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Abstract

Background: Lumbar degenerative disease is a leading cause of chronic back

Fusion for Degenerative Lumbar Disease: A pain, functional disability, and reduced quality of life worldwide. Transforam-

Comprehensive Review of Surgical Pro-

inal lumbar interbody fusion (TLIF), first described by Harms and Jeszenszky
gression, Biomechanical Principles, and . . . . .
in 1982, has become a widely used surgical technique for managing degenera-

Graft Material Evolution. Journal of Biosci-
ences and Medicines, 14, 417-451.
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tive lumbar conditions, including spondylolisthesis, spinal stenosis, recurrent
disc herniation, and segmental instability. This review synthesizes current ev-

idence on surgical evolution, biomechanical principles, graft materials, and
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emerging technological applications. Methods: A systematic literature search
was conducted in PubMed/MEDLINE, Cochrane Library, EMBASE, and Google
Scholar for studies published between 2000 and 2025, with inclusion of se-
lected historical references. Approximately 300 articles were screened, and 80
were included based on relevance and quality. Study quality was assessed using
Oxford CEBM and GRADE frameworks. Results: Current evidence indicates
that TLIF achieves fusion rates of approximately 85% - 95% with acceptable
complication profiles across both open and minimally invasive approaches.
Autologous bone graft remains the reference standard due to its combined
osteogenic, osteoinductive, and osteoconductive properties. Bone morphoge-
netic protein (BMP) demonstrates comparable fusion rates but is associated
with higher cost and specific complications. Bioactive glass has been investi-
gated as a synthetic alternative, with reported fusion rates ranging from 75% -
90%; however, evidence remains limited and heterogeneous, particularly in
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direct comparisons within TLIF procedures. Minimally invasive TLIF shows
similar fusion outcomes to open techniques while reducing perioperative mor-
bidity. Emerging technologies, including artificial intelligence and robotic nav-
igation, are being explored for surgical planning and intraoperative guidance,
though their clinical impact within TLIF remains under evaluation. Conclu-
sions: TLIF is a well-established and effective surgical technique supported by
substantial clinical evidence. However, important gaps remain, particularly re-
garding direct comparative effectiveness of graft materials in TLIF, long-term
outcomes, and standardized patient selection criteria. While bioactive materi-
als, artificial intelligence, and precision-based approaches represent promising
areas of research, their roles in TLIF require further validation through high-
quality comparative studies. Future research should emphasize randomized
controlled trials, long-term follow-up, and robust evaluation of emerging
technologies within clinical practice.

Keywords

TLIF, Degenerative Disc Disease, Lumbar Spondylolisthesis, Autologous
Bone Graft, Bone Morphogenetic Protein, rhBMP-2, Bioactive Glass,
Al-Assisted Imaging

1. Introduction

Lumbar degenerative disease encompasses a broad spectrum of pathological con-
ditions affecting the lumbar spine, including intervertebral disc degeneration,
facet joint osteoarthritis, spondylolisthesis, ligamentum flavum hypertrophy, and
spinal stenosis. These conditions collectively represent one of the most prevalent
and economically significant musculoskeletal disorders worldwide, affecting an
estimated 80% of adults at some point during their lifetime [1]. The global burden
of low back pain has increased by more than 50% over the past three decades,
driven by population growth, aging demographics, and sedentary lifestyles [2]. In
the United States alone, lumbar disorders account for over 300,000 spinal fusion
procedures annually, with associated direct healthcare costs exceeding $100 bil-
lion per year [3].

The pathophysiology of lumbar degenerative disease involves a complex inter-
play of mechanical, biochemical, and cellular processes. Progressive dehydration
and structural disintegration of the nucleus pulposus reduce disc height and alter
biomechanical load distribution across the functional spinal unit [4]. This initiates
a cascade of compensatory changes, including annular fissuring, endplate sclero-
sis, osteophyte formation, facet joint arthrosis, and ligamentum flavum hypertro-
phy. The resulting combination of segmental instability, neural element compres-
sion, and altered sagittal alignment produces the clinical syndrome of axial back
pain, neurogenic claudication, and radiculopathy that characterizes symptomatic
degenerative lumbar disease [4] [5].

While the majority of patients respond favorably to conservative management
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including structured physical therapy, analgesic pharmacotherapy, epidural ster-
oid injections, and activity modification, a substantial subset requires surgical in-
tervention [6]. Indications for surgery include failure of conservative measures
after six to twelve weeks, progressive neurological deficit, significant functional
impairment limiting activities of daily living, and structural deformity requiring
correction. The goals of lumbar spine surgery are decompression of neural ele-
ments, restoration of spinal stability, correction of deformity, and facilitation of
biological arthrodesis [6] [7].

Transforaminal lumbar interbody fusion (TLIF), first described by Harms and
Jeszenszky in 1982 as a modification of the posterior lumbar interbody fusion
(PLIF) technique [8], has emerged as one of the most widely adopted lumbar fu-
sion procedures globally. TLIF accesses the intervertebral disc space through a
unilateral transforaminal corridor, utilizing the anatomical safe zone known as
Kambin’s triangle, bounded superiorly by the exiting nerve root, medially by the
traversing nerve root, and inferiorly by the vertebral endplate [9]. This approach
preserves the contralateral facet joint and posterior ligamentous structures, achiev-
ing both neural decompression and interbody fusion through a single posterior
incision [9] [10].

The success of lumbar arthrodesis depends critically on the biological proper-
ties of the graft material employed. The ideal graft fulfills three fundamental cri-
teria: osteoconduction, the provision of a physical scaffold supporting vascular
ingrowth and cellular migration; osteoinduction, the stimulation of undifferenti-
ated mesenchymal stem cells to differentiate along osteoblastic lineages; and oste-
ogenesis, the direct formation of bone by viable cells within the graft [11]. Histor-
ically, autologous iliac crest bone graft, possessing all three properties, has served
as the reference standard [12] [13]. However, the recognition of significant donor-
site morbidity, including chronic pain, infection, hematoma, and iatrogenic frac-
ture, has driven investigation of synthetic and biologically active alternatives in-
cluding recombinant human bone morphogenetic protein (rhBMP-2) and bioac-
tive glass [13] [14].

The contemporary landscape of TLIF surgery has been transformed by several
parallel advances beyond graft material innovation. Minimally invasive surgical
(MIS) techniques utilizing tubular retractors have substantially reduced ap-
proach-related morbidity while preserving fusion efficacy [15]. Computer-as-
sisted navigation and robotic guidance systems have enhanced pedicle screw
placement accuracy and reduced intraoperative radiation exposure [16]. Artificial
intelligence algorithms applied to preoperative planning, intraoperative guidance,
and postoperative outcome prediction represent the emerging frontier of preci-
sion spine surgery [17]. Advanced imaging modalities including quantitative
computed tomography, standing biplanar radiography (EOS), and machine learn-
ing-based fusion assessment tools have improved the objectivity and accuracy of
postoperative evaluation [18].

Despite these advances, important questions remain incompletely answered.
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The comparative effectiveness of different graft materials specifically within the
context of TLIF, as opposed to posterolateral or anterior approaches, is inade-
quately characterized. The relationship between radiographic fusion status and
patient-reported clinical outcomes remains inconsistent and incompletely under-
stood. The cost-effectiveness of expensive biological adjuvants across diverse
healthcare settings and patient populations is uncertain. Optimal patient selection
criteria integrating clinical, imaging, and biological variables to predict surgical
success require refinement [19] [20].

This comprehensive narrative review expands upon prior literature syntheses
to provide a rigorously updated, evidence-graded overview of TLIF surgery for
degenerative lumbar disease. We examine the full breadth of relevant literature
from 2000 to 2025, incorporating key historical publications, to address surgical
technique evolution, biomechanical principles, comparative graft material perfor-
mance, modern assessment methodologies, and emerging technologies. Our aim
is to provide both practicing clinicians and researchers with a structured, action-

able framework while clearly delineating priorities for future investigation.

2. Methodology
2.1. Search Strategy and Eligibility Criteria

This comprehensive narrative review was designed and executed following the
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines as adapted for narrative review formats. A structured literature search
was independently performed across four major biomedical databases: Pub-
Med/MEDLINE, Cochrane Library, EMBASE, and Google Scholar, covering the
period January 2000 through December 2025 (See Table 1). Key historical foun-
dational publications from 1953 onward were identified through manual refer-

ence list review and citation tracking of included studies.

Table 1. Literature search and review methodology summary.

