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Abstract

Introduction: Currently, static interbody cages are the gold standard for achieving solid
arthrodesis in the spine, enhancing segmental stability, obtaining neuroforaminal decom-
pression, and improving as well as maintaining segmental lordosis. It is well known that
restoring sagittal balance and segmental lordosis is crucial for long-term outcomes in lum-
bar spine fusion. For some cases, expandable interbody cages are emerging as an alternative
to static cages. This study aims to evaluate the radiographic outcomes and complications
of standard open transforaminal lumbar interbody fusion (TLIF). Methods: A standard
open TLIF procedure using expandable cages was performed at 1 to 3 levels in 71 patients
(129 levels in total), with a follow-up of two years. All patients underwent radiological
assessments preoperatively, immediately postoperatively, and at one and two years postop-
eratively. Radiological evaluation was conducted using standing lateral X-rays. Results:
Segmental lordosis (SL) increased significantly from the preoperative value (9.0◦ ± 3.6◦) to
24 months postoperatively (15.4◦ ± 3.0◦), with improvements maintained throughout the
24-month follow-up period (p < 0.001). Similarly, anterior disc height (ADH), posterior disc
height (PDH), and foraminal height (FH) each increased significantly from preoperative
to immediate postoperative measurements, and these gains were maintained over the
two-year follow-up (p < 0.001 each). Lumbar lordosis increased significantly from the
preoperative value (41.9◦ ± 10.5◦) to the immediate postoperative period (45.7◦ ± 10.8◦);
however, this improvement decreased slightly at the one- and two-year follow-ups. No
revisions were required for cage-related complications. One patient experienced a surgi-
cal site infection, and two patients had mechanical complications (screw loosening and
proximal junctional kyphosis). Conclusions: Expandable interbody cages enable excellent
restoration and maintenance of disc height and segmental lordosis in a standard open TLIF
procedures at two-year. Achieving these outcomes depends on several factors, including
proper preparation of the vertebral endplates, accurate cage placement and expansion, pos-
terior facet osteotomy, and the application of posterior compression prior to final fixation.
These steps are essential to fully maximize the potential of expandable cage technology.
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1. Introduction
Chronic low back pain that does not respond to conservative treatments often requires

surgical intervention for various lumbar spine conditions, such as degenerative disc disease,
spondylolisthesis, spinal stenosis, disc herniation, and degenerative scoliosis. Management
strategies for these conditions frequently involve interbody fusion, aiming to reestablish
spinal alignment, achieve indirect decompression of the neural foramina by restoring disc
height, and improve fusion rates [1,2]. For patients with spinal stenosis and instability who
require surgery, lumbar fusion remains the gold standard and has been shown to alleviate
symptoms of neurogenic claudication.

Multiple approaches/techniques have been described for lumbar interbody fusion
(LIF), including anterior LIF, lateral LIF, oblique lateral LIF, extreme lateral LIF, posterior
lumbar interbody fusion (PLIF), transforaminal lumbar interbody fusion (TLIF), and min-
imally invasive LIF (MIS-LIF) [3]. For many years, neutral static interbody cages were
considered the gold standard implants for interbody fusion procedures. These devices
facilitated spinal fusion while allowing for the restoration of disc height and foraminal
height (FH), improvement of sagittal alignment, and support of spinal stability. However,
the fixed height and non-lordotic configuration of static cages limit their ability to fully
restore anterior column height to anatomical levels, potentially restricting postoperative
pain relief. Additionally, intervertebral distraction is typically required to enable trialing
and insertion of static cages, necessitating nerve root retraction and increasing the risk of
dural tears and iatrogenic nerve injury. Also, in many cases, placement of a static cage re-
quires aggressive endplate preparation and forceful impaction, which can lead to endplate
damage and, consequently, cage subsidence [4].

To address these limitations, lordotic expandable cages were introduced. These devices
can be inserted in a collapsed form, eliminating the need for trialing or vertebral distraction,
thereby minimizing trauma to the endplates and theoretically reducing the risk of implant
subsidence while achieving optimal interbody height. Also, cages with larger footprints
have developed to increase the contact surface area, improve fusion rates, and preserve the
relationship between the vertebral endplates [5–7].

Although expandable cages were developed to overcome the limitations of static
cages, the literature reports conflicting findings regarding the use of expandable cages,
particularly in terms of radiographic outcomes [3–6,8].

