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Sagittal Alignment and Clinical Outcomes After Biportal Endoscopic Transforaminal
Lumbar Interbody Fusion Using a Single Expandable Cage: One Year Follow-up

Sub-Ri Park’, Namhoo Kim', Ji-Won Kwon?, Kyung-Soo Suk’?, Hak-Sun Kim®, Seong-Hwan Moon®, Si-Young Park®,

Byung Ho Lee?, Jae-Won Shin®, Jin-Oh Park’

OBJECTIVE: Advancements in expandable cage tech-
nology may overcome limitations, such as narrow working
corridor, continuous irrigation, and endplate injury risk in
biportal endoscopic transforaminal lumbar interbody fusion
(BE-TLIF). We evaluate sagittal realignment, fusion rates,
and clinical outcomes over 1 year using a single bullet-
type expandable cage.

METHODS: This retrospective study included 29 patients
(38 levels) who underwent BE-TLIF with a single expand-
able cage and were followed for at least 12 months.
Radiological assessments included disc height (DH), seg-
mental lordosis (SL), lumbar lordesis (LL), pelvic incidence
(P1), pelvic tilt (PT), PI-LL mismatch, and cage subsidence.
Clinical outcomes were evaluated using back and leg Vi-
sual Analog Scale (VAS), Oswestry Disability Index (ODI),
36-Item Short Form Survey (SF-36), and EuroQol-5 Dimen-
sion (EQ-5D). Fusion was evaluated using CT based Brid-
well classification at 6 and 12 months.

RESULTS: At 12 months, the fusion rate was 92.1%, with
significant subsidence (=2 mm) in 3 levels. Anterior and
posterior DH increased by 3.97 and 4.22 mm, while SL and

LL improved by 3.01° and 5.00°, respectively. Back and leg
VAS and ODI decreased by 3.0, 5.0, and 12.76 points, while
EQ-5D increased by 5.81 points. Greater PI—LL correction
correlated with higher fusion rates and better functional
recovery. Patients with preoperative sagittal malalignment
showed significant improvements. Cage size and type had
limited effect on outcomes.

CONCLUSIONS: BE-TLIF using a single bullet-type
expandable cage achieved favorable outcomes at 1 year,
with meaningful sagittal correction and fusion rates, sup-
porting the non-inferiority of this construct in short-seg-
ment lumbar fusion.

INTRODUCTION

iportal endoscopic transforaminal lumbar interbody
fusion (BE-TLIF) has emerged as a viable and minimally

invasive surgical method for the treatment of degener-
ative lumbar diseases, offering direct and indirect neural
decompression with reduced posterior structure injuries.’
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Abbreviations and Acronyms

ALIF: Anterior lumbar interbody fusion

BE-TLIF: Biportal endoscopic transforaminal lumbar interbody fusion
BMD: Bone mineral density

DH: Disc height

EBL: Estimated blood loss

EQ-5D: EuroQol-5 Dimension

HA: Hydroxyapatite

HOD: Hospital stays

LL: Lumbar lordosis

0DI: Oswestry disability index

OLIF: Oblique lumbar interbody fusion

PEEK: polyetheretherketone

PI: Pelvic incidence

PI-LL mismatch: Pelvic incidence—lumbar lordosis mismatch

PT: Pelvic tilt

rh-BMP2: Recombinant human bone morphogenetic protein-2
SF-36: 36-Item Short Form Survey

SL: Segmental lordosis

VAS: Visual analog scale
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Compared with traditional open or tubular minimally invasive
approaches, BE-TLIF provides a wider working field and precise
visualization through independent viewing and working portals,
allowing more meticulous endplate preparation.*3

However, the risk of age-related complications, such as sub-
sidence, cage loosening, or nonunion—particularly when narrow
cages are used that may not withstand focal endplate pressure—
remains an area of ongoing debate. Consequently, several studies
have emphasized that larger-footprint or dual-cage constructs
provide a broader contact area with the apophyseal ring, thereby
reducing subsidence risk.*° Nevertheless, the insertion of such
cages can be technically challenging in endoscopic procedures
because of the narrow working corridor, potential endplate injury,
and the increased risk of neural traction. In particular, whether
satisfactory biomechanical stability can be achieved using a single
cage construct remains uncertain, as the limited footprint theo-
retically increases the risk of inadequate load distribution, sub-
sidence, and insufficient lordotic restoration.

In addition to cage size and design, spinopelvic parameters
used to assess sagittal alignment have become key predictors of
postoperative outcomes in lumbar fusion surgery. Restoration of
sagittal alignment is now considered crucial even in short-level
fusion procedures. Parameters such as disk height (DH), seg-
mental lordosis (SL), pelvic tilt (PT), lumbar lordosis (LL), and
the mismatch between pelvic incidence (PI) and LL (PI-LL mis-
match) are increasingly recognized as essential determinants of
both radiographic and clinical outcomes.””®

Furthermore, the osteoinductive potential of recombinant hu-
man bone morphogenetic protein-2 (rh-BMP2) may enhance early
biological stability and compensate for the inherent footprint
limitations of single-cage constructs, although its clinical effec-
tiveness specifically within the BE-TLIF environment has not been
well established.

