endoscope and continuous irrigation tubing, and a sep-
arate working portal for interchangeable surgical instruments [21] [22]. Spatial
separation of visual and instrumental channels eliminates instrument shadowing
and obstruction, markedly expanding the accessible surgical field and angular ma-
nipulation range [23] [24]. The posterior unilateral interlaminar corridor enables
full visualization of the spinal canal, lateral recess and intervertebral foramen, fa-
cilitating thorough circumferential nerve root decompression and En bloc resec-
tion of large herniated disc tissue [22] [25] [26]. Compared to uniportal endoscopic
systems, UBE features gentler instrument learning curves and universal compati-
bility with standard open spinal instruments, rendering it suitable for complex
pathologies including multi-level LDH, massive sequestered migrated herniation,
and LDH combined with degenerative lumbar spinal stenosis [21] [27]. UBE may
cause marginally greater soft tissue trauma than PELD [28], but this is counter-
balanced by its superior decompression capability and significantly reduced radi-
ation exposure [29].

2.3. Percutaneous Endoscopic Interlaminar Discectomy (PEID)

PEID is a uniportal percutaneous endoscopic technique utilizing a posterior in-
terlaminar entry trajectory, miniaturizing traditional fenestration discectomy un-
der direct endoscopic surveillance [18] [30]. The posterior interlaminar access
provides a distinct advantage over the transforaminal route for specific patholo-
gies, particularly high-grade migrated discs and axillary herniations [31]-[33]. The
interlaminar corridor avoids obstruction from lateral pedicles and high iliac crests,
offering a clearer view of migrated fragments compared to the transforaminal route
[18] [19]. PEID preserves the core benefits of minimally invasive surgery while
overcoming the limitations of PELD for migrated disc herniations [31] [34] [35].
Clinical studies demonstrate comparable efficacy to UBE for treating high-grade
migrated disc herniations [36]. The primary technical limitations of PEID are the
elevated risk of iatrogenic dural tear and mechanical nerve root irritation, which
are well-documented consequences of the challenging anatomical corridor and
the technical precision required [37] [38]. These risks drive the need for a steep

learning curve, advanced surgical skill, and innovations in both technique and in-
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strumentation [37]-[39].

2.4. Microendoscopic Discectomy (MED)

MED is a minimally invasive technique that combines a tubular retractor system,
placed through sequential muscle dilators, with an optical surgical microscope for
magnification [40] [41]. Multiple studies confirm the effectiveness of this tech-
nique. One prospective study of 135 patients using the Microscopic Endoscopic
Tubular Retractor System (METRx-MD) reported significant improvements in
pain and disability scores, with a 94% patient satisfaction rate [42] [43]. Similarly,
other research has found that the tubular microdiscectomy technique, using a mi-
croscope, is safe and effective, combining modern minimally invasive benefits
while avoiding some limitations of pure endoscopic visualization [43] [44]. MED
provides the benefits of minimally invasive surgery; its safety profile is nuanced.
The risk of catastrophic complications appears comparable or elevated, and the
learning curve requires careful navigation to minimize early-stage adverse events
[45] [46]. MED simplifies instrument handling relative to pure endoscopic sys-
tems is logical and supported by the clinical literature. However, the difference in
the learning curve is not a dramatic advantage, as both techniques require a ded-
icated period to master, but MED’s integration with open surgical skills may make
the initial adoption phase more familiar for surgeons trained in traditional tech-
niques [47] [48]. MED is a well-validated technique for routine LDH. However,
its most compelling utility is in revision surgery, where it offers a minimally inva-
sive alternative to open surgery, despite the inherent technical challenges. Success
depends on careful patient selection, particularly excluding those with significant
spinal instability [49] [50]. The rigid fixed tubular retractor restricts multi-angle
operative movement, limiting adequate decompression in severe multi-level spi-
nal stenosis; long-term functional improvement profiles lag marginally behind
UBE for stenotic combined pathologies [51]. A comprehensive procedure selec-
tion framework incorporating patient- and pathology-specific factors is presented
in Table 2.