Parameter

Details

Review Type
Search Databases

Publication Period

Search Terms

Inclusion Criteria

Exclusion Criteria

Primary Outcomes

Comprehensive narrative review following PRISMA guidelines adapted for narrative reviews
PubMed/MEDLINE, Cochrane Library, EMBASE, Google Scholar
2000-2025 (clinical outcomes); key historical articles from 1953 onward

TLIF, transforaminal lumbar interbody fusion, spinal fusion, autograft, BMP, rhBMP-2, bioactive glass,
spinal biomechanics, MIS spine, Al spine surgery, spinal robotics, lumbar spondylolisthesis,
pseudarthrosis

Peer-reviewed; adult patients (=18 years); degenerative lumbar disease; TLIF or comparator interbody
technique; English language; minimum 6-month follow-up for clinical studies; 220 patients

Pediatric/deformity/trauma/tumor populations; single case reports without systematic data; non-peer-
reviewed sources; follow-up < 6 months

Fusion rates; clinical outcomes (VAS, ODI, SF-36, PROMIS); complication rates; biomechanical
parameters; adjacent segment disease
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Continued

Secondary Outcomes  Health-related quality of life; cost-effectiveness; return to work; patient satisfaction; reoperation rates

Oxford Centre for Evidence-Based Medicine (OCEBM) levels of evidence; GRADE framework for

Quality Assessment

recommendations

Total References 80 references (40 original + 40 new); approximately 300+ articles screened

Search queries were constructed using Medical Subject Headings (MeSH) terms
combined with free-text keywords using Boolean operators. Primary search terms

included: “transforaminal lumbar interbody fusion,” “TLIF,” “lumbar interbody

» <«

fusion,” “lumbar spinal fusion,” “degenerative disc disease,” “lumbar spondylolis-

» <« » <« » <.

thesis,” “spinal stenosis,” “autologous bone graft,” “iliac crest graft,” “bone mor-

» <« » «

bioactive glass,” “spi-

» <«

phogenetic protein,” “rhBMP-2,” “osteogenic protein-1,

» o«

nal biomechanics,” “minimally invasive spine surgery,” “percutaneous pedicle
screws,” “spinal navigation,” “robotic spine surgery,” “artificial intelligence spine,”
and “machine learning spine outcome.” Secondary searches targeted specific out-

come measures, patient populations, and comparative techniques.

2.2. Study Selection and Data Extraction

Studies were included if they met all of the following criteria: 1) published in a
peer-reviewed journal with full-text availability 2); enrolled adult patients (=18
years) with degenerative lumbar pathology 3); investigated TLIF or directly rele-
vant comparator interbody fusion techniques, graft materials, biomechanical
properties, or imaging technologies 4); reported quantitative clinical or radio-
graphic outcomes 5); utilized a minimum follow-up duration of six months for
clinical outcome studies; and 6) enrolled at least 20 patients for clinical series.
Studies were excluded if they focused exclusively on pediatric populations, spinal
deformity, traumatic fractures, or primary spinal tumors; were single case reports
or technical notes without systematic outcome data; were non-peer-reviewed
sources, conference abstracts, or dissertations; or reported data duplicating a pre-
viously included larger study from the same cohort.

Data extraction was performed by the reviewing author using a standardized
extraction template capturing study design, patient demographics, surgical tech-
nique details, graft material specifications, follow-up duration, primary and sec-
ondary outcomes, complication rates, and methodological quality indicators. Dis-
agreements or ambiguities were resolved through re-examination of the original

source material.

2.3. Quality Assessment and Evidence Grading

Methodological quality of individual studies was assessed using the Oxford Centre
for Evidence-Based Medicine (OCEBM) levels of evidence framework, classifying
studies as Level I (randomized controlled trials or systematic reviews of RCTs),
Level II (prospective cohort studies or lower-quality RCT's), Level III (retrospec-
tive cohort or case-control studies), Level IV (case series), or Level V (expert opin-
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ion). Recommendations presented in Section 9 are graded according to the
GRADE (Grading of Recommendations Assessment, Development and Evalua-
tion) system as Grade A (strong recommendation supported by high-quality evi-
dence), Grade B (moderate recommendation supported by moderate-quality evi-
dence), or Grade C (weak recommendation or expert consensus). The final refer-
ence list encompasses 80 primary references following the full screening and se-

lection process.

3. Evolution of Lumbar Fusion Techniques

3.1. Historical Evolution

The surgical management of lumbar degenerative pathology has undergone trans-
formative evolution over more than seven decades, progressing from simple de-
compression procedures through posterolateral fusion to modern circumferential
interbody arthrodesis. Early operative approaches in the 1940s and 1950s focused
primarily on posterior decompressive laminectomy, which effectively relieved
neural compression but failed to address the underlying biomechanical instability
driving recurrent symptoms and progressive deformity [21].

The concept of spinal arthrodesis to address instability was formalized with the
development of posterolateral intertransverse fusion (PLF) techniques, popular-
ized by Watkins, Wiltse, and colleagues through the 1950s and 1960s [22]. PLF
achieves arthrodesis by placing bone graft across the transverse processes, facet
joints, and lateral gutters of adjacent vertebrae, relying on the abundant vascular-
ity of paravertebral musculature to support fusion. Published fusion rates with
PLF ranged broadly from 60-80%, with variability attributable to differences in
patient selection, graft material, instrumentation, and assessment methodology
[21] [22]. A fundamental limitation of PLF was its inability to address pathology
within the intervertebral disc space, leaving a potential persistent pain generator
intact and providing no mechanism for disc height restoration or indirect neural
decompression.

Cloward’s description of posterior lumbar interbody fusion (PLIF) in 1953 [23],
represented a paradigm shift in lumbar surgery by directly addressing disc space
pathology through a posterior approach. PLIF involved bilateral laminectomy,
medial facetectomy, nerve root retraction, disc space preparation, and placement
of structural bone grafts within the intervertebral space. The technique offered
several theoretical advantages including disc height restoration, indirect neural
decompression through foraminal distraction, anterior column load sharing, and
elimination of motion at the degenerated segment [23] [24]. However, the re-
quirement for bilateral nerve root retraction carried significant risks of dural lac-
eration, epidural fibrosis, root injury, and neurological deficit, limiting the adop-
tion of PLIF among surgeons unfamiliar with extensive intradural exposure.

Anterior lumbar interbody fusion (ALIF), first described in the mid-twentieth
century and refined through the 1980s and 1990s, offered an alternative pathway

to disc space access that eliminated posterior neural retraction [25]. The anterior
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retroperitoneal approach provided unobstructed visualization of the disc space,
enabling placement of large structural grafts capable of restoring significant disc
height and correcting sagittal imbalance. However, the approach introduced dis-
tinct risks, including injury to the great vessels, the sympathetic chain, the hypo-
gastric plexus, and the ureter, with retrograde ejaculation reported in up to 5% -
10% of male patients [25]. Furthermore, standalone ALIF often provided insuffi-
cient stability for multi-level or revision cases, necessitating supplemental poste-
rior instrumentation that negated some of the approach’s theoretical advantages
(See Figure 1).
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Figure 1. Chronological evolution of lumbar interbody fusion techniques from 1950-2025, illustrating key milestones from PLIF
through the development of TLIF, MIS-TLIF, robotic navigation, and Al-assisted surgical planning.

3.2. Development of TLIF

To overcome the specific limitations of both PLIF and ALIF, Harms and
Jeszenszky developed the transforaminal lumbar interbody fusion (TLIF) tech-
nique in 1982, reported in the English-language literature in 1998 [8]. The funda-
mental innovation of TLIF was utilization of a unilateral transforaminal corridor,
the anatomical space bounded by Kambin’s triangle, to access the intervertebral
disc space while minimizing manipulation of neural structures. By approaching
the disc obliquely from a posterolateral direction on a single side, TLIF required
removal of only one facet joint, preserving the contralateral facet and posterior
ligamentous complex. This substantially reduced the risk of neural injury com-
pared with PLIF and preserved posterior column integrity compared with bilateral
facetectomy approaches [8] [9].

The clinical validation of TLIF was systematically established through the early
2000s, with multiple case series and comparative studies demonstrating fusion
rates of 85% - 95% and significant improvements in patient-reported pain and
functional outcomes [26] [27]. A critical advantage of TLIF over PLIF is the re-

duced incidence of approach-related neural complications; meta-analyses have re-
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ported significantly lower rates of nerve root injury, dural tear, and postoperative
radiculitis with TLIF compared with PLIF [28]. Lowe and colleagues reported a
prospective series of 40 consecutive TLIF patients at two-year follow-up, demon-
strating 95% radiographic fusion, substantial reduction in VAS pain scores, and
ODI improvement exceeding the minimal clinically important difference in 87.5%
of patients [26].

The minimally invasive modification of TLIF (MIS-TLIF), utilizing tubular re-
tractor systems and percutaneous pedicle screw instrumentation, represented a
further technical evolution transforming perioperative outcomes [29] [30]. Pio-
neered by Foley and colleagues in the early 2000s, MIS-TLIF achieved equivalent
fusion rates to open surgery while demonstrating substantially reduced intraoper-
ative blood loss (200 - 400 mL vs. 500 - 1000 mL), shorter hospital stays (1 - 3 days
vs. 3 - 5 days), reduced postoperative narcotic requirements, and faster return to
functional activities [29] [30]. A systematic review by Phan and colleagues encom-
passing 22 comparative studies confirmed these perioperative advantages while
finding no significant difference in fusion rates, clinical outcomes, or complica-
tion rates between MIS and open TLIF at 1 - 2-year follow-up [31].

