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Introduction

Since the US FDA approved the first spinal fusion cage

for human use in the 1990’s, numerous additional interbody

devices have been developed coming in various shapes,

sizes, and materials, featuring a range of different function-

alities [1 3]. Recently, with many surgeons transitioning to

less invasive techniques, a new class of interbody devices

has emerged. These new expandable interbody devices are

inserted in a smaller, nonexpanded configuration and then

are deployed to an expanded configuration once inside the

disc space [1,4,5]. These new expandable interbody devices

are ideally suited for minimally invasive procedures as they

can be inserted through a small operating window, then sub-

sequently expanded to restore intervertebral spacing and

segmental lordosis. This process requires less nerve root

retraction, reduces the risk of endplate violation due to

device impaction, and potentially lowers the risk of subsi-

dence depending on the expanded device size [6 8].

Clinical studies on expandable lumbar fusion cages gen-

erally aim to determine the clinical efficacy of a specific

device, compare the efficacy of expandable devices to static

devices, describe unique surgical techniques benefiting

from the smaller insertion profile of expandable devices

compared to traditional static cages, or compare the clinical

and radiographic results of 2 expandable cages with differ-

ent functionalities. Four systematic reviews and meta-anal-

yses published within the last 5 years focused on whether

static or expandable cages result in superior outcomes, but

they reached conflicting conclusions [6,9 11]. Three of the

4 agreed that expandable cages resulted in significantly

higher disc height than static cages [6,10,11] while the

fourth study found the opposite [9]. Similarly, one review

found that expandable cages resulted in significantly less

subsidence [6], while the others found no significant differ-

ences between the 2 categories of cages [9 11]. These con-

tradictions also extend to changes in segmental lordosis and

patient-reported outcomes. Though there are many possible

explanations for these conflicting results, we propose that a

more nuanced approach that separates cages by design fea-

tures is needed to better understand this problem and ulti-

mately develop devices that lead to optimal outcomes.

To our knowledge, no systematic review to date has

comprehensively compared the various features of expand-

able interbody fusion cages, including material composi-

tion, unexpanded insertion dimensions, biplanar versus

uniplanar expansion, and lordotic correction capabilities.

The present work aims to address this gap by systematically

examining the literature on expandable lumbar interbody

cages, highlighting the range of design features currently in

use. Furthermore, it seeks to determine whether the existing

literature can identify which design features of expandable

lumbar interbody fusion cages are associated with improved

outcomes. Finally, the review provides recommendations

regarding a reporting paradigm for future studies that

includes specific features of the expandable interbody
age 2 of 21
devices, enhancing our understanding of these devices and

their impact on surgical outcomes.

Methods

Search strategy and selection process

This literature review adhered to the Preferred Reporting

Items for Systematic Reviews and Meta-Analysis (PRISMA

2020) guidelines [12]. Records were identified via an elec-

tronic search of MEDLINE and Embase using the search

terms “lumbar” AND “fusion” AND (“expandable cage”

OR “expandable interbody”) on March 1, 2024. Only

English-language articles were included, and no additional

filters were used. Results were imported into EndNote soft-

ware (EndNote X9, Clarivate PLC, London, UK), where

duplicates were identified and removed. Two authors (D.O.

and A.E.B.) independently screened each article based on

the title and abstract. Conflicts between the authors were

resolved via discussion between the authors until a consen-

sus was reached.

In the abstract review phase, an article was excluded if

the title or abstract failed to indicate any usage of an

expandable interbody cage for a lumbar fusion procedure in

a clinical setting. After reviewing the abstracts, the full text

of each article was screened for inclusion. A study was

excluded if: it did not provide sufficient details about the

expandable cage used, it only reported data from patients

implanted with a static device, the paper was a commentary

on the topic, it was a case report, or if the data being

reported was also reported in a later study with a longer fol-

low-up time (Fig. 1).