The purpose of the present study was to provide results that resolve this conflict.
Thus, we documented radiographic outcomes and complications over a 2-year follow-
up period, with specific attention to segmental lordosis, lumbar lordosis, disc height
restoration, and postoperative cage subsidence in 71 patients who underwent one- to
three-level circumferential arthrodesis using expandable interbody cages.

2. Methods
2.1. Patient Population

This was a retrospective observational study conducted on a cohort of patients who
underwent single-, two-, or three-level continuous TLIF at a single institution between
2017 and 2023, using one of the three designs of an expandable interbody cage: L-Varlock
(Kisco International, Saint Priest, France), Rise (Globus Medical, Audubon, PA, USA), or
Uplifter (Fule Science & Technology Development (Beijing, China) and Invibio (Thornton-
Cleveleys, UK)) (Figure 1).

Inclusion criteria: age over 18 years, disease at one, two or three contiguous levels who
have failed conservative treatment (at minimum duration of 6 months), surgical treatment
consisting of one- to three-level continuous circumferential lumbar arthrodesis with a
minimum radiographic follow-up of two years.
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(a) (b) (c) 

Figure 1. (a) Cage Rise (Globus Medical): titanium cage, vertical expansion up to 7 mm. (b) Cage
L-Varlock (Kisco International): titanium cage, insertion height 8–21 mm, width 10 or 13 mm, lordotic
correction up to 24.5◦. (c) Cage Uplifter (fule Science & Technology Development and Invibio): hybrid
PEEK-titanium cage, expands vertically 3–5 mm.

Exclusion criteria: patients under 18 years old, trauma, tumor, prior fusion and/or
surgical operation using other interbody cages than expandable cages mentioned above
(Table 1).

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Degenerative disease from 1 to 3 continuous level(s) between
L1 and S1;
Age ≥ 18 years;
1–3 levels circumferential lumbar arthrodesis with
expandable interbody cages;
Minimum radiographic follow-up of 2 years;
Failed conservative treatment (minimum 6 months)

Age < 18 years
Prior fusion or surgery
Trauma
Tumor
Surgical operation using cages different from
expandable cages

2.2. Surgical Procedures

All cases were performed using conventional open TLIF procedures. Under general
anesthesia, patients were placed prone on an Allen spine system bed. The surgical site was
prepared and draped in the standard sterile manner, and antibiotics were administered
according to hospital guidelines.

A midline incision was made, followed by subperiosteal exposure of the posterior
elements extending to the transverse processes and sacral ala. Pedicle screws were inserted
bilaterally using anatomical landmarks and fluoroscopic guidance. Laminectomy was
performed, followed by neural decompression. After facetectomy, the disc space was
accessed on the most symptomatic side.

Following gentle retraction of the neural elements, annulectomy was carried out,
and discectomy was performed using pituitary rongeurs and disc shavers to thoroughly
evacuate disc material. The endplates were carefully prepared using a rasp. If necessary,
distraction was applied across the screws. The interbody cage, packed with appropriately
prepared autologous bone graft, was then placed into the disc space and fully expanded in
lordosis. Additional bone graft was packed dorsally to the cage.

Appropriately sized rods were shaped and placed. The wound bed was irrigated with
saline and closed over a drain.

2.3. Radiographic Measures

Demographic data were collected for each patient. Radiographic parameters were
evaluated at the following time points: preoperative X-ray, immediate postoperative,
12-month, and 24-month follow-up.
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The radiographic parameters included lumbar lordosis (L1–S1, LL), segmental lordosis
(SL), anterior and posterior disc height (DH), and foraminal height (FH) at the operative
level(s). All measurements were performed using the Picture Archiving and Communi-
cation System (PACS) by a single operator (Figure 2). To assess measurement reliability,
all radiographic evaluations were independently repeated by a second operator after a
washout period of at least two weeks.

(a) (b) (c) 

Figure 2. (a) Preoperative standing lateral X-ray; (b) 1-year postoperative X-ray; (c) 2-year postopera-
tive X-ray. The expandable cage used in this case was the L-Varlock.