Therefore, this study aimed to evaluate whether BE-TLIF using
a single bullet-type expandable cage could achieve satisfactory
clinical outcomes and fusion rates, while also providing adequate
correction of sagittal alignment, over a minimum follow-up
period of 1 year.

MATERIAL AND METHODS

Patient Selection

This retrospective study was approved by the Institutional Review
Board and included 75 patients who underwent BE-TLIF at our
institution between March 2023 and June 2024. All procedures
were performed by a single spine surgeon with experience in
more than 100 cases of endoscopic fusion, using an identical
surgical protocol. During this period, the inclusion criteria were
as follows: (1) single or two-level BE-TLIF was performed in adult
patients (aged >19 years); (2) diagnosis of lumbar degenerative
disease with foraminal stenosis, including spinal stenosis,
spondylolisthesis, or degenerative disc disease; and (3) persistent
back or leg pain refractory to conservative treatment for more
than 3 months. The exclusion criteria were as follows: (1) history
of prior surgery at the index level, (2) presence of systemic in-
flammatory conditions (e.g., rheumatoid arthritis, pneumonia,
dermatitis, or bronchitis), (3) radiologic findings limited to mild
foraminal stenosis or isolated central canal stenosis, (4)

neurologic symptoms attributed to non-spinal etiologies such as
vascular disorders, and (5) incomplete follow-up data, defined as
a follow-up period of less than 12 months or the absence of either
imaging studies or clinical outcome assessments during follow-
up. Ultimately, 29 of the 75 patients at 38 operative levels were
included in the analysis.

Surgical Procedure

All procedures were performed under general anesthesia, with the
patient in the prone position on a radiolucent operating table. BE-
TLIF was performed using the unilateral approach for cage
insertion. We used a single-peak-type titanium expandable cage
(Excander TLIF cage system; CG Bio, South Korea) with a width
of 11 mm. This implant is available in 2 lengths: 28 and 32 mm.
The cage was offered with fixed lordotic angles of 12° or 20°
(convex or hyperlordotic type), with an initial height of 8 or
10 mm, and was expandable up to 4 mm via a torque driver
capable of withstanding 2.5 N (N). After the final cage insertion,
additional bone graft material was delivered through a dedicated
posterior injection channel.

Two vertical incisions, each approximately 1 cm in length, were
made near the lateral border of the pedicle at the target level, and
were used as the working and viewing portals. This incision tech-
nique offers several advantages. First, percutaneous pedicle screws
can be inserted through the same incisions without additional skin
incisions. Second, if needed, both central and contralateral side
decompression can be performed through the same portals. Fol-
lowing blunt dissection using a muscle detacher, the bony struc-
tures, including the facet joint and interlaminar space, were
adequately exposed. Central and contralateral foraminal decom-
pression were performed following standard endoscopic decom-
pression techniques when indicated.’ For ipsilateral facetectomy, the
facet capsule was ablated using a radiofrequency ablator (RF ablator)
to clearly visualize the lateral margin of the facet joint and identify
the inferior articular process (IAP) and superior articular process
(SAP). Facetectomy was then carried out using an osteotome,
ensuring preservation of the pedicle by maintaining a safe resection
margin. The resected bone was harvested and used as autologous
bone graft material. After removal of the foraminal ligamentum
flavum (LF), lateral margin of the dural sac, exiting nerve root, tra-
versing nerve root, and disc space were clearly visualized. Annulot-
omy and endplate preparation were then performed using disc
reamers. A key advantage of the BE-TLIF technique is the use of
a 30° endoscope, which provides excellent visualization of the disc
space and allows for complete removal of disc material and cartilage,
including contralateral disc preparation. This procedure enables
more effective endplate cleaning, which is essential for successful
interbody fusion. After sequential trials under C-arm fluoroscopic
guidance, an expandable cage trial was inserted and expanded to
determine the appropriate size and angle of the final cage. A spe-
cialized endoscopic funnel was then insert into the disc space for
bone graft. Irrigation was temporarily stopped, and the residual fluid
was cleared in surgical field to allow for bone graft insertion, after
which the final cage was placed. After cage expansion, a specialized
funnel is attached to allow the insertion of 1.5 cc of a product
(Novosis; CG bio, South Korea) consisting of a mixture of 1.0 cc rh-
BMP2 and o.5 cc hydroxyapatite (HA), which is then delivered into
the expanded space. Percutaneous pedicle screws were inserted and
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Figure 1. Overview of the BE-TLIF procedure using a single expandable
cage (A) Following total facetectomy and removal of the foraminal
ligament, sufficient space for disc preparation becomes available.

(B—D) Using cage trials, the appropriate size and type of cage are selected,
and the optimal cage position is confirmed. (E) Disc space preparation is
verified using a 30° endoscope. (F) Bone graft is inserted through

a specialized funnel after temporarily stopping irrigation. (G, H) 1.5 cc of
Rh-BMP2 with HA is inserted with specialized funnel after cage
expansion. (I-L) Actual cage insertion and screw fixation steps are
performed. (M) The expandable cage is shown in its final, optimal position.
(N) Postoperative image of the surgical wounds shows only 4 small skin
incisions, each approximately 1 cm in length.

posterior instrumentation was completed using appropriately con-
toured rods (Figure 1).