Data analysis

Four authors independently gathered data from each

report with 2 authors (A.J. and T.P.) gathering data regard-

ing expandable interbody device parameters including outer

shape, material makeup, compressed dimensions both

medial-lateral and vertical, expanded dimension both

medial-lateral and vertical, and the lordotic angulation

options. The device specifics were extracted directly from

the study, where possible, with unstated parameters gath-

ered from the manufacturers’ websites when possible. Most

devices had multiple size and angle options all of which

were gathered when possible. For analysis, when compar-

ing the compressed widths and heights, the mean of the size

options was used. These authors also gathered radiographic

and clinical outcome data including visual analog scale

(VAS) scores for both the back and leg, Oswestry disability

index (ODI) scores, intraoperative blood loss (IBL), length

of stay (LOS) in the hospital, study location, reported subsi-

dence, and reported fusion rates. Two different authors (D.

O. and R.A.) gathered study information including the study

population, the interventions used, what the study was com-

paring to, the outcome variables and results, the latest fol-

low-up time of each study and whether the authors received



Fig. 1. PRISMA flow diagram.
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funding for or were affiliated with the device manufacturer

in question either as consultants or employees. These data

are summarized in a PICOTS table (Table 1).

Analyses were conducted to compare the gathered cage

parameters to the radiographic and clinical results gathered

from each study. Separate analyses were done to evaluate

these outcomes in relation to the various cage parameters

mentioned earlier.

Studies typically reported outcomes as a mean followed

by the standard deviation or variance. To compile this data,

the weighted mean was found using the following method:

weighted mean

¼ S of patientsð Þ � reported meanð Þð Þ
S of patientsð Þ ð1Þ

The # of patients represent the number reported at final

follow up in the cohort of patients who received the expand-

able cage in question. Either standard deviation or variance

was reported in the included studies. To compile these, all
ge 3 of 21
were converted to variance then multiplied by the # of

patients as follows:

weighted variance

¼ S of patientsð Þ � reported varianceð Þð Þ
S of patientsð Þ ð2Þ

PROchange ¼ preoperative scoreð Þ

� follow up scoreð Þ ð3Þ

This variance was then converted to standard deviation.

In the case of patient-reported outcomes (PROs), VAS

back, VAS leg, and ODI, studies typically reported the pre-

operative value and the follow-up value each with a vari-

ance or standard deviation. To compile this information

concisely, we took the difference between the values as

shown in equation 3. PRO outcomes from multiple studies

could then be compiled by taking the weighted mean of the
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difference between the preoperative and follow-up scores as

shown in equation 1 but with PROchange in place of reported

mean. However, the standard deviation for these PROs was

more challenging to compile. More information would be

required to find the exact variance in the change in any

given PRO from preoperative values to follow-up values,

but a conservative

PROVariance preoperative varianceð Þ2 þ followup varianceð Þ2
q

ð4Þ
estimate was found using the following equation:

This conservative estimate of the variance in the change

of any given PRO could then be used to find a weighted

mean as described in equation 2. If a study provided the

mean without reporting variance or standard deviation, the

data was not included in the synthesis.

Because all but one of our datasets were large, we could

apply the central limit theorem in assuming normality of the

data. Therefore, to test for statistical significance, the first step

was to perform an analysis of variance (ANOVA). If the null

hypothesis was rejected, then post hoc comparisons of each

category were performed using Tukey’s least significant dif-

ference method [13 15]. The results were compared with

nonparametric methods, including Dunn’s test with Bonfer-

roni correction assuming the data were skewed with a shape

factor of 1, to ensure the robustness of the findings. All analy-

ses were performed using the R statistical software package.

Results

A total of 387 articles were identified after duplicates were

removed. Of these, 234 were excluded based on abstracts and

titles. All 153 remaining articles were retrieved, and the full

text was examined. Among these, 104 were excluded based

on the predefined exclusion criteria mentioned earlier, leaving

49 articles included in this review. Multiple reports provided

only 1 or 2 cage details, which were insufficient for device cat-

egorization, leading to their exclusion [16 19]. The PRISMA

flow diagram is summarized in Fig. 1.

The articles were mainly prospective or retrospective

studies aiming to compare an expandable cage to a static

cage or to explore the use of a specific expandable device

[20 53]. Thirteen studies focused on a unique lumbar inter-

body fusion approach using an expandable cage [54 66].