Anterior and posterior intervertebral disc heights were measured using standing
neutral lateral radiographs. Segmental lordosis was determined by the angle formed
between tangent lines drawn along the superior endplate of the superior vertebra and
the inferior endplate of the inferior vertebra at each treated level. Foraminal height was
measured as the vertical distance from the inferior pedicle wall of the vertebra above to the
superior pedicle wall of the vertebra below (Figure 3).

 

Figure 3. Schematic representation of radiographic measurements, including segmental lordosis (SL),
lumbar lordosis (LL) anterior disc height (ADH), posterior disc height (PDH) and foraminal height (FH).

Subsidence was evaluated using standing neutral lateral radiographs with parallel
endplates at the index level. It was classified according to the extent of cage subsidence
into the vertebral endplates as follows: Grade 0, corresponding to 0–24% collapse; Grade
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I, 25–49%; Grade II, 50–74%; and Grade III, 75–100% collapse of the treated level. Grades
0 and I were categorized as low-grade, while Grades II and III were considered high-grade
subsidence. Subsidence was assessed on immediate postoperative radiographs, and at the
12-month and 24-month follow-ups.

2.4. Statistical Analysis

Descriptive statistics were calculated for all variables. Continuous data are presented
as means ± standard error of the mean (SEM) or as medians with interquartile ranges
(IQRs), depending on data distribution. Categorical variables are reported as frequencies
and percentages.

Normality was assessed with the Shapiro–Wilk test. Comparisons between groups
were performed using Student’s t-test, Mann–Whitney U test, or Kruskal–Wallis test, as
appropriate. Repeated measures ANOVA with Bonferroni correction was subsequently
performed to account for within-subject variability and to minimize type-I error inflation
associated with multiple paired t-tests across time points. Effect sizes (η2) were also calcu-
lated to quantify the magnitude of observed differences. Statistical significance was defined
as p < 0.05. All analyses were performed using Jamovi statistical software (version 2.6.26).

3. Results
3.1. Demographics

A total of 81 patients were initially enrolled in the study, of whom 71 were avail-
able for radiographic measurements at 24 months follow-up. Among these, 29 patients
underwent open single-level circumferential arthrodesis, 26 patients underwent two-
level open circumferential arthrodesis, and 16 patients underwent three-level open
circumferential arthrodesis.

In the single-level group, procedures were performed at the following levels: L5-S1
(18 cases), L4-L5 (8 cases), L3-L4 (2 cases), and L2-L3 (1 case). In the two-level group,
21 cases involved levels L4-S1 and 5 cases involved L3-L5. In the three-level group, 12 cases
involved levels L3-S1 and 4 cases at L2-L5.

The mean age of patients at the time of surgery was 56 years (range, 18–80 years).
The cohort included 30 males and 41 females, with a mean body mass index (BMI) of
25.5 kg/m2 (range, 18.3–32.4 kg/m2) (Table 2).

Table 2. Demographic characteristics of the patient population.

Number of Patients 71

Age at the time of surgery (y) 56 (13)

BMI (Kg/m2) 25.5 (4.0)

Patients underwent 1-level circumferential arthrodesis 29
L2-L3 1
L3-L4 2
L4-L5 8
L5-S1 18

Patients underwent 2-level circumferential arthrodesis 26
L3-L5 5
L4-S1 21

Patients underwent 3-level circumferential arthrodesis 16
L2-L5 4
L3-S1 12
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3.2. Radiographic Results

All the results are summarized in Table 3 and Figure 4. Among the evaluated radio-
graphic parameters, segmental lordosis (SL) increased significantly from the preoperative
value (9.0◦ ± 3.6◦) to 24 months postoperatively (15.4◦ ± 3.0◦), and this increase was
maintained throughout the 24-month follow-up period (p < 0.05) (Table 3). Lumbar lordosis
(LL; L1-S1) also increased significantly from the preoperative mean of 41.9◦ ± 10.5◦ to
45.7◦ ± 10.8◦ immediately postoperatively; however, this improvement decreased at the
1-year (42.3◦ ± 11.4◦) and 2-year (41.7◦ ± 11.6◦) follow-ups. All statistical analyses (paired
t-tests, non-parametric tests, and repeated-measures ANOVA with Bonferroni correc-
tion) yielded consistent results, confirming that the statistical significance of radiographic
changes remained unchanged regardless of the test applied.