During interbody cage insertion, meticulous protection of the
exiting nerve root, traversing nerve root, and dural sac is essen-
tial. Therefore, continuous endoscopic visualization of the disc
space is mandatory throughout this step. If additional working
space is required, partial resection of the lamina or the superior
articular process (SAP) may be performed, and a nerve root
retractor may be utilized as necessary. Due to the natural curva-
ture of the lumbar spine, especially at lower lumbar levels,
inserting the cage from the right side is generally preferred, as it
reduces the risk of endplate damage and avoids the need for
additional incisions. However, in cases where access from the
right is not feasible—such as when approaching from the left side
or in anatomically difficult situations—an additional incision may
be required for safe cage placement.

Outcome Evaluation

We analyzed perioperative parameters, including operative time,
estimated blood loss (EBL), and length of hospital stay (HOD).
Immediate postoperative computed tomography (CT) and X-ray
images were used to evaluate the cage position and contact sur-
face. Radiological parameters were independently measured by 3
spine surgeons from the same institution, and the mean values of
their measurements were used for analysis. Cage positioning was
evaluated using 2 complementary methods to provide both cate-
gorical and quantitative assessments. First, the position of the
cage was classified according to the location of the tip of the
bullet-type cage within the disc space—categorized as ipsilateral,
middle, or contralateral relative to the insertion side. Second,
axial CT scans were analyzed using a 3 x 3 grid—based mapping
system, in which a uniform 3 x 3 grid was superimposed onto the

vertebral body at the mid-disc level, dividing the endplate into g
equal regions. The cage contact surface was calculated as the
median ratio of the cage contact area to the total cross-sectional
area of the upper and lower endplates (ZETTA PACS viewer sys-
tem, TY Soft, Korea) (Figure 2). All radiologic parameters,

[1]

AVR:768.7
Min:-532.0
MAX:3071.0
SUM:9964625.0
SD:932.6

Area;1468.1mm?

(2]

AVR:2265.7
Min:-243.0
MAX:3071.0
SUM:6579542.0

Contralateral SD:897.9

Ipsilateral
side side

Length:75.9mm
’ Area:329.3mm?2

Figure 2. Measurement of cage-endplate contact surface and position of
cage assessed using 3 x 3 grid system. The contact areas between the
cage and the upper and lower endplates were automatically calculated
using region of interest (ROI) analysis on CT axial images. Also, the
vertebral body on axial CT image was divided into 9 segments, and the
area covered by the interbody cage was determined.
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including disc height, segmental lordosis, lumbar lordosis, and
cage subsidence, were independently measured by 2 fellowship-
trained spine surgeons who were blinded to each other’s
assessments. To assess reproducibility and inter-observer reli-
ability, the intra-class correlation coefficient (ICC) was calculated
using a two-way random-effects model with absolute agreement.
The overall inter-observer reliability demonstrated good to
excellent agreement, with an ICC of 0.88 (95% CI: 0.81—0.93).
According to established criteria, ICC values < o0.50 indicate poor
reliability, 0.50—0.75 moderate, 0.75—0.90 good, and >o0.9o
excellent reliability.

Clinical outcomes were evaluated preoperatively and at
12 months postoperatively using the Back Visual Analog Scale
(VAS), Leg VAS, Oswestry Disability Index (ODI), 36-Item Short
Form Survey (SF-36), and EuroQol-5 Dimension (EQ-5D). The
MCID thresholds for each clinical outcome were defined based on
established literature for lumbar fusion surgery: back VAS 1.2, leg
VAS 1.6, ODI 12.8, SF-36 4.9 and EQ-5D 0.19.">"

Radiographic outcomes at the same time points included the
anterior disc height (anterior DL), posterior disc height (posterior
DL), disc wedge angle, segmental lordosis (SL), and lumbar
lordosis (LL) as measured on plain radiographs. The EOS imaging
system (EOS Imaging, Paris, France) was used to assess the pelvic
incidence (PI) and pelvic tilt (PT), and the degree of PI-LL
mismatch was calculated to evaluate changes in sagittal align-
ment more precisely. Malalignment in sagittal parameters was
defined as follows: LL < 40° or >60°, PT < 10° or >20°, and
PI-LL mismatch beyond —10° to +10° (Figure 3). Additionally,
CT scans at 6 and 12 months postoperatively were used to confirm
the degree of fusion based on the Bridwell classification: Grade I,
complete fusion with remodeling; Grade 11, intact graft with no
radiolucency; Grade III, intact graft with lucency; and Grade IV,
no fusion with lucency. Cage subsidence or migration was also
assessed. Significant cage subsidence was defined as cage

invasion into the vertebral body exceeding 2 mm and was
assessed based on disc height measurements (Figure 4).

Statistical Analysis

We assessed the normality of each variable using the Shapiro—
Wilk test. Based on the results of the normality test, parametric
or non-parametric statistical methods were applied accordingly.
Fusion rates were analyzed using Fisher’s exact test for categorical
variables, continuous variables were analyzed using the inde-
pendent two-sample t-test for parametric data and the Mann—
Whitney U test for non-parametric data. Comparisons between
preoperative and postoperative values, the paired t-test was used
for parametric variables, and the Wilcoxon signed-rank test was
used for non-parametric variables. All statistical analyses were
conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA), and a P-value of <o.05 was considered statistically
significant.