Additionally, 2 studies directly compared outcomes using 2

different expandable cages [67,68]. For each study, details

on the population, intervention, comparison, outcome varia-

bles, and stated findings (PICOTS) were extracted and sum-

marized in Table 1, while Fig. 2 displays images of all the

various expandable cages used.

Comparison of design features

The design features compared include material composi-

tion, shape, insertion size, biplanar expandability, and lor-

dotic correction. Surgical approaches and study location



Fig. 2. Expandable spinal fusion cages discussed in this study with the device name and manufacturer listed below each image.
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Pa
were also compared to understand potential confounding

factors better.

The materials used in the various expandable cages

included titanium, PEEK, a combination of titanium and

PEEK, and a knitted polyethylene terephthalate sac filled

with bone graft postinsertion. Titanium was the most preva-

lent, used exclusively in 15 of the 22 devices. Of primary

interest is the comparison of patient-reported outcomes,

specifically changes in VAS back, VAS leg, and ODI score

changes from before surgery to the latest follow-up. Subsi-

dence and fusion rates are also included, as previous

research has hypothesized that material may impact these

parameters [69]. Interestingly, expandable devices exclu-

sively made of titanium led to significantly greater improve-

ments across VAS back, VAS leg, and ODI scores

compared to cages made solely of PEEK and those
ge 13 of 21
constructed from both PEEK and titanium. Table 2 summa-

rizes these findings. Note that total number of patients

across all studies is reported in each category, however, not

all studies reported each outcome, so the number of subjects

included in the analysis of each outcome is noted.

Four distinct shapes were identified across all the devices

found in the literature, with the majority being classified as

rectangular, followed by cages featuring a circular cross-

sectional shape. A single device had a crescent shape, while

another had an ovular shape. It should be noted that the

Luna 360 cage discussed in multiple studies is classified as

rectangular since that is its shape during insertion. How-

ever, once this cage is inserted, it curls around inside the

disc space resulting in a cylindrical geometry. The Opti-

mesh device shown in Fig. 2 is ovular once deployed and

filled with bone graft leading to its categorization. The
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Altera device is categorized as a crescent shape because,

unlike the rectangular device, it has a somewhat banana-

shaped curve and is intended to be placed in the disc space

such that the curved edge sits along the anterior of the verte-

bral endplates. Based on VAS leg and VAS leg data, circu-

lar cages appear to be ideal, while ODI scores indicate that

either circular or rectangular cages are preferable to cages

in the crescent and ovular categories. However, this inter-

pretation should be approached cautiously due to the pres-

ence of only a single device in the crescent and ovular

categories. Other factors related to these individual devices

may play a role. Also, note the significantly higher blood

loss correlated with circular cages. Table 3 summarizes

these findings.

The unexpanded size of the devices or insertion sizes

varied from 5 to 22 mm in width and 5 to 12 mm in height.

To compare height data, cages were separated based on

whether their compressed width was less than or greater

than 10 mm and whether their compressed height was less

than or greater than 8 mm. Many devices offered multiple

size options, and studies did not provide data regarding

which size option was used for each procedure. These devi-

ces were categorized based on the average size of the differ-

ent options. For device width, the group representing

devices with a smaller insertion width resulted in signifi-

cantly greater VAS back and ODI improvements while at

the same time resulted in significantly less VAS leg

improvement. Similarly, for insertion height, the devices

that were inserted smaller had greater VAS back improve-

ment, and lower ODI improvement, as summarized in

Table 4. Published radiographic and clinical results for

these devices are summarized in Table 5.

Most expandable cages in this review were made primar-

ily for vertical expansion, but a few newer devices have

begun to implement both vertical and lateral expansion.

The maximum expansion capabilities of the devices found

in the literature ranged from 0-200% for vertical expansion

and 0% to 263% for horizontal expansion. Despite these

maximum expansion capabilities, the surgeons associated

with each study ultimately decided how much expansion

was implemented in each patient based on their anatomical

needs. It is theorized that the addition of lateral expandabil-

ity will aid in reducing the occurrence of subsidence.