Instrumentation technology has evolved in parallel with surgical technique re-
finement. First-generation titanium pedicle screws and cylindrical cages have
been superseded by anatomically optimized polyaxial screw systems, radiolucent
PEEK (polyetheretherketone) interbody cages, and most recently, expandable
cage designs [32]. Expandable cages allow insertion through a smaller surgical
corridor, particularly advantageous in MIS-TLIF, with subsequent in situ height
and lordotic angle adjustment to achieve optimal restoration of disc height and
segmental lordosis without the need for large-footprint cage implantation through
a standard transforaminal window [32] [33]. Three-dimensional surface topogra-
phy modification of cage endplates, incorporating microporous titanium coating
or plasma spray hydroxyapatite, has been shown to enhance osseointegration and
reduce subsidence rates compared with smooth PEEK surfaces [33].

Table 2 provides a comprehensive comparison of available interbody fusion
techniques including the recently popularized oblique lateral interbody fusion
(OLIF/ATP) approach. TLIF maintains its status as the most versatile technique
applicable to the broadest range of pathologies and patient anatomies through a

single posterior approach familiar to most spinal surgeons [34] [35].

Table 2. Comparison of major lumbar interbody fusion techniques.

Technique Approach Advantages Limitations Fusion Rate
Direct disc access; bilateral Significant neural retraction; bilateral
PLIF Bilateral posterior decompression; long track record; facetectomy; dural tear risk; epidural 85% - 90%
familiar approach to most surgeons  scarring
Unilateral Minimal neural retraction; preserves Limited graft volume; transforaminal
nilatera
TLIF . contralateral facet; MIS-compatible;  learning curve; unilateral decompression 85% - 95%
transforaminal . .
single posterior approach only
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Continued
Excellent disc exposure; large graft Vascular injury risk; retrograde
Anterior placement; superior lordosis ejaculation in males; requires
ALIF . ) . . .. 90% - 95%
retroperitoneal correction; no posterior element supplemental posterior fixation in most
disruption cases

LLIF/XLIF Lateral transpsoas

Oblique lateral

OLIF/ATP .
retroperitoneal

Avoids psoas; large graft; good
lordosis; lower neural risk than XLIF

Very large graft footprint; maximal =~ Lumbar plexopathy risk; psoas injury;
lordosis correction; minimal posterior specialized positioning and monitoring; 88% - 93%
dissection; indirect decompression supplemental fixation required

Approach-related vascular risk; limited
decompression; supplemental fixation ~ 87% - 93%
typically required

A. Three-Column Stabilization

Anterior L*gdle Post.
Column Col. Column

L4 Vertebra

L5 Vertebra

4. Biomechanical Principles of TLIF

C. Comparative Fusion Rates

B. Disc Height Restoration (Pooled Data, 2000-2025)
105 4
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Figure 2. Biomechanical principles of TLIF. (A) Three-column stabilization with anterior, middle, and posterior column fixation
zones and pedicle screw-rod construct. (B) Disc height restoration comparing pre- and post-operative disc space dimensions. (C)
Comparative fusion rates for major interbody techniques.

4.1. Fundamental Biomechanics and Three-Column Stabilization

The biomechanical rationale for TLIF rests on the principle of restoring anterior
column structural integrity and load-sharing capacity at the affected spinal seg-
ment. Under physiological conditions, the intervertebral disc bears approximately
80% of axial compressive loads in the neutral standing position, with the posterior
facet joints and ligamentous structures accommodating the remaining 20% [36].
Progressive disc degeneration disrupts this load distribution, increasing posterior
element stress, accelerating facet joint arthrosis, and promoting further segmental
deterioration through a self-reinforcing cycle of biomechanical failure [36] [37].
TLIF addresses this pathophysiology through multiple coordinated mecha-
nisms. First, the interbody cage directly restores anterior column height, reestab-

lishing the normal disc height and tensioning the annulus fibrosus and posterior
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longitudinal ligament to contribute to passive segmental stabilization. Second,
restoration of disc height indirectly decompresses neural foramina by increasing
foraminal cross-sectional area, quantitative imaging studies have demonstrated
that each millimeter of disc height restoration increases foraminal height by ap-
proximately 1.5 - 2.0 mm and foraminal cross-sectional area by 15% - 25% [36]
[37]. Third, maintenance or restoration of segmental lordosis optimizes global
sagittal alignment, reducing compensatory mechanisms in adjacent segments.
Fourth, bilateral pedicle screw-rod fixation provides immediate rigid stabilization,
protecting the fusion site during biological healing [38].

Finite element modeling has been extensively applied to characterize the bio-
mechanical behavior of TLIF constructs under physiological loading conditions.
Studies consistently demonstrate that combined anterior column support through
interbody cage placement and posterior fixation through pedicle screws reduces
segmental range of motion by 90% - 97% compared with the intact motion seg-
ment, substantially exceeding the stability achieved with posterior instrumenta-
tion alone (70% - 80% reduction) [36] [38]. This synergistic effect reflects the
complementary roles of the two fixation components: the interbody cage primar-
ily resists compressive and extension loads, while posterior instrumentation re-
sists flexion, lateral bending, and axial rotational forces [36].

Applying Denis’ three-column model, originally described for thoracolumbar
fracture classification, to degenerative disease provides a useful framework for un-
derstanding TLIF’s biomechanical comprehensiveness [39]. The anterior column
(anterior longitudinal ligament, anterior vertebral body, and anterior disc annu-
lus), middle column (posterior vertebral body, posterior disc annulus, posterior
longitudinal ligament), and posterior column (posterior arch, facet joints, poste-
rior ligamentous complex) are all addressed by TLIF instrumentation. This cir-
cumferential stabilization strategy creates the most favorable mechanical environ-
ment for biological arthrodesis, minimizing interfragmentary motion at the fu-
sion interface [38] [39] (Refer to Figure 2).

4.2. Indirect Neural Decompression

One of the most clinically significant and biomechanically elegant features of TLIF
is its capacity to achieve neural decompression through both direct and indirect
mechanisms. Direct decompression is accomplished intraoperatively through ip-
silateral facetectomy enabling access to the transforaminal corridor, ligamentum
flavum excision for central canal decompression, and neural foraminotomy for
root decompression on the approach side. This direct decompression adequately
addresses ipsilateral central stenosis, lateral recess stenosis, and foraminal stenosis
in most cases [36] [40].

Indirect decompression occurs as a consequence of disc height and foraminal
dimension restoration through interbody cage placement. As disc height is re-
stored, the elastic recoil of the annulus fibrosus and posterior longitudinal liga-

ment unfolds and retracts redundant ligamentum flavum from the central canal,
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effectively decompressing the contralateral side without necessitating bilateral
laminectomy or facetectomy [36] [40]. This contralateral indirect decompression
is particularly valuable in bilateral stenosis, avoiding the increased instability risk
associated with bilateral facetectomy. Multiple prospective studies have demon-
strated equivalent neurological outcomes comparing direct bilateral decompres-
sion with indirect contralateral decompression through TLIF in appropriately se-
lected patients with bilateral symptoms [40].

The durability of indirect decompression depends critically on maintenance of
disc height restoration through solid arthrodesis [37]. Pseudarthrosis with subse-
quent cage subsidence eliminates the foraminal distraction effect, potentially pro-
ducing recurrent compressive symptoms. This biomechanical dependency of in-
direct decompression on fusion success underscores the importance of rigorous
endplate preparation, adequate graft selection, and optimization of the mechani-

cal environment through appropriate instrumentation.

4.3. Sagittal Alignment and Global Balance

Contemporary spine surgery has recognized sagittal spinal alignment as a critical
determinant of long-term clinical outcomes, with multiple large cohort studies
demonstrating strong correlations between spinopelvic parameters and patient-
reported quality of life measures [41]. Key radiographic parameters including
lumbar lordosis (LL), pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS), and
sagittal vertical axis (SVA) have been incorporated into preoperative planning al-
gorithms to predict the degree of lordotic correction required at each level to
achieve global sagittal balance [41].

TLIF’s contribution to sagittal alignment restoration is primarily through seg-
mental lordosis correction at the fused level. Standard TLIF cages are available in
lordotic angles of 4°, 8°, and 12°, enabling targeted correction of hypolordotic
segments. Studies comparing segmental lordosis before and after TLIF consist-
ently demonstrate improvements of 4° - 8” per level, contributing meaningfully
to overall lumbar lordosis [41] [42]. Expandable cages offer additional flexibility
in lordosis titration, allowing intraoperative adjustment after placement to opti-
mize segmental alignment without cage exchange [42]. However, the magnitude
of lordosis achievable through TLIF is limited compared with anterior approaches
such as ALIF and LLIF, which can generate 10° - 20° of segmental lordosis through
larger lordotic cage footprints placed anterior to the instantaneous axis of rotation
[41] [42].

4.4. Fusion Biology and Mechanical Environment

The mechanobiology of spinal fusion describes the relationship between mechan-
ical loading conditions at the fusion interface and the biological processes of bone
formation and remodeling. The “strain theory” of tissue differentiation, elabo-
rated by Pauwels and subsequently refined by Claes and colleagues, proposes that
interfragmentary strain magnitude and local hydrostatic pressure determine the
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tissue type that forms at a healing interface [43]. High interfragmentary strains
(>10%) promote fibrous tissue formation; moderate strains (2% - 10%) favor fi-
brocartilage; and low strains (<2%) permit direct bone formation through in-
tramembranous ossification. TLIF instrumentation reduces strains at the fusion
interface to below 2% in most cases, creating the mechanical environment most
conducive to ossification [36] [43].