RESULTS

Demographic Data

Among the 29 patients included in this study, 5 were male and 24
were female, with a mean age of 72.11 years (range, 52—89 years).
The mean BMD was —1.9 (range, —o.1- —2.8), and the mean BMI
was 25.I (range 19.2—30.4). A total of 20 patients underwent
single-level fusion, and 9 underwent two-level fusion, resulting in
38 fused levels overall. The average HOD was 8.97 days (range,
6—30 days), and the mean follow-up duration was 16.9 months
(range, 14—24 months). Regarding fusion rate and subsidence
incidence, a statistically significant difference was observed in the
postoperative 6 months fusion rate according to the level of cage
insertion; however, no significant differences were found at the
postoperative 12 months follow-up period. Other demographic

Figure 3. Measurement of radiological parameters (A—C) Disc wedge
angle, segmental lordosis, lumbar lordosis, anterior disc height and

posterior disc height were measured in standing X-ray. (D) Pelvic incidence
and pelvic tilt were calculated in EOS imaging.
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Figure 4. Measurement of cage subsidence and fusion grade
(A, B) Preoperative and postoperative standing radiographs were reviewed
during follow up period to confirm cage subsidence or migration.

(C) Fusion grade was evaluated on CT at 6 and 12 months postoperatively
based on bony bridge or lucency.

variables were not significantly associated with fusion rate or
subsidence incidence (Table 1).

Fusion Rate and Subsidence Incidence with Complications

At 6 months postoperatively, the fusion rate—defined as Bridwell
grade I or II—was 55.26% (21 levels). At 12 months, fusion rate
increased to 92.11% (35 levels). A total of 11 levels showed sub-
sidence during follow-up period: 5 levels at 2 months, 4 levels at
3 months, and 2 levels at 4 months postoperatively. Among these,
significant subsidence (>2 mm) was observed in 3 levels (range,
2.3—3.5 mm). Endplate injury was identified intraoperatively at 2
levels in significant subsidence cases, both of which showed
a subsidence of 2.5 mm within 2 months postoperatively. Of
these, one level showed failed to achieve fusion at the 12 months
postoperatively. Also, another one level in significant subsidence
cases failed to achieve fusion at 12 months, and posterior cage
migration of 5 mm was noted at 6 months postoperatively. Nev-
ertheless, none of the operated patients demonstrated progres-
sive screw loosening or cage migration that resulted in clinical
problems during the follow-up period.

However, the patient remained asymptomatic without neuro-
logical deficits or significant back pain and has been followed on
an outpatient clinic. There were no other complications related to
the surgery such as dura tear, hematoma or cage-related issues
were observed. Although detailed serological parameters were not
included in the primary analysis due to the single-arm study
design, routine postoperative laboratory evaluations demon-
strated no clinically significant anemia requiring transfusion, no
elevation of muscle injury markers indicative of severe muscle
damage, and no laboratory evidence suggestive of postoperative
infection.

Analysis of cage-related parameters such as cage size, type,
location, and position revealed no statistically significant asso-
ciations with either fusion or subsidence rates. The average
endplate contact area of the single bullet-type expandable cage

was 19.13%, which was also not statistically associated with
fusion outcomes (Table 1).

Radiological and Clinical Outcomes

At 12 months postoperatively, X-ray showed a mean increase in
anterior DH of 3.97 mm and posterior DH of 4.22 mm. SL
improved by an average of 3.01°, while LL increased by 5.00°. Disc
wedge angle and PT changed by approximately —1°, and the PI-LL
mismatch improved by 4.00° on average. Except for PT, all
radiological parameters demonstrated statistically significant
improvements. In terms of clinical outcomes, back VAS improved
by an average of 3 points, leg VAS by 5 points, ODI by 12.76
points, and EQ-sD by 5.81 points. SF-36 scores showed mean
improvements of 12.88 in the physical component and 14.50 in
the mental component. All clinical parameters showed statisti-
cally significant improvements (Table 2). Higher degrees of
anterior DH restoration and correction of SL and LL were asso-
ciated with increased fusion rates and decreased incidence of
subsidence. Greater improvement in PI-LL mismatch was sig-
nificantly associated with higher fusion rates. Moreover, at
12 months postoperatively, patients in the fusion group showed
significantly greater improvement in back VAS, leg VAS, SF-36
mental component, and EQ-5D scores. ODI and SF-36 physical
component also relatively improved more in the fusion group
(Table 1). The mean difference in ODI improvement was 12.55%
(95% CI: 10.59—14.51), which approached the MCID threshold of
12.8 (0.98 times the MCID; P < o0.001). This relatively lower ODI
improvement compared with other PROs may be attributed to the
lower baseline ODI scores in our cohort, as patients presented
with less severe preoperative disability. The mean differences in
the VAS for leg pain and back pain were 4.76 (95% CI, 4.36—5.16)
and 3.45 (95% CI, 2.75—4.15), corresponding to approximately 3
times and nearly 3 times the MCID values of 1.6 and 1.2,
respectively (both P < o0.001). SF-36 improved by 12.70 (95% CI:
10.62—14.78), more than twice the MCID of 4.9 (P < o0.001).
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Table 1. Fusion Rate and Subsidence Incidence