Unfortunately, studies reported subsidence in different

ways, with some reporting a mean, others reporting a per-

centage greater than 2 mm, still others reporting a percent-

age greater than 3 mm, and some simply reporting words

like “Rare,” “Mild,” or “None.” This variability in reporting

made meaningful comparison impossible. However, it was

found that devices with biplanar expandability were corre-

lated with numerically greater improvements in all patient-

reported outcomes, with both VAS back and ODI reaching

the level of significance. Interestingly, the intraoperative

blood loss was significantly higher for biplanar expanding

cages, while the length of stay was shorter for biplanar

expanding cages.
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The last design feature that was compared in this review

was the lordotic angle. Cages were split into 3 separate cat-

egories, including cages with continuous angle adjustabil-

ity, cages that had discrete angle options, and cages with no

lordotic angle adjustability. This design feature was com-

pared to patient-reported outcomes in Table 6. Notably,

cages with continuous angle adjustability had significantly

higher improvements across all patient reported outcomes

in this study, compared to both other groups. Cages with

discrete options and cages with no lordotic correction show

no statistical difference in terms of improvement in patient

reported outcomes.

Though this study focused on how various features of

expandable cages affect patient-reported outcomes, many

other factors likely affect these outcomes. Surgical

approach and study location are 2 of these factors investi-

gated in this study. The approaches implemented across

the different studies varied from the more traditional pos-

terior lumbar interbody fusion (PLIF) and transforaminal

lumbar interbody fusion (TLIF) to the new lateral lumbar

interbody fusion (LLIF) and the minimally invasive trans-

foraminal lumbar interbody fusion (MIS TLIF) and even a

facet-sparing percutaneous approach (percLIF). Table 7

summarizes the results of comparing these different

approaches. While there are many correlations here

between the different approaches and patient outcomes, it

is noteworthy that the LLIF approach is correlated with

the most significant VAS back and ODI improvements

and is even statistically equivalent to percLIF in having

the greatest VAS leg improvement. PLIF procedures were

correlated to significantly higher intraoperative blood loss,

however it was previously found that circular cages were

also correlated to higher intraoperative blood loss, as seen

in Table 3. Nearly all the procedures done with circular

cages were also performed via the PLIF approach, making

it difficult to determine whether approach, or shape or

even some other factor is the primary consideration for

intraoperative blood loss.

Studies were categorized as being within and outside the

United States. The significant differences in both intraoper-

ative blood loss and length of hospital stay indicate that pro-

cedural differences between healthcare systems in various

countries likely had a substantial effect on outcomes unre-

lated to device design (Table 8).

While these results come with multiple possible con-

founding factors, it was found that these may prove to be

robust. Results were initially calculated using only 36 of

the 49 final studies with little changes noted in the results.

The inclusion of the additional 13 studies in most cases sim-

ply reinforced the initial results by taking the difference

into the range of statistical significance. Two exceptions

include cage geometry, where initially rectangular cages

were identified as superior, the additional data now indi-

cates that circular cages perform as well or better than rect-

angular cages. The second exception is the finding that the

LLIF approach is correlated with significantly improved



Table 6

Patient reported outcomes separated by different lordotic correction functionality

Lordotic correction # Of devices # Of studies # Of patients ║VAS back change ║VAS leg change {ODI change

Continuous 5 9 377 *6.23§1.90

(n 297)

y5.69§3.84

(n 109)

*44.46§14.31

(n 297)

Discrete options 10 24 1306 4.29§2.35

(n 330)

4.65§2.98

(n 231)

19.68§14.45

(n 322)

None 4 11 481 4.21§2.71

(n 304)

4.61§2.69

(n 129)

x24.85§18.08

(n 261)

* This value is significantly higher than all other categories (p<.001).
y This value is significantly higher than all other categories (p<.05).
x This value is significantly higher than the “discrete options” category (p<0.001) and lower than the “continuous” category (p<0.001).
║ VAS, Visual Analog Scale.
{ ODI, Oswestry Disability Index.
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VAS back and ODI scores compared to all other approaches

assessed.