The endplate preparation technique has a significant impact on fusion biology
by determining the quality of the interface between graft material and host bone
[44]. Thorough decortication of cartilaginous endplate tissue using curettes and
reamers exposes subchondral cancellous bone rich in osteoprogenitor cells and
vascular channels, providing optimal conditions for graft vascularization and in-
tegration. Preservation of the structural integrity of the subchondral bone during
endplate preparation is critical to prevent cage subsidence, particularly in osteo-
porotic bone [44]. Studies have demonstrated that aggressive endplate decortica-
tion, removing the cartilaginous layer while maintaining the subchondral bony
shell, significantly improves fusion rates compared with minimal preparation, un-

derscoring the importance of surgical technique beyond graft material selection.

5. Graft Materials in Lumbar Fusion
5.1. Autologous Bone Graft

5.1.1. Properties and Mechanisms

Fusion was defined based on radiographic evidence of bridging trabecular bone
across the interbody space, absence of motion on dynamic flexion-extension ra-
diographs (<3°), and lack of radiolucent lines around the implant. When available,
CT-based assessment was considered the reference standard. A minimum follow-
up duration of 12 months was used to classify fusion outcomes.

Autologous bone graft occupies a unique position in the armamentarium of
bone grafting options because it is the only material that simultaneously fulfills all
three fundamental criteria for successful spinal arthrodesis: osteoconduction, os-
teoinduction, and osteogenesis [45] [46]. These properties derive from the com-
plex biological composition of native bone tissue and are not replicated by any
synthetic or allograft alternative.

Osteoconduction refers to the graft’s function as a three-dimensional scaffold
supporting vascular ingrowth, osteoprogenitor cell migration, and deposition of
new bone matrix. The trabecular microarchitecture of cancellous autograft, char-
acterized by interconnected pore sizes of 300 - 600 micrometers, provides an ideal
framework for this process, with surface area-to-volume ratios and intercon-
nected porosity that maximize cellular access and angiogenic penetration [45].
Osteoinduction, the process of recruiting and differentiating uncommitted mes-
enchymal progenitor cells into bone-forming osteoblasts, is mediated through a
rich array of growth factors embedded within the autograft matrix. These include
transforming growth factor-beta (TGF- f), platelet-derived growth factor (PDGF),
insulin-like growth factors I and II (IGF-I/II), fibroblast growth factors (FGF),
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and multiple endogenous bone morphogenetic protein isoforms (BMP-2, -4, -6, -
7) [46].

Osteogenesis, the direct formation of new bone by viable cells within the graft,
is the property most uniquely possessed by autologous bone among available graft
materials. Freshly harvested iliac crest autograft contains a heterogeneous popu-
lation of cells including mature osteoblasts actively synthesizing bone matrix, os-
teocytes embedded within mineralized trabeculae, and undifferentiated mesen-
chymal stem cells with multi-lineage differentiation potential [45] [46]. Although
a significant proportion of these cells undergo apoptosis during the ischemic pe-
riod between harvest and implantation (estimated at 40% - 60% of osteoblasts
within 24 hours), sufficient viable cells survive to make early direct contributions
to bone matrix synthesis, before vascular invasion enables more substantial cellu-
lar recruitment from host tissues [45].

The angiogenic properties of autologous bone graft, while less frequently em-
phasized, contribute substantially to successful integration. Autograft releases
VEGF and basic FGF, which recruit endothelial progenitor cells and stimulate ne-
ovascularization from adjacent periosteum and endosteum [46]. This angiogenic
activity ensures rapid delivery of oxygen, nutrients, and circulating osteoprogen-
itor cells to the graft site, sustaining cell viability and bone formation beyond the
initial ischemic period. The high vascularization potential of cancellous autograft

contributes to the reliable and rapid fusion often observed clinically.

5.1.2. Clinical Outcomes and Limitations

The clinical literature consistently supports fusion rates of 85% - 95% when ade-
quate volume autologous cancellous graft is used in instrumented TLIF with ap-
propriate patient selection and surgical technique [26] [27] [47]. Long-term fol-
low-up studies at five and ten years confirm the durability of autograft-supported
fusions, with biomechanical integration of the graft-host interface approaching
native bone strength within 12 - 24 months of implantation [47]. The immuno-
logical compatibility of autologous tissue eliminates the risks of immune-medi-
ated graft rejection and disease transmission, further contributing to predictable
outcomes.

Despite its biological superiority, autograft harvest from the posterior iliac crest
is associated with clinically significant donor-site morbidity that has motivated
extensive investigation of alternatives [48] [49]. Reported complication rates vary
considerably between series depending on harvesting technique, incision place-
ment, and follow-up duration, ranging from 8% - 39% of patients [48]. Chronic
harvest-site pain, the most common and clinically impactful complication, is re-
ported in 20% - 30% of patients at two years, with a subset experiencing pain
equivalent to or exceeding their original spinal symptoms in severity [48] [49].
Additional complications include superficial and deep wound infection (1% - 5%),
hematoma (1% - 3%), iliac crest or sacroiliac joint fracture (1% - 2%), and lateral
femoral cutaneous nerve injury producing anterolateral thigh paresthesia (10% -
15%) [49].
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Practical limitations of autograft harvesting beyond morbidity include finite
available graft volume, increased operative time (15 - 30 minutes for harvest), aug-
mented intraoperative blood loss (100 - 300 mL), and the potential for reduced
biological activity in patients with compromised bone biology [48] [49]. Tobacco
smoking, type 2 diabetes mellitus, chronic renal or hepatic disease, long-term cor-
ticosteroid use, malnutrition, and advanced age have all been demonstrated to
impair the osteogenic and osteoinductive potential of harvested autograft, poten-
tially reducing its effectiveness in exactly those high-risk patients who most com-

monly require multi-level or revision surgery [49].

5.2. Bone Morphogenetic Protein (BMP)

5.2.1. Biological Background and Mechanism of Action

Bone morphogenetic proteins constitute a subgroup of the transforming growth
factor- B superfamily, comprising more than 20 structurally related dimeric sig-
naling molecules with diverse roles in embryonic skeletal development, fracture
healing, and tissue homeostasis [50]. The osteoinductive potential of demineral-
ized bone matrix was first demonstrated by Urist in his landmark 1965 Science
publication [51], which established the existence of protein-based factors capable
of inducing ectopic bone formation in soft tissue. Subsequent biochemical char-
acterization and gene cloning by Wozney and colleagues in 1988 identified the
specific BMP isoforms responsible for this activity, enabling recombinant produc-
tion through mammalian cell expression systems [50].

BMP-2 and BMP-7 (osteogenic protein-1, OP-1) are the isoforms with the most
extensive clinical development for spinal fusion applications. Both ligands signal
through heterodimeric transmembrane serine/threonine kinase receptor com-
plexes composed of type I (BMPR-IA, BMPR-IB, or ALK-2) and type II (BMPR-
IT or ActR-IIA/B) receptor subunits [50]. Ligand binding activates the canonical
SMAD signaling pathway, with phosphorylation of receptor-regulated SMAD pro-
teins (R-SMADs 1, 5, and 8) that complex with the co-mediator SMADA4, translocate
to the nucleus, and regulate transcription of osteogenic target genes including
Runx2, Osterix, alkaline phosphatase, osteocalcin, and bone sialoprotein [50]. The
result is a comprehensive osteogenic program encompassing mesenchymal stem
cell recruitment, commitment to osteoblastic lineage, osteoblast differentiation

and proliferation, matrix synthesis, and mineralization.

5.2.2. Clinical Efficacy

Recombinant human BMP-2 (thBMP-2, INFUSE Bone Graft, Medtronic) was
FDA-approved in 2002 for use in ALIF with a tapered cage device, based on the
pivotal multicenter randomized controlled trial by Burkus and colleagues demon-
strating equivalent two-year fusion rates of 94.5% with rhBMP-2 versus 88.7%
with iliac crest autograft [52]. This study demonstrated a statistically significant
reduction in operative time (97 vs. 106 minutes) and complete elimination of do-
nor-site morbidity in the thBMP-2 group. Subsequent IDE (Investigational De-

vice Exemption) trials extended these findings to posterolateral fusion, demon-
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strating superior fusion rates with rhBMP-2 compared with autograft in single-
level instrumented posterolateral fusions [53].

The efficacy of thBMP-2 in TLIF applications, while broadly supported by ob-
servational and registry data, has been evaluated in fewer rigorous prospective
comparative trials [53] [54]. Available evidence suggests fusion rates of 88-95%
with rhBMP-2 in TLIF, broadly comparable to autograft. A systematic review by
Simmonds and colleagues analyzing individual patient data from 7 RCT's enrol-
ling 1062 patients found no statistically significant difference in overall fusion
rates between rhBMP-2 and autograft (pooled RR 1.04; 95% CI 0.97-1.11), but
reported higher overall adverse event rates with rhBMP-2 (pooled RR 1.25; 95%
CI 1.00 - 1.56) [54].

