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Abstract
Background A major complication of lateral lumbar
interbody fusion (LLIF) is cage subsidence, which may
lead to clinical problems, including loss of disc height
correction, altered spinal alignment, recurrent pain, and
vertebral body fracture. A thorough review of the current
knowledge about the risk factors for the two types of cage
subsidence after LLIF—intraoperative endplate injury and
late-onset cage subsidence—could bring attention to well-

established risk factors for clinical consideration while
identifying any incompletely characterized factors that re-
quire further research to clarify.
Questions/purposes We performed a systematic review to
answer the following questions: (1) Are bone quality and
surrogates for bone quality, such as patient age and sex,
associated with an increased likelihood of cage sub-
sidence? (2) Are implant-related factors associated with an
increased likelihood of cage subsidence?
Methods Two independent reviewers comprehensively
searched Medline, Embase, Cochrane Library, PubMed,
and Web of Science from 1997 to 2020 to identify all
potential risk factors for cage subsidence after LLIF.
Discrepancies were settled through discussion during full-
text screening. Search terms included “lateral” AND
“interbody fusion” AND “subsidence” OR “settling” OR
“endplate injury” OR “endplate violation” WITHOUT
“cervical” OR “transforaminal” OR “biomechanical.”
Eligible studies were retrospective or prospective com-
parative studies, randomized controlled trials, and case
series with sample sizes of 10 patients or more reporting
risk factors for cage subsidence or endplate injury after
LLIF. Studies that involved cervical interbody fusions and
biomechanical and cadaveric experiments were excluded.
The Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) approach was
used to assess the studies’ quality of evidence. The initial
database review found 400 articles. Thirty-four articles
with moderate- to very-low-quality evidence met the in-
clusion criteria for analysis. A total of 3233 patients (58%
[1860] of whomwere female) were included in this review.
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Two types of cage subsidence were reviewed: late-onset
cage subsidence, which occurs gradually postoperatively,
and intraoperative endplate injury, which is derived from
iatrogenic endplate violation during endplate preparation
or cage insertion. Among 20 studies with moderate quality
of evidence according to the GRADE criteria, eight studies
reported risk factors for cage subsidence related to bone
mineral density and its surrogates and 12 studies focused
on risk factors regarding implant factors, including cage
dimension, cage material, construct length, and supple-
mentary instrumentation.
Results Patients with a dual x-ray absorptiometry T-score
of -1.0 or less, age older than 65 years, and female sex
were considered to have a high risk of both types of cage
subsidence. Regarding cage size, cage width $ 22 mm
helped to avoid late-onset cage subsidence, and cage
height # 11 mm was recommended by some studies to
avoid intraoperative endplate injuries. Studies recom-
mended that multilevel LLIF should be conducted with
extra caution because of a high risk of losing the effect of
indirect decompression. Studies found that standalone
LLIF might be sufficient for patients without osteopo-
rosis or obesity, and supplementary instrumentation
should be considered to maintain the postoperative disc
height and prevent subsidence progression in patients
with multiple risk factors. The effect of the bone graft,
cage material, endplate condition, and supplementary
instrumentation on cage subsidence remained vague or
controversial.
Conclusion Patients with poor bone density, patients who
are older than 65 years, and female patients should be
counseled about their high risk of developing cage sub-
sidence. Surgeons should avoid narrow cages when per-
forming LLIF to minimize the risk of late-onset cage
subsidence, while being cautious of an aggressive attempt to
restore disc height with a tall cage as it may lead to intra-
operative endplate injury. For multilevel constructs, direct
decompression approaches, such as posterior and trans-
foraminal LIF, should be considered before LLIF, since the
effect of indirect decompression may be difficult to
maintain in multilevel LLIF because of high risks of cage
subsidence. The effect of the cage material and supple-
mentary instrumentation require stronger evidence from
prospectively designed studies with larger sample size
that randomly assign patients to polyetheretherketone
(PEEK) or titanium cages and different fixation types.
Future research on intraoperative endplate injuries
should focus on the specific timing of when endplate
violation occurs with the help of intraoperative imaging
so that attempts can be made to minimize its occurrence.
Level of Evidence Level IV, therapeutic study.