Fusion Grade (6 months) Fusion Grade (12 months) Subsidence
Non-fusion (n = 17) Fusion (n = 21) P-Value Non-fusion (n = 3) Fusion (n = 35) P-Value No (n = 27) Yes (n = 11) P-Value
Variable Total n (%) or Mean + SD/Median (Q1-Q3)
Demographic data
Age (years) 7211 £ 829 7459 + 6.65 70.10 £ 9.08 0.097 7467 + 3.21 71.89 + 8.58 0.584 70.85 + 8.31 75.18 +£ 7.77 0.147
Sex 0.709 >0.999 0.395
Male 8 (21.1) 3(17.6) 5(23.8) 0(0.0) 8 (22.9) 7 (25.9) 1(9.1)
Female 30 (78.9) 14 (82.4) 16 (76.2) 3(100.0) 27 (77.1) 20 (74.1) 10 (90.9)
BMI (kg/mz) 25.08 £ 2.72 2448 + 2.99 2556 + 2.43 0.225 23.88 + 4.93 2518 £+ 2.54 0.434 25.10 + 2.36 25.01 £+ 3.58 0.926
BMD —23(—28t0—-13) —22(-25t0 —1.4) —2.3(-28t0—13) 0659 —14(-34100.2) —23(—28t0—13) 0724 —23(-28t0—13)-2.1(-28t0—1.3) 0834
Operation time (min) 255.0 (215.0—330.0) 290.0 (220.0—355.0) 250.0 (215.0—290.0) 0.445 330.0 (260.0—370.0) 250.0 (210.0—330.0) 0.203 250.0 (215.0—300.0) 290.0 (200.0—365.0) 0.478
EBL (mL) 177.5 (105.0—300.0) 145.0 (105.0—225.0) 200.0 (140.0—310.0) 0.347 160.0 (145.0—410.0) 195.0 (105.0—300.0) 0.498 200.0 (110.0—310.0) 150.0 (100.0—225.0) 0.266
HOD (days) 8.97 + 4.48 9.82 + 6.16 762 + 213 0.175 17.33 + 11.59 7.86 + 2.58 0.292 8.37 + 1.86 12.64 + 7.15 0.078
ASA classification 0.067 0.234 0.335
1 2(53) 0(0.0) 2(9.5) 0(0.0) 2(57) 2(74) 0(0.0)
2 19 (50.0) 6 (35.3) 13 (61.9) 0(0.0) 19 (54.3) 15 (55.6) 4 (36.4)
8 17 (44.7) 11 (64.7) 6 (28.6) 3 (100.0) 14 (40.0) 10 (37.0) 7 (63.6)
Level 0.005* 0.407 0.159
L2-3 2(53) 1(5.9) 1(4.8) 0(0.0) 2(57) 1(3.7) 1(9.1)
13-4 3(7.9) 2 (11.8) 1(4.8) 1(33.3) 2(57) 1(3.7) 2(18.2)
L4-5 18 (47.4) 12 (70.6) 6 (28.6) 1(33.3) 17 (48.6) 12 (44.4) 6 (54.5)
L5-S1 15 (39.5) 2 (11.8) 13 (61.9) 1(33.3) 14 (40.0) 13 (48.1) 2(18.2)
Cage related data
Cage size 0.744 >0.999 0721
28 mm 19 (50.0) 9 (52.9) 10 (47.6) 2 (66.7) 17 (48.6) 13 (48.1) 6 (54.5)
32 mm 19 (50.0) 8 (47.1) 11 (52.4) 1(33.3) 18 (51.4) 14 (51.9) 5 (45.5)
Cage type 0.847 0.55 0.285
Convex 23 (60.5) 10 (58.8) 13 (61.9) 1(33.3) 22 (62.9) 18 (66.7) 5 (45.5)
Hyper-lordotic 15 (39.5) 7(41.2) 8 (38.1) 2 (66.7) 13 (37.1) 9(33.3) 6 (54.5)

IV L3 Mdvd 1"d-ans
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Cage location >0.999

Contralateral 20 (52.6) 9 (52.9) 11 (52.4)

Ipsilateral 6 (15.8) 3(17.6) 3(143)

Middle 12 (31.6) 5(29.4) 7(333)
Cage position (%) 0.217

Anterior 32 (84.2) 14 (36.8) 18 (47.4)

Middle 38 (100) 17 (44.7) 21 (55.3)

Posterior 35(92.1) 17 (44.7) 18 (47.4)

Lateral 20 (52.6) 11 (28.9) 9(237)
Cage contact surface (%) 1913 £+ 2.59 18.87 4+ 2.98 19.34 + 2.29 0.582

Radiological outcome (Difference between preoperative and postoperative 6 or 12 months data)
Anterior DH (mm) 397 £+ 266 295 + 276 479 + 233 0.032*
Posterior DH (mm) 422 + 145 3.79 £ 1.45 457 +1.39 0.1
SL (degree) 3.01 £ 319 1.79 + 3.04 399 + 3.03 0.033*
LL (degree) 5.0 (3.0-9.0) 40(-2.01t0 7.0) 7.0 (4.0-9.0) 0.085
Disc wedge angle —-10(-271t0 —0.1) —1.4(-3.4t0 —0.3) —04(-2.1t0 —0.1) 0.223
(degree)
PT (degree) —10(-50t06.00 —1.0(—20t06.0) —2.0(—6.0t06.00 0.215
PI-LL (degree) —4.00 £+ 7.02 —2.35 + 8.00 —6.52 + 5.71 0.069
Clinical outcome (Difference between preoperative and postoperative 6 or 12 months data)