5.2.3. Safety Concerns, Complications, and Economic Considerations

The safety profile of thBMP-2 in spinal fusion has been the subject of extensive
controversy, particularly following the publication of a critical review by Carragee
and colleagues in 2011 that identified substantially higher complication rates in
published literature than had been reported in manufacturer-sponsored trials
[55]. Documented complications attributable to thBMP-2 include symptomatic
inflammatory radiculitis (7% - 14%), retrograde osteolysis of adjacent vertebral
bodies (5% - 12%), seroma formation (5% - 8%), heterotopic ossification with po-
tential neural compression, and postoperative ectopic bone formation requiring
revision surgery (1% - 3%) [55] [56]. The most serious complications occurred in
off-label cervical applications, where soft tissue edema from rhBMP-2-induced
inflammation has caused life-threatening airway compromise, leading to an FDA
Public Health Notification in 2008 recommending against off-label cervical use
[56].

The mechanisms underlying BMP-related adverse effects are attributed primar-
ily to the supraphysiological concentrations employed clinically (typically 1.5 - 12
mg per level), which are several orders of magnitude greater than endogenous
BMP concentrations during normal fracture healing [55]. At supraphysiological
concentrations, BMP-2 activates osteoclastic bone resorption through the RANK-
RANKL pathway in addition to osteoblastic bone formation, producing a net cat-
abolic effect on adjacent bony surfaces. Excess BMP also triggers exuberant in-
flammatory cell infiltration and macrophage activation, explaining the seroma
formation, inflammatory radiculitis, and soft tissue edema observed clinically [55]
[56].

Economic analyses of BMP-2 use in spinal fusion yield conflicting conclusions
that depend critically on modeling assumptions and perspective. Cost-effective-
ness analyses that account for the costs of donor-site complication management,
reoperation for pseudarthrosis, and lost productivity favor BMP-2 in high-risk
patients, while analyses focused on direct procedure costs favor autograft in
straightforward single-level cases [57]. Current expert consensus reserves rhBMP-
2 for specific indications including revision surgery with scarred and inadequate

fusion beds, multi-level fusions requiring volumes exceeding autograft availabil-
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ity, patients with significant comorbidities impairing bone healing, and cases

where donor-site harvest is medically contraindicated [54] [57].

5.3. Bioactive Glass

5.3.1. Material Properties and Biological Mechanisms

Bioactive glass represents a distinct category of synthetic osteoconductive graft
substitute characterized by its ability to form a direct, stable chemical bond with
living bone tissue, a property termed “bioactivity” that is absent in conventional
bioceramic materials such as hydroxyapatite and tricalcium phosphate [58]. Orig-
inally developed by L.L. Hench at the University of Florida in 1969 while investi-
gating materials to prevent bone resorption at implant interfaces, bioactive glass
was first applied clinically in middle ear surgery before extension to orthopedic
and spinal applications [58].

The most extensively studied composition, 4555 Bioglass® (SiO, 45 wt%, Na,O
24.5%, CaO 24.5%, P,Os 6%), undergoes a complex sequence of surface reactions
upon immersion in physiological fluids. Initially, rapid ion exchange releases Na*
and Ca* ions while incorporating H* and H3;O* from solution, creating a silica-
rich gel layer at the glass surface [58]. Condensation and polymerization of this
surface silanol layer creates a framework for calcium and phosphate ion precipi-
tation from solution, forming an amorphous calcium phosphate layer that pro-
gressively crystallizes into carbonated hydroxyapatite, the predominant mineral
phase of native bone. This biomimetic apatite layer provides the structural basis
for direct chemical bonding with collagen fibers in adjacent bone matrix, creating
an interface with mechanical properties approaching those of native bone [58]
[59].

The cellular biological activity of bioactive glass extends beyond the passive
provision of an osteoconductive scaffold, encompassing direct effects on osteo-
blast biology and vascular development [59]. Silicon ions released continuously
from the dissolving glass network upregulate multiple osteogenic gene expression
programs in cultured osteoblasts, including alkaline phosphatase activity, oste-
ocalcin synthesis, collagen type I production, and formation of mineralized nod-
ules. These silicon-mediated effects occur at concentrations achievable in the in
vivo pericellular environment during glass degradation (approximately 10 - 20
ppm Si) [59]. Beyond direct osteoblast stimulation, bioactive glass dissolution
products promote angiogenesis by upregulating VEGF expression in osteoblasts
and endothelial cells, potentially accelerating revascularization of the fusion site
and improving oxygen and nutrient delivery to graft-host interfaces [58] [59].

Recent developments in bioactive glass formulation have expanded the mate-
rial’s biological capabilities. Third-generation bioactive glasses incorporating
therapeutic ions such as copper (Cu?*), zinc (Zn**), strontium (Sr?*), and cobalt
(Co**) have been engineered to confer additional biological activities [60]. Copper
and cobalt ions at low concentrations stabilize HIF-1a (hypoxia-inducible factor-

la), potently inducing VEGF expression and angiogenesis, potentially valuable in
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compromised vascular bed situations. Zinc ions support osteoblast proliferation
while inhibiting osteoclast activity, a dual effect potentially beneficial in osteopo-
rotic patients [60]. Strontium ions mimic calcium in bone metabolic pathways,
stimulating bone formation while reducing resorption through mechanisms anal-
ogous to strontium ranelate, a pharmaceutical approved for osteoporosis treat-
ment [60].

5.3.2. Clinical Applications and Outcomes in Spinal Fusion

The clinical literature on bioactive glass in spinal fusion encompasses a growing
body of prospective and retrospective studies reporting fusion rates across poster-
olateral and interbody applications [58] [61]. Overall reported fusion rates with
bioactive glass range from 75% - 90%, with considerable heterogeneity attributa-
ble to differences in glass composition, particle size, handling characteristics, ap-
plication as standalone substitute versus graft extender, surgical technique, patient
selection, and follow-up duration. When used as a graft extender combined with
local autograft from laminectomy and facetectomy bone, fusion rates approaching
those of iliac crest autograft have been reported [61].

The most robust clinical evidence for bioactive glass in spinal fusion derives
from a prospective randomized trial by Rantakokko and colleagues comparing bi-
oactive glass S53P4 with autologous iliac crest graft in instrumented posterolateral
fusion for unstable lumbar burst fractures [62]. At two-year follow-up, fusion
rates were 86% for bioactive glass versus 91% for autograft (p = 0.42, not statisti-
cally significant), with equivalent improvements in VAS pain scores and Oswestry
Disability Index. Critically, bioactive glass patients experienced no donor-site
complications, while autograft patients had a 22% donor-site complication rate
[62].

The specific application of bioactive glass in TLIF is less extensively character-
ized than in posterolateral fusion, representing an important gap in the literature.
Available case series report acceptable fusion rates of 80% - 88% when bioactive
glass is used as the primary interbody graft material, with outcomes comparable
to published TLIF benchmarks using autograft [61]. Injectable putty and particu-
late formulations have been developed to facilitate delivery through the trans-
foraminal working corridor in MIS-TLIF, enabling use of bioactive glass without
mandating extended operative exposure. These injectable formulations maintain
the osteoconductive and ionic dissolution properties of particulate bioactive glass
while conforming to the irregular geometry of prepared disc spaces [60]. Table 3,
Figure 3 and Figure 4 provide more details.

Table 3. Comparative properties of major graft materials in lumbar fusion.

Property

Osteogenic

BMP (rhBMP-2) Bioactive Glass

Yes (+++), Direct viable cell
transplant; living osteoblasts, No No
osteocytes, MSCs
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Continued
. . Yes (++), TGF-5, PDGF, IGF, Yes (+++), Primary mechanism via Minimal (+), Indirect via Si ion

Osteoinductive s . o .

endogenous BMPs within matrix =~ BMPR/Smad-1/5/8 signaling release and alkaline pH

. Yes (+++), Optimal trabecular With absorbable collagen sponge  Yes (+++), Hydroxycarbonate

Osteoconductive . . . . . S

scaffold; interconnected porosity ~ carrier (++), Passive scaffold only  apatite layer; biomimetic surface
Anei . Yes (++), Direct VEGF-mediated =~ Moderate (+), Indirect Yes (++), Si ions upregulate VEGF

ngiogenic
8108 neovascularization inflammatory angiogenesis in osteoblasts

Fusion Rate 85% - 95% (Gold Standard) 88% - 95% 75% - 90%

8% - 39% 1 licati te;
Donor Morbidity ? . ? (?ve.ra comprcation rate None None

chronic pain in 20% - 30%

Chronic h t pain; infecti 1% Ectopic bone; osteolysis; ;

‘ ronic harvest pain; infection (1% Ectopic ﬁ)ne o.s €0 ?rs1s seromfi Minimal; brittleness at high loads;
Key Risks - 5%); hematoma (1% - 3%); LFCN heterotopic ossification; potential . A
long-term in-TLIF data limited
neuropathy (10% - 15%) cancer concern
Controllabl tion; full
. Full resorption and remodeling Carrier degrades in 4-8 weeks; BMP ontrofable re'sorp 1c')n b

Degradability . replacement with native bone over

over 12 - 24 months cleared rapidly

6 - 24 months

Level I, FDA approved for ALIF Level II-III, Growing evidence base;

Evid Level Level ], Historical gold standard
vidence Leve eve istorical g0l standat (2002) no FDA-specific spinal approval

Table 3 provides an expanded comparison of graft material properties includ-
ing angiogenic potential and degradation characteristics. The incorporation of an-
giogenic capacity as a separate evaluation domain reflects growing recognition of

vascular supply as an independent determinant of fusion success [45] [58].