Discussion

A substantial body of literature explores whether static

or expandable spinal fusion cages are superior. Clinical

studies typically address this question by comparing cohorts

of patients implanted with a static cage to cohorts implanted

with an expandable cage. In these studies, all patients in the

cohort receive nearly identical cages except for slight size

variations. These studies are valuable, but taken alone, they

cannot answer the question of superiority as the entire study

represents only a single design point for both the static and

expandable cages. No consideration of cage design features

can be taken into account in these types of studies. A few

systematic reviews and meta-analyses have compiled these

clinical studies to comprehensively compare aggregated
Table 7

Radiographic and clinical results separated by surgical approach

Surgical

approach

# Of studies # Of patients Subsidence yyVAS
change

LLIF 7 293 “None” *6.24§
(n 270

MIS TLIF 20 739 3.38 mm

“Mild, Rare, None”

*3.81§
(n 378

percLIF 7 201 1.40 mm 5.48§1

(n 177

PLIF 7 801 1.03 mm 16.31% > 2 mm

4.7% at > 3 mm

y5.88

TLIF 8 218 11.34% >2 mm “None” 4.90§2

(n 61)

* This value is significantly different from all other approaches included in th
y No standard deviation or variance was reported. These values are not includ
z This value is significantly different from both the LLIF and percLIF approac
x This value is significantly different than the percLIF approach but not statist
║ This value is significantly different from all other approaches included in th
{ This value is significantly different from all other approaches except the TL
# This value is significantly different from all other approaches except the PL

** These values are not significantly different from each other, but together a
yy VAS, Visual Analog Scale.
zz ODI, Oswestry Disability Index.
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data [6,9 11]. However, these reviews have yielded con-

flicting conclusions. Instead of grouping cages into the

broad categories, static and expandable, we propose that a

more nuanced approach that differentiates cages by design

features is needed to understand the issues better and

develop better devices that achieve optimal outcomes. Our

present work focused solely on expandable cages and

showed that different design features were correlated with

varying patient-reported outcomes.

Based only on improvements noted in VAS and ODI

scores noted in the present study, an optimal device would

theoretically be made of titanium, have a circular or rectan-

gular shape, an insertion width of less than 10 mm and an

insertion height greater than or equal to 8 mm. Furthermore,

this device would offer both vertical and lateral expandabil-

ity with a continuously adjustable lordotic angle. However,

it is noteworthy that none of the devices included in this

review match this profile. A few devices were close, lacking
back yyVAS leg

change

zzODI change Intraoperative

blood loss (ml)

Length of

stay (days)

2.16

)

6.25§3.98

(n 81)

{47.82§15.73

(n 270)

{35.50§44.42

(n 177)

**5.21§2.30

(n 244)

2.58

)

z4.08§2.95

(n 227)

21.49§17.12

(n 481)

{93.14§74.45

(n 309)

║3.07§2.14

(n 244)

.90

)

6.82§1.93

(n 55)

18.37§6.03

(n 140)

{174.84§70.28

(n 109)

**4.69§2.81

(n 98)
y5.34 y24.16 ║415.32§212.33

(n 424)

{8.69§1.55

(n 141)

.59 x5.03§3.18

(n 61)

x25.17§18.42

(n 61)

156.60§74.20

(n 10)

#8.87§5.78

(n 84)

e analysis (p<.01).
ed in significance calculations.

hes (p<.001).
ically different from any other approach (p<.05).
e analysis (p<.001).
IF approach (p<.001).
IT approach (p<.001).
re different from all other approaches (p<.001).



Table 8

Clinical results separated by study location

Within the United States # Of studies # Of patients Intraoperative blood loss (ml) Length of stay in hospital (days)

Yes 32 1594 *191.93§158.47

(n 855)

*2.47§1.56

(n 466)

No 18 693 412.35§76.22

(n 179)

9.28§3.76

(n 321)

* This value is significantly lower than the international category (p<.0001).
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either continuous lordotic adjustment or biplanar expand-

ability.