Back VAS —3.0(-5.0t0 —3.0) —3.0 (—5.0 to —3.0) —3.0(—5.0t0 —3.0) 0.694
Leg VAS —5.0(—6.0t0 —4.0) —4.0 (—6.0 to —4.0) —5.0(—6.0to —5.0) 0.05*
0DI —12.76 + 5.06 —12.00 + 5.24 —1338 £495 0411
SF-36 physical 12.88 &+ 5.22 12.44 +5.19 13.24 +5.35 0.647
SF-36 mental 14.50 + 6.10 13.89 + 6.01 14.99 + 6.27 0.59
EQ-5D 581 + 1.68 550 £ 1.55 6.05 £ 1.77 0.333

0.403
2 (66.7) 18 (51.4)
1(33.3) 5(14.3)
0(0.0) 12 (34.3)
0.645
1(33.3) 31 (88.6)
3 (100) 35 (100)
2 (66.7) 33 (94.3)
2 (66.7) 18 (51.5)
18.61 + 2.85 19.17 £+ 2.61 0.723
—153 +2.23 444 + 213 <0.001"
3.03 + 2.80 432 +£1.30 0.51
—2.70 + 1.6 349 £ 279 <0.001"
—9.0(-130t0 —2.0) 6.0 (4.0—9.0) 0.011*
—02(-851t00.0) —1.1(-271t0 —0.1) 0.935
6.0(—1.0t0 6.0) —20(—6.0t06.0) 0314
8.00 + 5.57 —574 £ 6.07  <0.001*
—2.0(-3.01t 1.0) —4.0(-50t0 —3.0) 0.045*
—3.0 (—4.0 to —2.0) —5.0(—6.0 to —4.0) 0.009*
—7.33 £ 503 —1323 £48  0.052
7.28 +593 13.36 + 4.96 0.051
6.77 £+ 6.86 15.16 £ 5.66 0.02*
4.00 + 0.00 591 £+ 1.67 <0.001*

15 (55.6)
4 (14.8)
8 (29.6)

26 (96.3)
27 (100)
25 (92.6)
14 (51.9)
18.78 + 2.78

466 + 2.20
4.46 + 1.41
4.01 + 2.82
7.0 (4.0—10.0)

—0.8(-2.7t0 —0.1) =1.1 (4.2 to —0.1)

—2.0 (—6.0 to 6.0)
—578 + 6.59

—5.0(-5.0t0 —3.0) —3.0(-5.0to —3.0)
—5.0(—6.0to —4.0) —5.0(—6.0 to —4.0)

—13.41 £ 492
13.64 &+ 5.16
15.09 £ 5.63
6.04 + 1.76

5 (45.5)
2(18.2)
4 (36.4)

6 (54.5)
11 (100)
10 (90.9)
6 (54.5)
19.98 £ 1.91

2271 +3.02

363 +1.44

055 + 2.74
4.0 (—2.0 to 6.0)

1.0 (—2.0 to 6.0)
—191 £ 769

—11.18 £5.29
11.01 £ 5.11
13.05 +£ 7.2
520 £ 1.32

0.894

0.384

0.201

0.01*
0.1
0.001*
0.049*
0.784

0.467
0.127

0.476
0.697
0.224
0.162
0.356
0.182

*P-value < 0.05 indicates a significant difference between two groups.
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Table 2. Summary of Radiological and Clinical Outcomes

Preoperative Postoperative 12 months
(n = 29 patients/38 Levels) (n = 29 patients/38 Levels) Difference
Variable Mean =+ SD or Median (Q1-03) P-Value
Radiological Qutcome
Anterior DH (mm) 9.08 + 3.38 13.04 £+ 1.84 397 + 266 <0.001*
Posterior DH (mm) 5.38 &+ 2.00 9.60 + 1.24 422 + 145 <0.001*
SL (degree) 10.05 &+ 5.35 13.06 £ 5.02 3.01 +3.19 <0.001"
LL (degree) 41.0 (26.0—48.0) 44.0 (32.0-53.0) 5.0 (1.0-8.0) 0.006"
Disc wedge angle (degree) 19(04-37) 0.6 (0.3—1.2) —1.0 (=2.7 to —0.1) <0.001*
PT (degree) 19.0 (16.0—24.0) 21.0 (16.0—25.0) —1.0 (—4.0-6.0) 0.619
PI-LL (degree) 17.28 + 14.39 13.28 + 12.31 —4.00 + 7.02 0.005*
Clinical outcome
Back VAS 7.0 (6.0—-8.0) 3.0 (2.0-4.0) —3.0 (5.0 to —3.0) <0.001*
Leg VAS 8.0 (7.0-8.0) 3.0 (2.0-4.0) —50(—6.0 to —4.0) <0.001*
0Dl 26.89 + 6.12 1413 £ 6.36 —12.76 + 5.06 <0.001*
SF-36 physical 19.45 + 4.45 32.33 + 6.56 12.88 + 5.22 <0.001*
SF-36 mental 28.03 £+ 4.41 4253 + 7.65 14.50 + 6.10 <0.001*
EQ-5D 13.65 + 2.92 19.46 + 2.92 581 + 1.68 <0.001*
*P-value < 0.05 indicates a significant difference between two groups.