Table 2. Procedure selection framework for minimally invasive spinal surgery.

Patient/
Pathology PELD UBE PEID MED
Factor
L1-14 Preferred for
. All levels;
o (transforaminal L5-S1; narrow
Herniation preferred for L5- . .
safe zone); L5-S1 . . interlaminar All levels
Level . S1 with high iliac . .
with favorable window technique
crest [18] [19] )
anatomy available [30] [39]
Suitable for All migration Preferred for

All migrati
Migration  contained, mild patterns; excellent  high-grade (>6 rigration

atterns;
Direction & (<6 mm) for large mm) caudally p .
o . revision cases
Grade migration [14] sequestered migrated fragments (49] [50]
[53] fragments [36] [20] [31] [34]
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Continued
Requires
d Posterior approach;
adequate .
. . . Posterior approach narrow .
Foraminal foraminal width; . . . . Posterior
o avoids foraminal interlaminar
Anatomy high iliac crest . . . approach
o constraints [22]  window technique
contraindication ]
available [39]
[15]
L Ideal for combined Suitable for
Limited lateral . .
stenosis; o . . mild-moderate
. recess . Limited; primarily R
Concomitant X comprehenswe . stenosis; r1g1d
. decompression disc-focused [19] o
Stenosis . canal tube limits
capability . [31] .
(15]-[17] decompression multi-level
[21] [27] [54] [55] [51] [56]
Suitable for
. Excellent for
contained o . L . Well-
revision; superior Limited evidence; .
Recurrent recurrent . ] . established for
o . adhesiolysis challenging due to o
Herniation herniation after . L . revision [49]
. visualization [22] scarring
prior surgery [50]
[57]
[14]
Avoid; ma May require May require
Instability . .Y . yred . Avoid . yreq .
require fusion adjunct fusion adjunct fusion
Steep learning Moderate learning . Gentlest
. . Steep learning )
curve; requires  curve; compatible . learning curve;
Surgeon . ) curve; high I
] dedicated with open ] . familiar to
Expertise . . technical precision
endoscopic instruments [23] . open surgeons
. required [37] [38]
training [15] [24] [27] [47] [48] [58]
General/
Preferred  Local/conscious General/epidural Local/epidural .
. . epidural [45]
Anesthesia sedation [10] [22] [25] [26] [31]-[33] (46]

3. Comparative Analysis of Four Minimally Invasive Surgical
Modalities

Two standardized comparative tables are constructed to quantify basic technical
characteristics (Table 1) and procedural selections (Table 2) for Minimally Inva-
sive Spinal Surgery.

Selection Guidance: The optimal technique should be selected through compre-
hensive patient assessment integrating disc pathology morphology, spinal segment
anatomy, patient comorbidity burden, and anesthetic tolerance thresholds [59]-
[63]. Surgeon expertise and institutional resources should be considered alongside
patient-specific factors, as outcomes are strongly influenced by procedural volume
and experience [37] [38] [47]. For uncomplicated single-level LDH without ste-
nosis, PELD offers the least tissue trauma and fastest recovery [13] [64]. For com-
plex, multi-level, or stenotic pathologies, UBE provides the most comprehensive
decompression [54] [55] [65] [66]. For high-grade migrated discs, PEID offers su-
perior access [31] [34]. For surgeons in training or revision cases, MED provides
a familiar and safe option [49] [50] [67].
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4. Discussion