 

 

Figure 4. Graphs showing segmental lordosis, lumbar lordosis, anterior disc height, posterior
disc height and foraminal height for all patients from preoperative through 24 months follow up
(mean ± SD).
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Table 3. Radiographic outcomes based on postoperative time interval.

Preoperative
Postoperative p-Value

(Preoperative vs.
Immediate Postop)

p-Value
(Immediate Postop vs.

1 Year FU vs. 2 Years FU)
Immediate

Postoperative 1 Year FU 2 Years FU

Segmental lordosis (◦) 9.0 ± 3.6 15.3 ± 3.0 15.5 ± 3.0 15.4 ± 3.0 p < 0.001 p = 0.355
Lumbar lordosis (◦) 41.9 ± 10.5 45.7 ± 10.8 42.3 ± 11.4 41.7 ± 11.6 p = 0.01 p = 0.041

Anterior Disc Height (mm) 5.8 ± 0.5 11.3 ± 0.9 10.5 ± 1.0 9.9 ± 1.0 p < 0.001 p < 0.001
Posterior Disc Height (mm) 3.4 ± 0.6 9.3 ± 0.9 8.6 ± 0.9 8.0 ± 0.9 p < 0.001 p < 0.001

Foraminal Height (cm) 1.0 ± 0.1 2.3 ± 0.2 2.1 ± 0.2 2.0 ± 0.2 p < 0.001 p < 0.001

Similarly, anterior disc height (ADH), posterior disc height (PDH), and foraminal
height (FH) showed statistically significant improvements from preoperative to immedi-
ate postoperative measurements, and these changes were sustained over the 24 months
(p < 0.001 each). On average, SL improved by approximately 70% at both 1-year and 2-year
follow-ups. ADH, PDH, and FH increased by approximately 81%, 150%, and 90% at 1 year,
and 70%, 135%, and 80% at 2 years, respectively.

Subsidence was assessed and classified based on the extent of cage subsidence into
the vertebral endplates, evaluated on immediate postoperative, 12-month, and 24-month
radiographs. At the last follow-up, low-grade subsidence (Grades 0 and I) was observed in
94.4% of patients (67/71), with 53 cases classified as Grade 0 and 14 as Grade I. High-grade
subsidence (Grades II and III) was observed in 5.6% of patients (4/71), with 3 cases of Grade
II and 1 case of Grade III. No patient required revision surgery due to cage subsidence.

3.3. Complications

One patient developed a surgical site infection and required reoperation two months
after the initial procedure. Two patients experienced mechanical complications: one had
screw loosening and underwent implant revision 22 months after the initial surgery, while
the other developed proximal junctional kyphosis (PJK) 24 months postoperatively and
underwent revision with proximal extension of the implant.

4. Discussion
Restoring appropriate sagittal alignment and lumbar lordosis is widely recognized as a

key factor in improving long-term outcomes following short-segment lumbar fusion [9–11].
However, there is still a lack of consensus in the literature regarding the most effective type
of interbody cage—expandable versus static—for achieving and maintaining segmental
lordosis, disc height, and global lumbar alignment. Moreover, studies give conflicting
findings regarding the use of expandable cages, particularly in terms of radiographic
outcomes [3–6]. The purpose of this study was to clarify conflicting evidence by evaluating
radiographic outcomes and complications over a 2-year follow-up in patients undergoing
one- to three-level circumferential arthrodesis with expandable cages. Specifically, we
assessed changes in segmental lordosis, lumbar lordosis, anterior and posterior disc height,
foraminal height, and the incidence of cage subsidence.

In our study, segmental lordosis demonstrated a consistent relevant increasing trend
following surgery. Our data showed a mean gain of 6.3 degrees after the use of expandable
cages, with this improvement remaining stable over the 2-year follow-up period without
statistically significant loss. This suggests that expandable cages are effective in achieving
and maintaining segmental alignment with open TLIF procedures. Several factors may
contribute to this sustained correction. In degenerative spine fusion, SL is influenced by
multiple variables, including the patient’s preoperative anatomy and bone quality, the
surgical technique, as well as cage placement and design [11–13]. In particular, while
static cages can improve SL when positioned more anteriorly, expandable cages allow
for controlled expansion with less endplate disruption due to their smaller initial profile.



Bioengineering 2025, 12, 1169 8 of 11

This may reduce the risk of complications and may contribute to the long-term stability of
segmental correction [10,14,15].