Subgroup Analysis Based on Preoperative Malalignment

Preoperative radiographs revealed abnormal LL in 17 patients,
abnormal PT in 14 patients, and PI-LL mismatch in 20 patients. In
the group with abnormal LL, LL was corrected from a mean of 26° to
36°, with statistically significant improvements in all radiological
parameters except PT. In the group with abnormal PT, PT itself did
not change significantly, but other radiological outcomes improved
significantly. For patients with PI-LL mismatch, mismatch was
corrected from 23.75° to 18.45°, with significant improvements in all
radiological outcomes except PT. Clinical outcomes improved sig-
nificantly in all subgroups with preoperative malalignment (Table 3).

Subgroup Analysis of Clinical Outcomes Based on Postoperative
Alignment

When comparing clinical outcomes based on postoperative sag-
ittal alignment, no statistically significant differences were
observed between the groups with normal and abnormal LL.
However, patients with normal PT showed significantly better
outcomes in back VAS and ODI (P = 0.045 and 0.032, respec-
tively). Patients with normal PI-LL mismatch demonstrated sig-
nificantly greater improvements in ODI and SF-36 physical scores
(both P = 0.008) (Table 4).

Subgroup Analysis of Radiological Outcomes Based on Cage
Related Data

Analysis of radiographic changes according to cage characteris-
tics showed that larger cage sizes were significantly associated

with greater increases in the posterior DH (P = o0.041), other
alignment related parameters also showed a general trend toward
greater correction. Moreover, sagittal alignment correction ten-
ded to be more pronounced depending on the cage type. In
particular, convex-type cages demonstrated significantly greater
restoration of the posterior DH compared to hyper-lordotic cages
(P = 0.005) (Table 5).

DISCUSSION

The BE-TLIF technique preserves the advantages of conventional
biportal endoscopic spine surgery while demonstrating favorable
fusion rates and complication profiles. Prior comparative studies
have consistently reported that although BE-TLIF may require
longer operative time during the early learning curve compared
with MIS-TLIF, postoperative outcomes are not significantly dif-
ferent between the 2 techniques, whereas intraoperative blood
loss and postoperative drainage tend to be lower with BE-
TLIE."”" In the present study, the mean EBL was 177 mL and
drainage volume was 123 cc were minimal, clinical outcomes
improved significantly from baseline, and all patients were able to
ambulate on postoperative day 1 or 2. The relatively longer hos-
pital stay reflects characteristics of our national insurance system,
in which prolonged hospitalization imposes minimal financial
burden. Consequently, our institution routinely performs post-
operative MRI and laboratory evaluation on day 7 before dis-
charge, accounting for the mean HOD of 8.97 days.
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Table 4. Subgroup Analysis of Clinical Outcome With Postoperative Sagittal Alignment Parameters

Postoperative LL Postoperative PT Postoperative PI-LL

Normal Malalignment Normal Malalignment Normal Mismatch

Mean + SD or Median Mean + SD or Median Mean + SD or Median
Variable (Q1-03) P-Value (01-03) P-Value (01-03) P-Value
Back VAS 3.0 (2.0-4.0) 3.0 (2.0—-4.0) 0.408 2.0 (2.0-3.0) 3.0 (3.0-4.0) 0.045" 3.0(2.0-40) 3.0(20-4.0) 0.273
Leg VAS 3.0 (3.0—-4.0) 2.0 (1.0-3.0) 027 2.0 (1.0-3.0) 3.0 (2.0—-4.0) 0.097 30(1.0-30)  3.0(20-4.0) 0.182
0Dl 1450 + 4.64 13.80 &+ 7.70 0.734 11.87 £ 5.78 15.61 £ 6.41 0.032* 1247 £ 580 1522 + 6.60 0.008"
SF-36 physical ~ 33.36 &+ 5.77 3140 + 7.23 0.366 33.90 + 6.01 31.30 + 6.83 0.239 3575 +£6.38  30.09 + 578 0.008"
SF-36 mental 40.56 + 5.48 4431 + 894 0.125 4391 + 4.86 41.63 + 9.01 032 4386 +6.06  41.66 + 8.54 0.392
EQ-5D 18.61 + 2.62 20.26 + 3.03 0.086 20.33 + 2.64 18.86 + 3.01 0.135 1933 £306 1955+ 2.89 0.832
*P-value < 0.05 indicates a significant difference between two groups.

Although previous comparative studies have shown no major porous titanium cages to enhance fusion.” Another study have
radiologic or clinical differences between BE-TLIF and other found no difference in fusion or subsidence between PEEK and
fusion techniques, concerns remain regarding limited bone graft titanium cages but suggested that wider cages (>I1 mm) improve
volume, continuous saline irrigation, and a narrow working endplate stability by increasing contact area.* Park et al. reported
space—factors theoretically associated with lower fusion rates or that the use of a dual-expandable cage in BE-TLIF resulted in

increased subsidence. In degenerative lumbar disease, disc space significant increases in DH, SL, and LL with no cases of subsi-
narrowing and bony hypertrophy may further constrain cage size dence observed.’® Additionally, a systematic review and meta-
in BE-TLIF. To overcome these challenges, recent studies have analysis comparing expandable and static cages in TLIF
focused on optimizing cage materials, footprint, and expandable demonstrated that expandable cages achieved greater restoration
designs. Kim et al. demonstrated that using an OLIF-type cage in of anterior DH (+2.14 mm), posterior DH (+0.64 mm), foraminal
BE-TLIF achieved a 94.2% fusion rate at postoperative 18 months height (+1.60 mm), and SL (+1.56°) than static cages. However,
with significant restoration of SL and DH, likely due to improved there were no significant differences in LL, clinical outcomes
load distribution and engagement of bilateral epiphyseal rings.*" (VAS, ODI), fusion rates, or cage subsidence between the 2
Pao JL et al. reported 100% fusion without subsidence at one year designs."”