A. Graft Property Profiles =@- Autograft

(Relative Score 0-10) =@~ BMP (rhBMP-2)
-8~ Bioactive Glass B. Complication & Cost Profiles
Qsteoinductive = Autograft
m BMP
mmm Bioactive Glass
80
£ 60
x
O]
°
&
Safet Ogteogenic ~
o 40
il
v
=
20
Cost’ AT
Efficiency 0- .
Donor-site Ectopic Inflammatory Economic
Morbidity Bone Reaction Burden
Formation (relative)

Figure 3. Comparative property profiles and complication/cost analysis of graft materials. (A) Radar analysis of relative scores (0 -
10 scale) across six domains: osteogenic potential, osteoinductive capacity, osteoconductive properties, safety profile, cost efficiency,
and availability. (B) Comparative complication and economic burden profiles based on pooled published incidence rates; economic
burden is shown as a relative index scaled for comparison.
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- Autograft - BMP - Bioactive Glass - Shared pathway

Autologous BMP Bioactive
Bone Graft (rhBMP-2) Glass (45S5)

Viable Osteoblasts BMPR Binding Si/Ca/P lon Release
+ MSC Transplant Smad-1/5/8 Pathway Hydroxyapatite Layer

MSC Recruitment Osteoblast Angiogenesis
& Proliferation Differentiation (VEGF upregulation)

BONE MATRIX SYNTHESIS & SPINAL FUSION

Figure 4. Cellular and molecular mechanisms of bone formation with different graft materials. Autograft provides direct osteogen-
esis through viable cell transplant. BMP acts via receptor binding and Smad signaling cascade. Bioactive glass releases bioactive ions
(Si, Ca, P) promoting osteoblast differentiation and angiogenesis. All three pathways converge through shared mechanisms of MSC
recruitment, osteoblast differentiation, and angiogenesis to achieve bone matrix synthesis and spinal fusion.

6. Radiographic and Biomechanical Evaluation
6.1. Traditional Imaging Modalities and Fusion Assessment

The accurate and reliable assessment of fusion status following lumbar interbody
fusion is a fundamental challenge that has resisted complete resolution despite
decades of research and technological advancement. The principal clinical ques-
tion, whether the fusion is solid and biologically mature or represents fibrous non-
union or developing pseudarthrosis, carries direct implications for management
decisions, patient counseling, and interpretation of clinical outcomes in research
settings [63].

Conventional plain radiography, including static anteroposterior and lateral
projections, represents the most widely accessible and commonly employed pri-
mary assessment modality. Dynamic flexion-extension radiographs provide func-
tional evaluation of segmental motion, with angular motion exceeding 5° or trans-
lational motion exceeding 3 mm widely cited as criteria for pseudarthrosis diag-
nosis [63] [64]. However, the sensitivity and specificity of these thresholds are
substantially limited by multiple factors including inconsistent patient position-
ing, pain-related guarding limiting physiological motion range, parallax distor-
tion of oblique endplates, and metal artifact from instrumentation obscuring the
fusion mass.[63] Systematic reviews have reported sensitivity of only 60% - 70%
for plain radiography in detecting pseudarthrosis confirmed by CT or intraoper-

ative exploration [64].
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Computed tomography (CT) with thin-slice (1-mm) isotropic reconstruction
represents the gold standard for fusion assessment, providing superior three-di-
mensional visualization of trabecular bridging across the disc space and through
posterior fusion masses [63] [64]. Multiplanar reconstruction in sagittal, coronal,
and axial planes allows comprehensive evaluation of graft-endplate interfaces, de-
tection of lucent halos indicating implant loosening, and identification of resorp-
tion cavities suggesting graft failure or BMP-related osteolysis [64]. Modern dual-
energy CT and iterative reconstruction algorithms with metal artifact reduction
sequences substantially improve image quality in the presence of titanium and
cobalt-chromium implants, enhancing the clinical utility of CT in instrumented
fusion assessment [63].

Magnetic resonance imaging (MRI) is limited in routine fusion assessment by
metallic implant artifact but provides unique advantages in evaluating neural ele-
ment decompression, adjacent disc degeneration, epidural fibrosis, and infection
[65]. Advanced metal artifact reduction sequences including MARS (metal artifact
reduction sequence), SEMAC (slice encoding for metal artifact correction), and
MAVRIC (multi-acquisition variable-resonance image combination) have sub-
stantially improved MRI quality around spinal implants in research settings,
though clinical implementation remains limited [65]. PET-CT and SPECT-CT
utilizing bone-seeking radiotracers (99mTc-MDP, 18F-NaF) offer metabolic in-
formation about bone remodeling activity that may identify biologically active fu-
sion sites before structural bridging is visible on anatomical imaging, but radiation

exposure and cost limit routine clinical use [65].

6.2. Quantitative Imaging and Biomechanical Analysis

Quantitative CT (QCT) measures volumetric bone mineral density (vBMD)
within regions of interest corresponding to the fusion mass and adjacent vertebral
bodies, providing continuous rather than binary assessment of mineralization. Se-
rial QCT measurements tracking fusion mass mineral content over time may cor-
relate better with biomechanical maturity than structural appearance alone [66].
EOS biplanar low-dose radiography enables simultaneous acquisition of full-body
frontal and lateral images in the standing position, facilitating comprehensive as-
sessment of global spinal and spinopelvic alignment parameters critical for evalu-
ating sagittal balance restoration following TLIF [41]. Three-dimensional model-
ing from EOS data allows patient-specific analysis of lordosis distribution, pelvic
compensation, and adjacent segment stress, information not accessible from
standard supine CT imaging [41].

Stereoradiography-based motion analysis using radiostereometric analysis
(RSA) provides submillimeter precision measurement of interbody cage migra-
tion and micromotion, enabling detection of clinically relevant interface instabil-
ity before radiographic pseudarthrosis becomes apparent [66]. RSA has demon-
strated that cage micromotion exceeding 0.5 mm in the first six months is associ-

ated with significantly higher rates of clinical pseudarthrosis at two years, estab-
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lishing potential early predictive value for fusion monitoring [66].

6.3. Artificial Intelligence and Machine Learning in Spinal Fusion
Assessment

The application of artificial intelligence and machine learning to spinal imaging
represents one of the most rapidly advancing frontiers in contemporary spine sur-
gery research. Deep learning algorithms, particularly convolutional neural net-
works (CNNs), have demonstrated remarkable capacity for automated recogni-
tion and quantification of anatomical structures, pathological features, and bio-
mechanical parameters from two-dimensional radiographs and three-dimen-
sional CT/MRI data [67] [68].

In the domain of radiographic parameter measurement, CNN-based algo-
rithms have achieved automated measurement of disc height, segmental lordosis,
vertebral body dimensions, pedicle screw positioning, and cage placement accu-
racy with intraclass correlation coefficients exceeding 0.95 compared with experi-
enced human raters, while eliminating inter-observer variability and reducing
measurement time from minutes to seconds [67]. These automated measurement
systems are increasingly integrated into commercial spinal analysis software plat-
forms, with several receiving FDA 510(k) clearance for specific measurement
tasks [67].

For fusion assessment specifically, radiomics-based machine learning models
have demonstrated particular promise in detecting trabecular bridging patterns
and predicting fusion outcomes from CT imaging [67] [68]. Radiomic feature ex-
traction identifies hundreds of quantitative imaging texture features from defined
regions of interest that are imperceptible to human visual interpretation. Super-
vised machine learning classifiers trained on CT images with pathologically or in-
traoperatively confirmed fusion status have reported AUC values of 0.88 - 0.94 for
fusion prediction, substantially outperforming radiologist visual assessment [68].
Natural language processing (NLP) algorithms applied to electronic health record
data have further demonstrated potential for predicting postoperative complica-
tions and outcomes from preoperative clinical variables, potentially enabling au-
tomated risk stratification for surgical planning [67].

Robotic-assisted spine surgery systems integrating real-time CT fluoroscopy
navigation have achieved pedicle screw placement accuracy rates of 95% - 99%
within grade A/B Gertzbein-Robbins classification, compared with 85% - 92%
with conventional fluoroscopic guidance [69] [70]. Multiple randomized con-
trolled trials and systematic reviews have confirmed that robotic guidance reduces
neurovascular complication rates from screw misplacement, decreases radiation
exposure to the surgical team, and reduces revision rates for hardware malposition
[69] [70]. Current limitations of robotic systems include prolonged setup time,
increased facility costs, limited soft tissue awareness, and the learning curve re-

quired for proficient operation (See Figure 5) [69].
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Segmentation
(CNN)

Quantitative eruslon Outcome Clinical

Measurement (AUC>0.90) Prediction Decision

Step 1 Step 2 Step 3 Step 4
Vertebral bodies Disc height £0.1mm Trabecular bridge

Disc space Lordosis +0.5° tection
Foramina Foraminal area Pseudarthrosis risk

Step 5 Step 6

Figure 5. Al-driven radiographic assessment and clinical decision support workflow in TLIF. The six-step pipeline encompasses
CT/MRI acquisition, CNN-based automated segmentation, quantitative parameter measurement (disc height 0.1 mm; lordosis
+0.5°), Al-assisted fusion assessment (AUC > 0.90), outcome prediction, and integration into clinical decision support. Sub-panels
detail outputs of key processing steps.