Lumbar lordosis improved significantly from the preoperative value to the immediate
postoperative with a mean gain of 3.8 degrees. However, we reported that the improvement
of LL in the immediate postoperative was not maintained at 2-years follow up, suggesting
that expandable cages may not have a protective effect on overall lumbar lordosis. This
can be partially explained by the fact that our study analyzed different levels of the lumbar
spine, between L2 and S1, undergoing circumferential arthrodesis. It is known that lumbar
lordosis is given for 2/3 by L4-S1 segment and for 85% by L3-S1 segment, emphasizing the
greater influence of specific lumbar levels on postoperative outcomes of global lordosis [12].

Anterior disc height (ADH) showed a significant and sustained improvement fol-
lowing surgery. On average, we observed a postoperative gain of 5.5 mm, with minimal
reduction over the 2-year follow-up period and no statistically significant loss. This suggests
that expandable cages are effective in restoring anterior column height and maintaining it
over time. The anterior placement of these cages and their capacity for controlled expan-
sion may help distribute forces more evenly along the endplates, particularly toward the
stronger anterior apophyseal ring, which could reduce the risk of subsidence and preserve
disc height.

Posterior disc height (PDH) also demonstrated a marked and durable improvement.
Our data showed a mean increase of 5.9 mm postoperatively, which remained relatively
stable over the follow-up period. This restoration may be attributed to the mechanical
design of expandable cages, which allows for uniform disc space distraction during deploy-
ment. Additionally, reduced endplate violation due to the cage’s low initial profile likely
contributes to better preservation of posterior disc height and intervertebral stability.

Foraminal height (FH) increased significantly after surgery and remained stable over
time. The mean gain was 1.3 cm, with only a slight decrease at the 2-year follow-up, which
was not statistically significant. The improvement in FH is likely a direct consequence of
increased disc height, which indirectly decompresses the neural foramina. Expandable
cages may enhance this effect by restoring disc space more effectively, thus maintaining
neural element decompression without the need for more invasive procedures.

The significant improvements in segmental lordosis (SL), anterior disc height (ADH),
posterior disc height (PDH), and foraminal height (FH) observed in our study are consistent
with findings from previous research on expandable cages only [16–20]. Notably, the degree
of SL restoration in our cohort appears greater than that reported in comparable studies,
whereas the postoperative improvement in lumbar lordosis (LL) tended to decline more
overtime, showing a less favorable long-term trend compared to other reports in the
literature. Regarding subsidence, with the radiographic classification that we used [8], we
reported 5,6% of high-grade subsidence (4/71) and 94,4% of low-grade subsidence (67/71).
None of these cases led to persistence of symptoms and reoperation with cage revision. This
result is comparable with other studies in the literature that showed no significant increase
in subsidence rate with the use of expandable cage [16,19,21]. However, direct comparisons
remain challenging due to the heterogeneity of patient populations, surgical techniques,
and cage designs across studies [22–26]. For instance, our open TLIF technique involved
bilateral facetectomy, accurate discectomy, anterior column lengthening, and posterior
compression through pedicle screws. These factors could enhance segmental mobility and
contribute to the notable increase in SL. In contrast, many studies involving expandable
cages used MIS-TLIF, where bilateral facetectomy is often not performed, limiting the
capacity to mobilize the spinal segment and apply compressive forces.

The findings of this study have relevant clinical implications for spine surgeons
performing open TLIF procedures with expandable cages. The significant and sustained
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improvements in segmental lordosis, disc height, and foraminal height suggest that these
devices can be effective tools for achieving local radiographic correction, particularly when
combined with techniques that allow for greater segmental mobilization, such as bilateral
facetectomy. Surgeons should be aware that while expandable cages offer advantages in
terms of insertion, disc space restoration, and reduced endplate disruption, additional
strategies, such as choosing appropriate fusion levels and applying adequate posterior
compression, may be necessary to optimize global alignment.