using PEEK and titanium coated PEEK cages.® Park et al. Also in recently, vertebral endplate cortical fracture (VECF) has
described strategies such as a skin incision at pedicle lateral recently been recognized as an important radiographic marker of
margin, making additional medial portal, and use of 3D printed early biomechanical instability following lumbar interbody

Table 5. Subgroup Analysis of Radiological Outcomes According to Cage Characteristics

Cage Size Cage Type
28 mm 32 mm Convex Hyper-lordotic

Variable Mean + SD or Median (Q1-Q3) P-Value Mean + SD or Median (Q1-Q3) P-Value
A Anterior DH (mm) 345 + 313 448 + 2.05 0.237 334 £330 438 + 213 0.245
A Posterior DH (mm) 374 £1.32 469 £+ 1.45 0.041* 473 £ 119 343 +£1.49 0.005*
A SL (degree) 271 £393 330 £ 229 0.577 257 £+ 3.18 329 + 323 0.501
A LL (degree) 40 (1.0-7.0) 7.0 (4.0—-11.0) 0.076 4.0 (1.0-10.0) 6.0 (4.0-9.0) 0.454
A Disc wedge angle (degree) —1.1(-2.0 to 0.0) —0.8 (-39t —0.2) 0.255 —1.1(-381t0 —0.2) —0.6 (—2.0 to 0.0) 0.262
A PT (degree) —1.0(—2.0 to 6.0) —2.0(—6.0 to 8.0) 0.93 —2.0(—6.0 to 6.0) 20(—2.010 6.0) 0.224
A PI-LL (degree) —263 +£722 —6.68 + 6.43 0.076 —3.40 + 818 —5.48 + 6.26 0.382
*P-value < 0.05 indicates a significant difference between two groups.
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fusion. VECF is attributed to micromotion at the cage—endplate
interface, inadequate load transfer, and delayed early osteointe-
gration. Sasaki et al. reported significant differences in VECF
incidence by cage material—65% for PEEK, 44% for titanium,
69% for titanium coated PEEK, and 23% for porous tantalum—in
84 cases of single-level PLIF or TLIF.™® In a prospective study, Segi
et al. found increased VECF with Titanium coated PEEK cages due
to load imbalance between the peripheral cage surface and central
window, whereas porous tantalum cages—with cancellous bone-
like modulus and interconnected porosity—demonstrated reduced
micromotion and significantly lower VECF rates.”” Although
detailed CT-based analysis of VECF was not performed in our study
due to its single-arm design, these findings offer an important
framework for interpreting endplate behavior in BE-TLIF.

The present study primarily sought to evaluate whether the
combination of rh-BMP2 and a bullet-type expandable cage could
achieve acceptable fusion and subsidence outcomes within the
BE-TLIF environment. Recent evidence suggests that rh-BMP2
markedly accelerates fusion, particularly in osteoporotic patients.
Kim et al. reported that rh-BMP2 patients achieved fusion at
approximately 2.5 years compared with more than 4 years in the
non-BMP group, with the disparity increasing to 3 versus 5 years
in osteoporotic patients.*® Park et al. similarly demonstrated that
rh-BMP2 produced fusion rates comparable to or higher than
local autograft in PLIF, mitigating early mechanical instability
through strong osteoinductive activity.”® Thus, rh-BMP2 may
reduce micromotion and early endplate stress, enhancing bio-
logical stability during the critical early fusion period.

Expandable cages, likewise, provide several mechanical advan-
tages, including facilitated insertion through a narrow corridor,
decreased impaction force, and gradual expansion that minimizes
focal endplate stress.””** In the present study, despite the average
cage footprint being relatively small (334 mm?; approximately half
that of ALIF cages), the fusion rate at 12 months was 92.11%. Sub-
sidence occurred in 11 of 38 levels (28.95%), with clinically signifi-
cant subsidence (>2 mm) in 4 levels (10.53%); 2 cases were
attributable to early endplate injury during the learning curve. These
findings are comparable to subsidence rates reported in MIS-TLIF
and PLIF using static cages and support the non-inferiority of single
expandable cage constructs when combined with rh-BMPa2.

Proper cage alignment was facilitated by a right-sided approach
aligned with natural lumbar lordosis, minimizing endplate
damage. In this context, cage-related parameters—material, size,
and insertion position—did not significantly influence fusion or
subsidence, suggesting that meticulous endplate preparation,
preservation of posterior stabilizing structures, and rh-BMP2-
enhanced biological environment play a more decisive role in
promoting successful fusion than cage footprint alone.

Sagittal alignment has also emerged as an important consid-
eration even in short-segment fusion. Residual PI—LL mismatch has
been associated with persistent pain, functional limitations, and
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