Following decades of iterative technical advancement in spinal minimally invasive
surgery, PELD, UBE, PEID and MED constitute the four primary surgical stand-
ards for LDH treatment, with all four platforms capable of achieving adequate
neural decompression and sustained relief of radicular symptomatic burden [60]
[62] [68]. However, it is essential to recognize that the evidence base for these
techniques derives from heterogeneous patient populations. The strongest ev-
idence for isolated, single-level LDH without concomitant stenosis comes from
randomized controlled trials and prospective cohort studies specifically enrolling
such patients [13] [60] [64] [69]. In contrast, evidence for UBE and MED in the
context of lumbar spinal stenosis [26] [51] [54] [55] [65] [66], for PEID in highly
migrated fragments [20] [31] [34], and for revision surgery [22] [49] [50] [70]
comes from separate populations with distinct pathoanatomy and surgical goals.
Outcomes from these different populations, particularly regarding complication
rates, reherniation risk, and long-term functional recovery that should not be di-
rectly extrapolated to isolated LDH cases. This discussion carefully distinguishes
evidence by clinical context, and our conclusions are stratified accordingly. The
literature is deeply focused on navigating a complex landscape where each tech-
nique: PELD, UBE, PEID, and MED, presents a unique profile of strengths and
weaknesses. The evidence confirms that all four techniques are effective for their
respective indications, but meaningful progress relies on careful patient selection,
a thorough understanding of each procedure’s distinct challenges, and a commit-
ment to advancing surgical technology and training [59] [63]. When interpreting
comparative data, readers must consider whether the study population comprises
isolated LDH, LDH with stenosis, recurrent LDH, or mixed cohorts, as these groups
differ substantially in baseline characteristics and expected outcomes.

The evidence confirms that PELD provides definitive advantages in minimal
soft tissue injury, very early mobilization, and short hospitalization due to its de-
sign and use of local anesthesia [71]-[73]. Direct comparative evidence from pro-
spective controlled trials [13] [64] demonstrates statistically superior early post-
operative VAS back/leg pain scores and Oswestry Disability Index (ODI) func-
tional recovery metrics in PELD cohorts relative to matched MED and UBE pa-
tient groups for isolated single-level LDH. On this basis, PELD may be considered
a first-line intervention for suitable patients with uncomplicated LDH morphol-
ogy [72] [73], although this designation is supported primarily by indirect compar-
ison and technical rationale rather than head-to-head superiority trials. PELD has
advantages over open surgery [13], but inadequate decompression is a major cause
of failure of the procedure, especially with high-grade migrations [53]. A more
recent 2024 study comparing it to the interlaminar approach for lateral recess ste-
nosis also notes that PELD is often “technically demanding” for this condition [74].
PELD outcomes provide a comprehensive view of patient demographics and ideal
surgical candidates. The patients in this study had a mean age of 37 years, support-

ing the technique’s application in a younger demographic. The most common lev-
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els treated were L5-S1 (50%) and L4-L5 (45%), representing the vast majority of
cases [75].

UBE’s dual-channel design delivers a clear, wide surgical field and full instrument
mobility, enabling more effective and comprehensive decompression for complex
stenotic pathologies compared to uniportal systems [54] [55] [65]. This is supported
by direct comparative data showing better objective outcomes like dural sac ex-
pansion, superior patient-reported outcomes, and a lower risk of reoperation in
LDH with concomitant stenosis [55] [66]. UBE for two-level Lumbar Spinal Ste-
nosis (LSS) reported a combined excellent/good rate of 95.12% at a mean follow-
up of 17.4 months [66]. Other studies also report high rates, such as 98.25% at 6
months for recurrent disc herniation [70]. UBE’s advanced visualization and en-
hanced dexterity make it particularly well-suited for the demanding task of revi-
sion surgery, where dense scarring is a major obstacle [22] [57]. However, claims
of UBE’s “definitive superiority” for all complex LDH presentations should be
tempered, as direct head-to-head comparisons with PELD for non-stenotic LDH
remain limited [63] [64], and its advantages are most clearly demonstrated for
stenotic and multi-level pathologies [51] [55].

PEID functions as a targeted complementary uniportal endoscopic technique
designed to resolve the longstanding clinical limitation of transforaminal PELD
for caudally migrated free disc fragments [20] [31]. A large 2024 study of 328 pa-
tients reported a success rate of 94.7% according to the modified MacNab criteria
for PEID in treating high-grade migrated LDH [34]. The interlaminar approach
can avoid obstruction from lateral pedicles and high iliac crests, offering a clearer
view of the migrated fragment compared to the transforaminal route [18] [19].
This makes PEID comparable in efficacy to UBE for treating high-grade migrated
disc herniations [36]. The strongest evidence for PEID comes from a 2023 study
reporting high efficacy for highly downward-migrated disc herniation, with a
97.43% good-to-excellent outcome rate according to MacNab criteria [31]. On the
basis of these comparative cohort data, PEID may be considered the preferred ap-
proach for high-grade migrated discs, although this reflects its unique technical suit-
ability for this specific pathology rather than general superiority over other tech-
niques [20] [52].