7. Comparative Effectiveness of Graft Materials

The comparative effectiveness of autograft, BMP, and bioactive glass in lumbar
fusion is characterized by a complex, heterogeneous literature spanning different
surgical approaches, patient populations, outcome measures, and follow-up dura-
tions. Interpreting this literature requires careful attention to confounding factors
including approach type (TLIF vs. posterolateral vs. ALIF), instrumentation sta-
tus, patient comorbidities, and the distinction between radiographic fusion and
clinical outcomes [54] [61].

Meta-analyses and systematic reviews comparing autograft with rhBMP-2
across spinal fusion applications consistently demonstrate equivalent or margin-
ally superior radiographic fusion rates with BMP (pooled fusion rate difference
approximately 3% - 5%, generally not reaching statistical significance), with com-
parable improvements in pain and functional scores [54]. The most methodolog-
ically rigorous analysis, the individual patient data meta-analysis by Simmonds
and colleagues, enrolled 1062 patients from seven RCTs and found no significant
difference in fusion rates (pooled RR 1.04; 95% CI 0.97 - 1.11) but identified a
statistically significant increase in adverse events with rhBMP-2 [54]. BMP’s pri-
mary advantage lies in the elimination of donor-site morbidity, a meaningful ben-
efit in patients for whom chronic harvest-site pain would otherwise represent the
dominant postoperative complaint [48] [49].

Direct comparative data between bioactive glass and autograft are more limited,
deriving primarily from a small number of prospective studies and one random-
ized trial. The available evidence suggests non-inferiority of bioactive glass as a
graft extender or substitute in posterolateral fusion, with the randomized trial by
Rantakokko and colleagues reporting a non-significant fusion rate difference of 5
percentage points (86% vs. 91%, p = 0.42) with superior donor-site morbidity pro-
file [62]. In the TLIF-specific context, uncontrolled observational data support
feasibility and reasonable fusion rates of 80% - 88%, but rigorous comparative
data are lacking [61] [62].
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Head-to-head comparisons between BMP and bioactive glass are largely absent
from the published literature, representing a meaningful knowledge gap [61] [71].
Preclinical animal studies have explored combinations of low-dose BMP-2 loaded
onto bioactive glass scaffolds, with several demonstrating synergistic effects,
achieving fusion rates equivalent to standard-dose BMP-2 alone while using doses
5 - 10 times lower than current clinical practice [71]. If translatable to clinical
practice, such combinations could potentially preserve the osteoinductive potency
of BMP-2 while reducing the dose-dependent adverse effects associated with su-
praphysiological concentrations, representing a potentially superior approach to
current single-material strategies [71].

Patient-specific factors significantly modulate graft material effectiveness. To-
bacco smoking reduces fusion rates by 25% - 40% regardless of graft material used,
through multiple mechanisms including impaired angiogenesis, reduced osteo-
blast function, and increased osteoclastic activity [72]. Diabetes mellitus, particu-
larly poorly controlled with HbAlc > 7.5%, similarly reduces fusion rates and in-
creases infection risk. Chronic corticosteroid use impairs both autograft biology
and BMP responsiveness by suppressing mesenchymal stem cell osteogenic dif-
ferentiation [72]. These comorbidities favor osteoinductive graft augmentation,
making BMP or bioactive glass with silicon-mediated osteoblast stimulation more

attractive than autograft alone in high-risk patients [54] [72].

Table 4. Comparative clinical outcomes across TLIF approaches and graft materials.

Outcome Measure MIS-TLIF Open TLIF TLIF + Bioactive Glass PLIF (Comparator)
VAS Back Pain ?5% -75% §O% -72% §2% -70% §0% - 68%

improvement improvement improvement improvement

9% - 0 0 - 0 0 - 0 0 - )

VAS Leg Pain Zr?ll/;)roj:rﬁent flflg)roZeSn/:ent frflg’roZesn/;)ent friﬁrojjn/:ent
ODI Improvement 45% - 60% reduction 42% - 58% reduction  44% - 57% reduction 40% - 55% reduction
Fusion Rate 85% - 95% 88% - 95% 75% - 90% 85% - 90% (open)
Hospital Stay 1 - 3 days (MIS) 3 - 5 days (open) 1 - 3 days (MIS) 2 - 4 days
Return to Work 6 - 12 weeks 8 - 16 weeks 6 - 14 weeks 8 - 16 weeks
Reoperation Rate (5yr) 5% - 12% 4% - 10% 5% -11% 6% - 13%
Adjacent Seg. Disease 5% - 20% at 10 years 4% - 18% at 10 years - 8% - 22% at 10 years

Table 4 synthesizes clinical outcome data across TLIF approaches and graft ma-
terial categories based on pooled published series. The comparable outcomes be-
tween MIS and open TLIF for most measures, combined with MIS-TLIF’s periop-
erative advantages, support a preference for MIS techniques in appropriate surgi-
cal candidates [29]-[31].

8. Gaps and Future Directions

8.1. Clinical Evidence Gaps

Despite the substantial body of literature supporting TLIF as an effective treat-
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ment for degenerative lumbar disease, several critical evidence gaps constrain ev-
idence-based practice. The most significant limitation is the absence of adequately
powered, prospective randomized controlled trials directly comparing autograft,
BMP, and bioactive glass specifically within the context of TLIF, as opposed to
posterolateral or anterior fusion [61] [71]. The existing comparative literature is
dominated by observational data, often retrospective, with variable patient selec-
tion, inconsistent surgical techniques, and heterogeneous outcome measures that
preclude reliable pooled analysis. Future trials should standardize surgical tech-
nique, instrumentation, endplate preparation protocol, graft volume, and postop-
erative assessment methodology to enable meaningful comparison [63].

Long-term follow-up beyond two years is inadequately represented in the TLIF
literature. Most published series report outcomes at 12 - 24 months, capturing
initial fusion status but missing clinically important events including late pseud-
arthrosis, adjacent segment degeneration, cage subsidence, and hardware failure
that may manifest over longer timeframes [63] [73]. Registry studies with pro-
spective data capture at five and ten years, linked to administrative data for com-
plete ascertainment of reoperation and healthcare utilization, would provide more
comprehensive understanding of the natural history of TLIF outcomes and the
durability of different graft strategies [73].

The minimal clinically important difference (MCID), the smallest change in a
patient-reported outcome measure that a patient perceives as meaningful, is in-
completely characterized for TLIF populations across different surgical indica-
tions and baseline characteristics [74]. Published MCID estimates for ODI, VAS,
and SF-36 in spinal fusion patients vary substantially between studies due to dif-
ferences in anchor methodology, patient populations, and statistical approaches.
Rigorous MCID determination in large, well-characterized TLIF cohorts would
improve interpretation of comparative trials and strengthen clinical decision-

making frameworks [74].

8.2. Emerging Technologies and Biological Therapies

The development of next-generation graft materials with enhanced biological ac-
tivity represents an active research frontier. Demineralized bone matrix (DBM),
processed from cadaveric allograft to remove mineral while preserving the oste-
oinductive protein matrix, represents a well-established synthetic-biological hy-
brid with broad clinical use, though its biological variability between preparation
batches and donors represents a significant limitation [75]. Platelet-rich plasma
(PRP) and platelet-rich fibrin (PRF), concentrating autologous growth factors
through centrifugation, have been investigated as graft adjuvants with mixed re-
sults in the spinal literature [75].

Cell-based therapies utilizing expanded autologous or allogeneic mesenchymal
stem cells (MSCs) have demonstrated encouraging results in preclinical spinal fu-
sion models, with multiple phase I/II clinical trials underway [76]. MSC-based

approaches can in principle provide both osteoinductive and osteogenic activities
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without the safety concerns of supraphysiological BMP concentrations, poten-
tially representing a superior biological approach for high-risk patients. Chal-
lenges including manufacturing complexity, regulatory burden, cost, and shelf-
life limitations currently constrain clinical implementation [76].

Three-dimensional bioprinting technology enables fabrication of patient-spe-
cific interbody implants with precisely controlled macro- and micro-architecture,
incorporating designed porosity gradients, surface topographies, and channeled
internal structures for vascular ingrowth [77]. Integration of bioprinting with bi-
oactive glass, hydroxyapatite, or degradable polymer composites allows simulta-
neous optimization of mechanical properties and biological activity in single scaf-
fold systems. Early clinical reports of 3D-printed titanium cages with modified
surface topographies demonstrate superior fusion rates and reduced subsidence
compared with conventional smooth PEEK devices [77].