Introduction

Lumbar interbody fusion (LIF) is an established surgical
procedure that treats various spinal pathologic conditions,
including degenerative disc disease, spinal deformities,
trauma, infections, and neoplasia [14, 28]. LIF involves the
insertion of a rigid intervertebral fusion cage in the in-
tervertebral space after discectomy and endplate preparation
to restore disc height and motion segment stability. The
general microsurgical approach to lateral LIF (LLIF) was first
described in 1997 [26]. Since then, variants of the LLIF
procedure, including direct, extreme, and oblique LIF, have
been reported [17, 32, 39]. LLIF is seeing wider use, with
proposed advantages, including indirect neurologic de-
compression with less tissue trauma, minimal blood loss, and
shorter operation times [20]. The lateral approach preserves
the stabilizing ligaments and places them under tension,
which may lead to improved biomechanical stability of the
spinal segment [24]. In addition, in LLIF, an implant with a
large footprint can be placed laterally to span the lateral bor-
ders of the ring apophysis, maximizing its contact with the
cortical endplate and aiding in correcting the disc height for
effective indirect decompression [25].

Cage subsidence is a major complication of LLIF. It may
lead to compromised clinical results, such as a loss of disc
height correction, alterations in spinal alignment, recurrent
pain, and vertebral body fracture [34, 40, 41]. Subsequent
progressive deformity and compression of the neural elements
can lead to a reduced chance of successful fusion and possible
revision surgery [20]. Subsidence is particularly concerning
after LLIF because this technique relies on indirect de-
compression of the neural elements [24]. Two types of cage
subsidence have been reported: late-onset cage subsidence,
which occurs gradually postoperatively, and intraoperative
endplate injury, which is derived from iatrogenic endplate
violation during endplate preparation or cage insertion [37].
However, only a few studies have separately analyzed these
two types of cage subsidence [15, 24, 36, 42]. A thorough
review of the current knowledge about cage subsidence after
LLIF could bring attention to any well-established risk factors
for clinical consideration while identifying any incompletely
characterized factors that need further research.Understanding
the potential risk factors for these complications allows sur-
geons to better plan their surgeries. Preoperative planning of
lumbar deformity correction using interbody cages can max-
imize outcomes and reduce complications [8, 47].

In this systematic review, we therefore asked: (1) Are
bone quality and surrogates for bone quality, such as pa-
tient age and sex, associated with an increased likelihood of
cage subsidence? (2) Are implant-related factors associated
with an increased likelihood of cage subsidence?
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Materials and Methods

Search Strategy

This systematic review followed the principles outlined in
the Preferred Reporting Items for Systematic reviews and
Meta-analyses guidelines. The databases included
Medline, Embase, Cochrane Library, PubMed, andWeb of
Science. All databases were accessed through the
University of Hong Kong libraries. Eligible articles were
published from 1997 to 2020. In these databases, we
searched for titles, abstracts, and keywords using key
search items including “lateral” AND “interbody fusion”
AND “subsidence” OR “settling” OR “endplate injury”
OR “endplate violation” WITHOUT “cervical” OR
“transforaminal” OR “biomechanical.” The results of each
database search were cross-checked by two independent
investigators (HW, ZS). The abstracts of potentially rele-
vant articles were screened based on the inclusion criteria,
and full-text articles were obtained for eligible studies. Two
researchers (HW, ZS) discussed any disagreements re-
garding accepting full-text articles until consensus was
achieved. The references of each included article were
reviewed for any other pertinent articles. Disagreements
over inclusion were discussed and, where possible, re-
solved by consensus after referring to the inclusion and
exclusion criteria and relevant theoretical and empirical
issues.

Inclusion Criteria

Eligible studies were retrospective or prospective com-
parative studies, randomized controlled trials, non-
randomized trials, and case series with sample sizes of 10
patients or more reporting risk factors for cage subsidence
or endplate injury after LLIF. Studies must have targeted
conditions such as degenerative disc disorders, adjacent
segment disease, Grade 1 or 2 spondylolisthesis, and de-
generative scoliosis using anterolateral approaches such as
LLIF and direct, extreme, and oblique LIF.

Exclusion Criteria

Studies that involved cervical interbody fusions, bio-
mechanical or cadaveric studies, non-English-language
studies, case reports, studies that involved tumor or trauma,
and studies that involved spine fractures and corpectomy
were excluded.