Strengths and Limitations of the Study

The strengths of this study are that the cases were performed at a single institution by
orthopaedic surgeons using three different expandable cage designs. Thus, the study is a
real-world evaluation of the performance of expandable cages. However, the study has
five limitations. First, the study is retrospective and lacks a control group for comparison.
Second, the number of patients who were available for radiographic outcomes measure-
ment at final follow-up was relatively small (71). Third, unavailability of follow-up CT
scans for all patients and reliance on X-rays limited the accuracy of subsidence evaluation
and precluded determination of fusion rate/outcome. Fourth, only highly experienced
orthopaedic surgeons performed the cases. Fifth, many other metrics were not obtained,
such as fusion outcome/rate, incidence of complications (for example, cage malposition,
cage shrinkage, and screw malposition), and clinical outcomes (for example, PROMS).
These limitations should be considered when designing future studies aimed at obtaining
definitive determination of the performance of expandable cages in lumbar spine fusion.

5. Conclusions
The present results show that with open standard TLIF, use of expandable cages

allowed for very good radiological outcomes at 2-year follow-up, notably increase of
segmental lordosis and restoration of anterior disc, posterior disc, and foraminal heights.
However, it is worth underscoring the fact that many factors play a role in achieving
these results, such as appropriate preparation of endplates, posterior facet osteotomy, and
posterior compression prior to final fixation.
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Retrospective Study.

Author Contributions: Conceptualization, V.F.; Validation, G.A.; Resources, T.A.; Data curation, M.E.;
Writing—review & editing, F.M. and M.B.; Supervision, C.G. and P.A.; Project administration, N.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by ITALIAN MINISTRY OF HEALTH “5X1000” grant year
2023, project n. 5M-2023-23687105-Nuove frontiere per lo sviluppo e valutazione di tecniche di
medicina rigenerativa e ricostruttive per la prevenzione e la cura delle patologie muscoloscheletriche:
ortobiologia e tecniche chirurgiche ricostruttive.

Institutional Review Board Statement: Ethical approval was obtained for the present study. The
study was conducted in accordance with the Declaration of Helsinki and approved by the Comitato
Etico di Area Vasta Emilia Centro (Protocol code 0015147, date of approval 17 October 2024). All
patients signed a specific informed consent for the study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

https://www.mdpi.com/article/10.3390/bioengineering12111169/s1


Bioengineering 2025, 12, 1169 10 of 11

Acknowledgments: The authors thank Carlo Piovani for the collaboration in images’ storage
and editing.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mobbs, R.J.; Phan, K.; Malham, G.; Seex, K.; Rao, P.J. Lumbar interbody fusion: Techniques, indications and comparison of

interbody fusion options including PLIF, TLIF, MI-TLIF, OLIF/ATP, LLIF and ALIF. J. Spine Surg. 2015, 1, 2–18. [PubMed]
2. Chen, D.; Fay, L.A.; Lok, J.; Yuan, P.; Edwards, W.T.; Yuan, H.A. Increasing neuroforaminal volume by anterior interbody

distraction in degenerative lumbar spine. Spine 1995, 20, 74–79. [CrossRef] [PubMed]
3. Calvachi-Prieto, P.; McAvoy, M.B.; Cerecedo-Lopez, C.D.; Lu, Y.; Chi, J.H.; Aglio, L.S.; Smith, T.R.; Gormley, W.B.; Groff, M.W.;

Mekary, R.A.; et al. Expandable versus static cages in minimally invasive lumbar interbody fusion: A systematic review and
meta-analysis. World Neurosurg. 2021, 151, e607–e614. [CrossRef] [PubMed]

4. Li, Y.M.; Frisch, R.F.; Huang, Z.; Towner, J.; Li, Y.I.; Greeley, S.L.; Ledonio, C. Comparative effectiveness of expandable versus
static interbody spacers via MIS LLIF: A 2-year radiographic and clinical outcomes study. Glob. Spine J. 2020, 10, 998–1005.
[CrossRef]

5. Elgafy, H.; Behrens, K. Comparing expandable and static interbody cages in lumbar interbody fusion. J. Spine Surg. 2023, 9, 1–5.
[CrossRef]

6. Kucharzyk, D.W.; Budimir, D.; Waldorff, E.I.; Shum, L.C.; Vannabouathong, C. The effect of expandable versus static lordotic
interbody implants in minimally invasive spine surgery: Patient reported outcomes, sagittal alignment, and restoration of disc
height and foraminal height. J. Spine Surg. 2023, 9, 39–53. [CrossRef]