Precision medicine approaches, integrating genomic profiling, serum bi-
omarkers, microbiome analysis, and machine learning-based outcome prediction,
represent the aspirational frontier of personalized TLIF management [78]. Ge-
netic polymorphisms in BMP receptor genes, osteogenic differentiation pathways,
and inflammatory cytokine networks have been associated with variable fusion
outcomes in exploratory studies, suggesting that genomic profiling could eventu-
ally guide biologically informed graft selection [78]. Serum biomarkers of bone
turnover (CTX, PINP, osteocalcin) and inflammation (CRP, IL-6, TNF-a) have
shown preliminary associations with fusion outcomes and complication risk, po-

tentially enabling dynamic monitoring of the biological healing response [78].

8.3. Adjacent Segment Disease

Adjacent segment disease (ASD), the development of clinically symptomatic pa-
thology at spinal levels immediately above or below a fusion, represents one of the
most significant long-term concerns following TLIF [79]. Reported rates of radi-
ographic adjacent segment degeneration range from 20% - 35% within 5 years of
fusion, while symptomatic ASD requiring reoperation occurs in 5% - 20% of pa-
tients within 10 years [79]. The pathophysiology of ASD involves altered biome-
chanical stress distribution at the adjacent unfused levels, with increased segmen-
tal motion, intradiscal pressure, and facet joint loading accelerating degenerative
progression [73] [79].

The influence of TLIF-specific factors on ASD risk is not completely under-
stood. Suboptimal sagittal alignment restoration, particularly residual lumbar hy-
polordosis, increases adjacent segment stress and likely accelerates ASD develop-
ment [79]. Dynamic stabilization devices and interspinous process devices have
been explored as means of reducing adjacent segment load transfer, with mixed
clinical results [79]. Whether graft material choice influences ASD risk is un-
known; bioactive glass’s complete degradation and replacement with native bone
theoretically reduces long-term stress-shielding compared with non-degradable

synthetic materials, but this hypothesis remains untested in clinical studies [61]
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[79].

9. Clinical Implications and Recommendations

Based on the current body of evidence, evaluated using the GRADE framework,
the following clinical considerations are proposed to inform practice. These state-
ments are intended as evidence-informed guidance rather than definitive recom-
mendations, given the predominance of observational studies and heterogeneity
across the literature. Clinical decision-making should remain individualized, tak-
ing into account patient characteristics, surgeon expertise, and institutional re-
sources.

Regarding graft selection, autologous bone graft remains the reference stand-
ard, supported by consistent clinical evidence. The use of BMP may be considered
in selected cases to avoid donor-site morbidity; however, its application should be
weighed against potential risks and cost considerations. Synthetic materials, in-
cluding bioactive glass, may represent alternative options, but current evidence is
limited and does not support strong comparative recommendations within TLIF.
Several technical principles are consistently associated with improved outcomes,
although much of the supporting evidence is derived from observational or bio-
mechanical studies. Careful endplate preparation, including removal of cartilagi-
nous tissue while preserving subchondral bone integrity, is widely regarded as im-
portant for fusion success. Similarly, appropriate interbody cage positioning—en-
suring adequate endplate contact, central placement, and restoration of segmental
alignment—appears to contribute to biomechanical stability and favorable out-
comes.

Preoperative patient optimization is likely to influence surgical success. Smok-
ing cessation, glycemic control in diabetic patients, nutritional status, and man-
agement of bone health are commonly recommended, although high-level evi-
dence specific to TLIF remains limited. Bone density assessment may be beneficial
in older patients or those at risk of osteoporosis, as low bone mineral density has
been associated with increased complication rates. Postoperative rehabilitation,
including early mobilization and structured physical therapy, is generally encour-
aged and has been associated with improved functional recovery; however, stand-
ardized protocols and high-quality comparative data are lacking.

While these principles are supported by the best available evidence and clinical
consensus, the strength of recommendations remains moderate to low, highlight-
ing the need for high-quality randomized controlled trials and standardized out-

come reporting to strengthen future guidance (See Table 5).

Table 5. Evidence-based clinical recommendations for TLIF graft selection and perioperative management.

Number

Patient Scenario Recommendation Evidence Grade

. Grade A, Superior osteogenic,
Young healthy patients; no harvest . . . . .
e . Autologous iliac crest bone graft as osteoinductive, osteoconductive properties;
contraindications; single-level ] . . .
. . primary graft material gold standard efficacy with predictable

TLIF with adequate bone quality fusi
usion
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Continued

Revision surgery; multi-level
fusion (=2 levels); diabetes, active

2 tobacco use, or chronic
corticosteroid therapy; inadequate
autograft volume

Insufficient autograft; BMP
cost/risk prohibitive; elderly

3
patients with limited bone reserve;
hybrid construct

4 All TLIF patients regardless of
graft choice and surgical approach

5 Postoperative assessment in all
patients at standard intervals

6 Patients with osteoporosis (T-

score <—2.5) or high fracture risk

rhBMP-2 with careful dose
selection (lowest effective dose);
comprehensive patient counseling
on complications

Bioactive glass as graft extender
combined with local autograft
from laminectomy/facetectomy, or
standalone in low-risk single-level
cases

Bilateral pedicle screw-rod
posterior instrumentation;
adequate torque and rod
contouring; supplemental
transverse connector for multi-
level cases

CT scan at 6 - 12 months for
fusion assessment + validated
patient-reported outcomes (ODI,
VAS, SF-36, PROMIS) at 6 weeks,
3, 6, and 12 months

Consider augmented fixation
(cement augmentation, cortical
bone trajectory); optimize bone
health preoperatively; teriparatide
consideration

Grade A, Eliminates harvest morbidity;
comparable or superior fusion rates in
high-risk populations

Grade B, Favorable safety profile;
approaching non-inferiority in RCTs; no
donor-site morbidity

Grade A, Reduces interfragmentary motion
below the ossification threshold (<2% -
10% strain); essential biomechanical
adjunct

Grade B, Multimodal assessment superior
to any single measure; CT preferred over
plain radiographs for fusion confirmation

Grade B, Osteoporosis significantly
increases pseudarthrosis and hardware
failure risk; preoperative optimization
essential

10. Conclusion

Transforaminal lumbar interbody fusion (TLIF) is a well-established, biomechan-
ically grounded, and clinically validated surgical technique that has significantly
advanced the management of degenerative lumbar disease over the past four dec-
ades. Since its introduction as a modification of posterior lumbar interbody fusion
(PLIF), TLIF has evolved into a widely adopted procedure performed through
open and minimally invasive approaches. Its biomechanical advantages—includ-
ing anterior column load sharing, three-column stabilization, indirect neural de-
compression through restoration of foraminal height, and improvement of sagit-
tal alignment—contribute to its consistent clinical effectiveness. Current evidence
indicates that TLIF achieves fusion rates of approximately 85% - 95%, with mini-
mally invasive techniques demonstrating comparable outcomes to open surgery
while offering reduced perioperative morbidity in appropriately selected patients.
Autologous iliac crest bone graft remains the reference standard due to its com-
bined osteogenic, osteoinductive, and osteoconductive properties. Bone morpho-
genetic protein (BMP) has demonstrated comparable fusion outcomes while re-
ducing donor-site morbidity; however, its use is tempered by cost considerations
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and potential complications, including ectopic bone formation and inflammatory
responses. Bioactive glass has emerged as a synthetic graft option with reported
biocompatibility and osteoconductive potential. Nevertheless, current evidence
remains limited and heterogeneous, particularly in the context of TLIF-specific
applications, and further comparative studies are required before definitive con-
clusions can be drawn regarding its relative effectiveness. Technological advance-
ments, including artificial intelligence, machine learning, and robotic-assisted nav-
igation, are increasingly being explored within spinal surgery. These approaches
may offer potential benefits in surgical planning, intraoperative guidance, and out-
come prediction. However, their clinical value in TLIF has not yet been fully es-
tablished and requires validation through rigorous prospective and comparative
studies. Despite the maturity of TLIF as a surgical technique, several important
knowledge gaps remain. These include the need for direct comparative evalua-
tions of graft materials within TLIF procedures, standardized long-term outcome
data extending beyond five years, and comprehensive assessments of cost-effec-
tiveness across different healthcare settings. In addition, emerging approaches
such as precision medicine and data-driven patient stratification represent prom-
ising directions but currently lack sufficient evidence for routine clinical imple-
mentation. Future research should prioritize high-quality randomized controlled
trials, long-term follow-up studies, and the integration of standardized outcome
measures. Addressing these gaps will be essential to further optimize patient se-
lection, improve clinical outcomes, and ensure that TLIF continues to evolve in

a manner that is evidence-based, safe, and responsive to patient needs.

11. Limitations

This review has several limitations that should be acknowledged. First, there is
substantial heterogeneity in surgical approaches, including variations between
open, minimally invasive, and emerging robotic-assisted TLIF techniques, which
may influence reported outcomes. Second, differences in graft composition, rang-
ing from autograft and BMP to synthetic substitutes, limit direct comparability
across studies. Third, follow-up duration varies considerably, with relatively few
studies providing long-term outcomes beyond five years. Fourth, inconsistencies in
fusion assessment methods, including radiographic criteria and imaging modalities,
may affect the reliability of reported fusion rates. Finally, variability in patient char-
acteristics, particularly comorbidity profiles, introduces additional confounding
factors. Despite this limitation, the study is still meaningful of its type, and future
studies should consider these limitations to expand our understanding.
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