Search Results

The initial search yielded 400 articles: 110 from PubMed,
six from Cochrane library, 58 from Medline, 126 from

Embase, and 100 from Web of Science (Fig. 1). After
duplicate records were removed, 183 studies were avail-
able for title and abstract screening. After the abstract
screening, we excluded studies that were nonhuman or
cadaveric studies, case reports, and studies examining in-
tervertebral devices for corpectomy. Eighty-eight full-text
articles that did not mention risk factors for cage sub-
sidence were excluded. Thirty-four articles met the in-
clusion criteria and were included. There were 28
retrospective studies, five prospective studies, and one
randomized controlled trial. A total of 3233 patients (of
whom 58% [1860] were women) were included in this
review. In all, 1617 patients underwent an LLIF procedure,
550 patients underwent an extreme LIF procedure, 376
patients underwent a direct LIF procedure, and 690 patients
underwent an oblique LIF procedure. Two types of cage
subsidence were recorded in this review: late-onset cage
subsidence, which occurs gradually postoperatively, and
intraoperative endplate injury, which is derived from iat-
rogenic endplate violation during endplate preparation or
cage insertion.

Subsidence Criteria and Definition

We identified four main classifications for cage subsidence.
(1) Sixteen studies applied the criteria reported by Marchi
et al. [1, 2, 5-7, 22, 23, 25, 30, 31, 33, 34, 40, 41, 43, 45],
who classified cage subsidence into four grades based on
the amount of cage subsidence in the vertebral endplates on
radiographs: Grade 0, 0% to 24% collapse of the level;
Grade I, 25% to 49%; Grade II, 50% to 74%; and Grade III,
75% to 100%. According to Marchi’s criteria [25], Grades
0 and I were considered low-grade and mild subsidence,
respectively, while Grades II and III were considered high-
grade and severe subsidence, respectively. (2) Ten studies
defined cage subsidence as disc space loss more than a
specific distance on a postoperative radiograph or CT im-
age [4, 9, 10, 12, 13, 15, 21, 36, 37, 42]. Disc space loss of
1 mm, 2mm, 3mm, and 4mmwas applied to evaluate cage
subsidence in a specific cohort. (3) Five studies defined
cage subsidence as any compromise or discontinuity of
either endplate at the index level on postoperative radio-
graphs [16, 20, 24, 38, 44]. (4) Three studies directly
reported the quantitative difference between postoperative
and follow-up disc height on radiographs as the distance of
cage subsidence [18, 19, 35].

Data Extraction and Quality Assessment

The main operative parameters extracted from the studies
included the type of surgery (LLIF or direct, extreme, or
oblique LIF), instrumentation, cage size and material, and
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whether a bone graft was applied. The main outcomes
extracted from the studies included the type of cage subsidence
(intraoperative endplate injury or late-onset cage subsidence),
the incidence and risk of cage subsidence, and reoperation rate.
Details regarding each study’s sample size, mean age of the
participants, radiologic definition of cage subsidence, years of
follow-up, indication for reoperation, and surgical outcomes
and their complications were recorded, if the studies reported
them. The risk factors identified in studies were classified into
one of two categories: bone quality and its surrogates or im-
plant factors, including cage size, construct length, cage ma-
terial, cage position, and supplementary instrumentation.

The quality of included studies was assessed using the
Grading of Recommendations Assessment, Development,
and Evaluation (GRADE) approach [3, 11]. Randomized
controlled trials were given a high quality of evidence, and
observational studies and case series were given a low and
very low quality of evidence, respectively. The quality of
evidence was downgraded by one level according to the
following criteria: inconsistency of results, imprecision of
data, high probability of reporting bias, and limitation to
study design. The quality of evidence was upgraded by one
level if there was strong evidence of an association between
independent variables and outcomes and evidence of a
dose-response gradient.

Primary and Secondary Study Outcomes

Our primary study goal was to evaluate the role of bone
quality and its surrogates in cage subsidence after LLIF
surgery. To achieve this, we first summarized the findings
from six studies that reported low bone quality as a risk
factor for intraoperative endplate injury or late-onset cage
subsidence. Secondly, we reviewed 10 studies that reported
female sex, advanced age, smoking, and BMI as risk fac-
tors for cage subsidence as well as three studies that ex-
amined preoperative endplate conditions.

Our secondary study goal was to review implant-related
risk factors for intraoperative endplate injury or late-onset
cage subsidence after LLIF. To evaluate the impact of cage
size, we summarized the findings from seven studies that
focused on cage width and five studies that reported cage
height as a risk factor for cage subsidence. Three studies
that reported the association between construct length and
cage subsidence were then discussed. In addition, the
findings from three studies that discussed cage material and
two studies that compared cage position were reviewed.
Lastly, we included eight studies that compared different
types of supplementary instrumentation in LLIF surgery.