MED occupies a valuable middle ground in spine surgery, providing the mini-
mally invasive benefits of a tubular retractor system while maintaining a surgical
environment that is more familiar and has a gentler learning curve than full-en-
doscopic techniques [46] [47] [58] [67]. This is supported by studies demonstrat-
ing comparable clinical outcomes to open discectomy and endoscopic techniques
[56] [58] [67]. However, claims that MED offers the “highest intraoperative safety
margin” are based primarily on its familiarity to surgeons trained in open tech-
niques [48] rather than direct comparative safety data [45]. The neurological com-
plication rate for MED was 4.5% in the 2022 review [45], which is comparable to
endoscopic techniques rather than definitively lower. MED is a safe and effective

procedure for Decompression for Lumbar Spinal Stenosis (DLSS), the rigid tubu-
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lar retractor presents technical limitations that make it less flexible than UBE for
complex decompressions. However, when single-level DLSS is treated effectively
with MED, long-term functional recovery is comparable to UBE. The primary ad-
vantages of UBE lie in its superior perioperative metrics (shorter surgery, less
blood loss, quicker discharge) rather than a dramatic long-term functional supe-
riority [56].

When comparing long-term efficacy and reherniation rates across techniques,
several important methodological caveats must be acknowledged. The cited stud-
ies [13] [60] [69] [76] [77] vary substantially in patient populations (isolated LDH
vs. mixed degenerative disease), follow-up durations (ranging from 12 months to
10 years), outcome measures (VAS, ODI, MacNab, and composite scores), and def-
initions of recurrence (ranging from radiological findings alone to symptomatic
reherniation requiring reoperation). These differences preclude direct compar-
ison of reported rates across studies. For example, reherniation rates in the avail-
able literature range from 3% - 8% for PELD [14] [76] and 2% - 6% for MED [49]
[69], but these figures derive from studies with different follow-up periods and
recurrence definitions. The available meta-analyses [60] [62] [76] suggest compa-
rable long-term functional outcomes (=5 years) between endoscopic techniques
and MED [69], but this conclusion is based on limited long-term data and should
be interpreted cautiously. Until large-cohort, multi-center prospective trials with
standardized follow-up and recurrence definitions are completed, comparisons of
long-term efficacy and reherniation risk must be considered provisional rather than
definitive.

All four techniques are effective for LDH, the evidence suggests a potential
trade-off between the short-term advantages of endoscopic techniques and the
long-term durability of more established methods like MED [60] [62] [76] [77].
MISS modalities preserve the multifidus muscle and posterior ligament complex
far better than traditional open laminectomy, leading to sustained improvements
in patient quality of life and reduced risk of post-operative instability. However,
the complete elimination of instability risk is not guaranteed in all cases or with
all techniques; patient selection and the specific surgical approach remain im-
portant factors [69] [78] [79]. The broader context of comparable long-term out-
comes and the importance of individualized patient selection are both strongly
supported by current meta-analyses. The literature does not advocate for one sin-
gle best technique, but rather for a nuanced approach based on the specific details
of each case [60] [62] [80].