Another systematic review categorized expandable

cages based on their expansion capabilities, grouping cages

offering biplanar expansion (both laterally and vertically)

and comparing them with cages that provide uniplanar

expansion (vertically) [70]. That study found a significant

improvement in fusion rates for cages that expand in 2

planes, although no other outcomes achieved statistical sig-

nificance. The authors pointed out the lack of direct com-

parative studies, which could account for this lack of

significance. No other reviews were identified that focused

exclusively on expandable cages or attempted to correlate

patient outcomes with these devices’ wide variety of

features.

Limitations to this study include the difficulty of

accounting for confounding factors, variability in reporting

methods exemplified by the numerous ways subsidence

was documented and the lack of details regarding the

cages used in many studies. While this study explored the

effects of surgical approach and study location, finding that

surgical approach significantly affected patient reported

outcomes and study location had a significant effect on

blood loss and hospital stays, several other confounding

factors could also be at play. Such factors include patient

demographics, body mass index, comorbidities, severity

and type of spinal condition being treated, surgeon experi-

ence, postoperative care, smoking status, patient socioeco-

nomic status, etc. As the body of literature regarding

expandable fusion cages grows, future reviews could be

more exclusive to mitigate the effects of these confounding

factors. Additionally, more high-quality randomized con-

trolled trials comparing distinct expandable cages, like the

2 included in this review [67,68], would be invaluable in

more definitively determining the optimal design parame-

ters without the presence of so many confounding factors.

Subsidence is an important radiographic parameter in ana-

lyzing the success of lumbar fusion procedures. However, it

was reported using several different methods including the

mean amount of subsidence, a percentage of patients with

subsidence greater than 2 or 3 mm, and with terms like

“none,” “rare,” or “mild” making any meaningful compari-

son difficult. For future studies we advocate for a more con-

sistent reporting paradigm for this radiographic parameter.

Additionally, providing greater detail regarding the

design features of expandable interbody devices in future
age 18 of 21
publications may be crucial for gaining a deeper under-

standing of this topic. An additional 77 studies could poten-

tially have been included in this review had the authors

reported more details about the devices used. In many of

the included studies, the only information provided about

the cages was the name and manufacturer, requiring addi-

tional cage-specific retrieval of the details from man-

ufacturers’ websites and brochures.

It should be noted that, as is common with newer devi-

ces, many of the studies included in this review are at a

high risk of bias with 12 of the included studies being

funded by the manufacturer of the device being investi-

gated, and an additional 16 having one or more authors

reporting to be consultants or employees of the manufac-

turers of the devices they are investigating. Together 28 of

49 were identified as being at risk of bias due to this conflict

of interest. Efforts to minimize reporting bias were under-

taken through the use of a systematic search strategy, spe-

cific inclusion criteria, and requiring multiple independent

reviewers to screen all articles.

Despite these limitations, this investigation into expand-

able lumbar spinal fusion cages has suggests that different

design features are correlated with different patient-

reported outcomes. These findings warrant further studies

which could also investigate additional design features not

included in this study, namely the ability of the device to be

packed with bone graft, the control of the expansion force

during implantation, and the use of plasma sprayed surfaces

for osseointegration.
Conclusion

This study offers insights into how the design features of

expandable cages influence clinical outcomes. Rectangular

cages made from titanium, featuring biplanar expandability

and continuous lordotic correction, appear advantageous,

though no current devices match this profile. The variability

in surgical approaches and study locations highlights the

need for standardized reporting and consideration of sys-

temic factors in future research. These findings suggest the

necessity for a more nuanced categorization of expandable

lumbar fusion cages and additional research into the effects

of design parameters on surgical outcomes.

Supplementary information: During the preparation of

this work the author(s) used ChatGPT in order to improve

the readability of certain sections. After using this tool/
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service, the author(s) reviewed and edited the content as

needed and take(s) full responsibility for the content of the

publication.

The study protocol for this systematic review was not

preregistered.

Data, code, and materials used in this study are available

upon reasonable request from the corresponding author.
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