7. Zdeblick, T.A.; Phillips, F.M. Interbody cage devices. Spine 2003, 28 (Suppl. S15), S2–S7. [CrossRef]
8. Marchi, L.; Abdala, N.; Oliveira, L.; Amaral, R.; Coutinho, E.; Pimenta, L. Radiographic and clinical evaluation of cage subsidence

after stand-alone lateral interbody fusion. J. Neurosurg. Spine 2013, 19, 110–118. [CrossRef]
9. Schwab, F.J.; Blondel, B.; Bess, S.; Hostin, R.; Shaffrey, C.I.; Smith, J.S.; Boachie-Adjei, O.; Burton, D.C.; Akbarnia, B.A.; Mundis,

G.M.; et al. Radiographical spinopelvic parameters and disability in the setting of adult spinal deformity: A prospective
multicenter analysis. Spine 2013, 38, E803–E812. [CrossRef]

10. Macki, M.; Hamilton, T.; Haddad, Y.W.; Chang, V. Expandable cage technology-transforaminal, anterior, and lateral lumbar
interbody fusion. Oper. Neurosurg. 2021, 21 (Suppl. S1), S69–S80. [CrossRef]

11. Kumar, M.N.; Baklanov, A.; Chopin, D. Correlation between sagittal plane changes and adjacent segment degeneration following
lumbar spine fusion. Eur. Spine J. 2001, 10, 314–319. [CrossRef]

12. Barrey, C.; Darnis, A. Current strategies for the restoration of adequate lordosis during lumbar fusion. World J. Orthop. 2015,
6, 117–126. [CrossRef] [PubMed]

13. Vaishnav, A.S.; Saville, P.; McAnany, S.; Kirnaz, S.; Wipplinger, C.; Navarro-Ramirez, R.; Hartl, R.; Yang, J.; Gang, C.H.; Qureshi,
S.A. Retrospective review of immediate restoration of lordosis in single-level minimally invasive transforaminal lumbar interbody
fusion: A comparison of static and expandable interbody cages. Oper. Neurosurg. 2020, 18, 518–523. [CrossRef] [PubMed]

14. Cheng, B.C.; Swink, I.; Yusufbekov, R.; Birgelen, M.; Ferrara, L.; Coric, D. Current concepts of contemporary expandable lumbar
interbody fusion cage designs, part 2: Feasibility assessment of an endplate conforming bidirectional expandable interbody cage.
Int. J. Spine Surg. 2020, 14 (Suppl. S3), S68–S74. [CrossRef] [PubMed]

15. Torretti, J.; Harris, J.A.; Bucklen, B.S.; Moldavsky, M.; Khalil, S.E.D. In vitro biomechanical and fluoroscopic study of a continuously
expandable interbody spacer concerning its role in insertion force and segmental kinematics. Asian Spine J. 2018, 12, 601–610.
[CrossRef]

16. Weinstein, M.A.; Ayala, G.A.; Roura, R.; Christmas, K.N.; Warren, D.H.; Simon, P. Transforaminal lumbar interbody fusion with
an expandable inter-body device: Two-year clinical and radiographic outcomes. N. Am. Spine Soc. J. 2023, 16, 100286.

17. Boktor, J.G.; Pockett, R.D.; Verghese, N. The expandable transforaminal lumbar interbody fusion—Two years follow-up. J.
Craniovertebr. Junction Spine 2018, 9, 50–55. [CrossRef]

18. Alimi, M.; Shin, B.; Macielak, M.; Hofstetter, C.P.; Njoku, I., Jr.; Tsiouris, A.J.; Elowitz, E.; Härtl, R. Expandable polyaryl-ether-
ether-ketone spacers for interbody distraction in the lumbar spine. Glob. Spine J. 2015, 5, 169–178. [CrossRef]

19. Mulvaney, G.; Monk, S.; Clemente, J.D.; Pfortmiller, D.; Coric, D. Expandable interbody spacers: A two-year study evaluating
radiologic and clinical outcomes with patient-reported outcomes. Int. J. Spine Surg. 2020, 14 (Suppl. S3), S31–S38. [CrossRef]