The evidence shows significant effort in developing simpler, safer, and more
efficient navigation and foraminoplasty techniques to overcome the traditional
limitations of PELD, particularly its steep learning curve and radiation exposure
[81]-[83]; UBE developmental work is indeed targeting low-pressure closed-cir-
cuit irrigation systems as a key method to reduce soft tissue edema, making the
procedure safer and improving patient outcomes [84]-[88]; The engineering of

PEID instrumentation is clearly focused on safety. The introduction of transpar-
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ent working channels and techniques like laminoplasty are concrete examples of
modifications that enhance visualization and create a safer working corridor,
thereby reducing the risk of iatrogenic dural injury during the procedure [39] [89];
MED platforms integrate intraoperative 3D navigation with tubular retractor sur-
gery is a real and documented practice aimed at improving the accuracy of retrac-
tor placement and the safety of neural decompression [90] [91]. Current techno-
logical advances in spinal surgery are primarily focused on improving precision
in complex deformity correction cases rather than routine discectomy, with two
key innovations leading the way: patient-specific 3D-printed guides, which have
demonstrated high accuracy for pedicle screw placement (with success rates reach-
ing 95.97% in recent studies, particularly valuable in severely distorted anatomy
like congenital scoliosis), and Al-assisted navigation systems, which not only en-
hance surgical precision and efficiency but also significantly reduce radiation ex-

posure by up to 90% during certain procedures [92]-[96].

5. Conclusions

Based on evidence derived primarily from isolated LDH populations, PELD serves
as the first-line ultra-minimally invasive intervention for uncomplicated, single-
level, central and foraminal contained LDH, providing the fastest early mobiliza-
tion and resulting in the least measurable soft tissue trauma. UBE demonstrates
definitive superiority in complex, multi-level LDH concurrent with degenerative
spinal stenosis, enabling complete circumferential neural decompression and of-
fering the broadest overall clinical indication spectrum. PEID constitutes the op-
timal procedural choice for high-grade, cranio-caudally migrated and sequestered
free disc herniations, effectively overcoming the anatomical access limitations in-
herent to the transforaminal approach of PELD. MED offers the highest intraoper-
ative safety margin and the gentlest learning curve for surgical trainees, making it
well suited for routine LDH and revision cases of recurrent herniation with dis-
torted postsurgical anatomy, thereby facilitating widespread clinical implementa-
tion in training hospitals.

Collectively, all four modalities outperform conventional open laminectomy
discectomy across key perioperative endpoints, including reduced intraoperative
blood loss, shortened hospital stays, accelerated functional rehabilitation, and low
long-term rates of reherniation and major complications. No single minimally in-
vasive technique qualifies as a universal gold standard for all LDH clinical presen-
tations. Accordingly, operative surgeons must perform a holistic patient assess-
ment that integrates disc pathology morphology, spinal segment anatomy, patient
comorbidity burden, and anesthetic tolerance thresholds to formulate personalized
surgical plans, thereby maximizing therapeutic efficacy while minimizing avoida-
ble soft tissue trauma.

It is important to emphasize that these conclusions are drawn from evidence
for isolated LDH populations unless otherwise specified. Outcomes from studies

of lumbar spinal stenosis, recurrent herniation, or fusion procedures should be
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interpreted within their specific clinical contexts and should not be generalized to
all LDH presentations without careful consideration of population differences. The
comparative long-term outcome data, particularly regarding reherniation rates,
must be interpreted with caution given heterogeneity across studies in patient se-

lection, follow-up duration, and recurrence definitions.
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List of Abbreviations

DLSS—Decompression for Lumbar Spinal Stenosis;

Kambin triangle—Kambin triangular safe zone (foraminal surgical corridor);
LDH—Lumbar Disc Herniation;

LSS—Lumbar Spinal Stenosis;

Macnab—Macnab functional outcome grading scale;

MED—Microendoscopic Discectomy;

METRx-MD—DMicroscopic Endoscopic Tubular Retractor System;
MISS—Minimally Invasive Spinal Surgery;

MPLIF—Modified Posterior Lumbar Interbody Fusion;

ODI—Oswestry Disability Index;

PEID—Percutaneous Endoscopic Interlaminar Discectomy;
PELD—Percutaneous Endoscopic Lumbar Discectomy;

PRISMA—Preferred Reporting Items for Systematic Reviews and Meta-Analyses;
PTED—Percutaneous Transforaminal Endoscopic Discectomy (synonym of PELD);
UBE— Unilateral Biportal Endoscopy;

VAS—Visual Analogue Scale (pain score).
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