20. Jitpakdee, K.; Sommer, F.; Gouveia, E.; Mykolajtchuk, C.; Boadi, B.; Berger, J.; Hussain, I.; Härtl, R. Expandable cages that expand
both height and lordosis provide improved immediate effect on sagittal alignment and short-term clinical outcomes following
minimally invasive transforaminal lumbar interbody fusion (MIS TLIF). J. Spine Surg. 2024, 10, 55–67. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/27683674
https://doi.org/10.1097/00007632-199501000-00014
https://www.ncbi.nlm.nih.gov/pubmed/7709283
https://doi.org/10.1016/j.wneu.2021.04.090
https://www.ncbi.nlm.nih.gov/pubmed/33940268
https://doi.org/10.1177/2192568219886278
https://doi.org/10.21037/jss-23-5
https://doi.org/10.21037/jss-22-55
https://doi.org/10.1097/01.BRS.0000076841.93570.78
https://doi.org/10.3171/2013.4.SPINE12319
https://doi.org/10.1097/BRS.0b013e318292b7b9
https://doi.org/10.1093/ons/opaa342
https://doi.org/10.1007/s005860000239
https://doi.org/10.5312/wjo.v6.i1.117
https://www.ncbi.nlm.nih.gov/pubmed/25621216
https://doi.org/10.1093/ons/opz240
https://www.ncbi.nlm.nih.gov/pubmed/31504846
https://doi.org/10.14444/7128
https://www.ncbi.nlm.nih.gov/pubmed/33122179
https://doi.org/10.31616/asj.2018.12.4.601
https://doi.org/10.4103/jcvjs.JCVJS_21_18
https://doi.org/10.1055/s-0035-1552988
https://doi.org/10.14444/7124
https://doi.org/10.21037/jss-23-106


Bioengineering 2025, 12, 1169 11 of 11

21. Kim, C.W.; Doerr, T.M.; Luna, I.Y.; Joshua, G.; Shen, S.R.; Fu, X.; Wu, A.M. Minimally invasive transforaminal lumbar interbody
fusion using expandable technology: A clinical and radiographic analysis of 50 patients. World Neurosurg. 2016, 90, 228–235.
[CrossRef]

22. Woodward, J.; Koro, L.; Richards, D.; Keegan, C.; Fessler, R.D.; Fessler, R.G. Expandable versus static transforaminal lumbar
interbody fusion cages: 1-year radiographic parameters and patient-reported outcomes. World Neurosurg. 2022, 159, e1–e7.
[CrossRef]

23. Jagannathan, J.; Sansur, C.A.; Oskouian, R.J., Jr.; Fu, K.M.; Shaffrey, C.I. Radiographic restoration of lumbar alignment after
transforaminal lumbar interbody fusion. Neurosurgery 2009, 64, 955–963. [CrossRef]

24. Alvi, M.A.; Kurian, S.J.; Wahood, W.; Goyal, A.; Elder, B.D.; Bydon, M. Assessing the difference in clinical and radiologic outcomes
between expandable cage and nonexpandable cage among patients undergoing minimally invasive transforaminal interbody
fusion: A systematic review and meta-analysis. World Neurosurg. 2019, 127, 596–606.e1. [CrossRef]

25. Lin, G.X.; Kim, J.S.; Kotheeranurak, V.; Chen, C.M.; Hu, B.S.; Rui, G. Does the application of expandable cages in TLIF provide
improved clinical and radiological results compared to static cages? A meta-analysis. Front. Surg. 2022, 9, 949938. [CrossRef]

26. Crawford, A.M.; Striano, B.M.; Bryan, M.R.; Amakiri, I.C.; Williams, D.L.; Nguyen, A.T.; Hatton, M.O.; Simpson, A.K.; Schoenfeld,
A.J. Expandable versus Static Transforaminal Lumbar Interbody Fusion (TLIF) Cages: Comparing Radiographic Outcomes and
Complication Profiles. Spine J. 2025, 25, 237–243. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.wneu.2016.02.075
https://doi.org/10.1016/j.wneu.2021.11.056
https://doi.org/10.1227/01.NEU.0000343544.77456.46
https://doi.org/10.1016/j.wneu.2019.03.284
https://doi.org/10.3389/fsurg.2022.949938
https://doi.org/10.1016/j.spinee.2024.09.030

	Introduction 
	Methods 
	Patient Population 
	Surgical Procedures 
	Radiographic Measures 
	Statistical Analysis 

	Results 
	Demographics 
	Radiographic Results 
	Complications 

	Discussion 
	Conclusions 
	References