There is some overlap between the primary and sec-
ondary outcomes because many included studies reported

Fig. 1 Preferred Reporting Items for Systematic reviews and Meta-analyses (PRISMA)
flowchart shows the selection process of studies included in the systematic review.
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onmultiple risk factors, some of whichwere included in the
primary outcome and some of which were included in the
secondary outcome.

Results

Association of Bone Quality and its Surrogates with
Cage Subsidence

Poor bone quality was one of the most frequently reported
risk factors for cage subsidence (Table 1). Six studies
reported that reduced bone quality or osteoporosis mea-
sured by dual-energy x-ray absorptiometry (DEXA) facil-
itates cage subsidence [1, 13, 31, 35, 37, 40]. In two
studies, a lower mean DEXA T-score correlated with a
higher incidence of late-onset cage subsidence (mean 6
SD not reported, p = 0.006; and -1.656 1.04 versus -0.45
6 -0.97; p < 0.01) [1, 40], and other authors [36] noted a
lower T-score in patients with endplate injuries (-1.76 0.2
versus -0.86 0.1; p = 0.02). Based on a receiver operating
characteristic curve analysis, Tempel et al. [40] reported
that the sensitivity and specificity of a DEXA T-score of
-1.0 or less for predicting late-onset graft subsidence were
78.3% and 63.2%, respectively, with an area under the
curve of 80.1%. On the other hand, Satake et al. [36]
reported a sensitivity of 83.9% and specificity of 58.3% in a
receiver operating characteristic curve analysis using -1.0
SD of the T-score as a cutoff value of bone mineral density
to predict intraoperative endplate injuries. In addition, two
studies assessed bone quality using tools related to CT and
reported an association between bone quality and late-
onset cage subsidence [31, 45]. Okano et al. [31] used
quantitative CT to measure endplate volumetric bone
mineral density and reported that endplate-volumetric bone
mineral density was lower in the group with severe sub-
sidence than in the nonsevere subsidence group (median
[interquartile range] 233.5 mg/cm3 (193.4 to 273.3) versus
257.4 mg/cm3 (216.3 to 299.4); p = 0.026). In addition, Xi
et al. [45] reported that low segmental Hounsfield units
(HUs) values of the lumbar spine were associated with late-
onset cage subsidence (OR 15.694 [95% confidence in-
terval 1.621 to 151.961]; p = 0.017). These authors
reported a threshold of 135.02 HUs, with sensitivity of
60%, specificity of 92.3%, and area under the curve of 0.81
(95% CI 0.684 to 0.936), after using a receiver operating
characteristic curve to establish criteria to separate mild
(Grades 0 and I) and severe subsidence (Grades II and
III) [45].

Surrogate measures of bone quality such as de-
mographic factors and the preoperative condition of the
endplate were examined as potential risk factors for cage
subsidence (Table 1). Advanced age (older than 65 years)
was a risk factor for late-onset cage subsidence in six

studies because of its strong correlation with low bone
quality and compromised endplate strength [5, 6, 9, 18, 25,
34]. Based on their findings, age older than 65 years may be
associated with elevated risk of cage subsidence. Female
sex seemed to be another risk factor for intraoperative
endplate injury and late-onset cage subsidence [7, 25, 37].
Based on three studies that reported female sex as a risk
factor, the risk of cage subsidence of female patients
reached 32% (64 of 200), and male patients had a sub-
sidence risk of 5.9% (8 of 134) [7, 25, 37]. Additionally,
smoking and high BMI were potential risk factors for cage
subsidence [7, 9, 24]. The endplate’s preoperative condi-
tion was examined in three studies as potential risk factors
for late-onset cage subsidence [9, 22, 30]. Some authors
found that vertebral endplate lesions might lessen the me-
chanical strength or biological properties of the sub-
chondral trabecular bone and subsequently affect the
radiologic outcome of LIF [9]. However, these authors
reported that most of the radiologic parameters at the last
follow-up examination and the cage subsidence risks were
not different, regardless of vertebral endplate lesions. By
contrast, one study examined the influence of endplate
sclerosis associated with Modic changes on late-onset cage
subsidence and found that the cage subsidence risk in the
nonsclerotic group was higher than that in the sclerotic
group (11.1% [7 of 63] of levels versus 0% [0 of 15] of
levels; p < 0.01) [22]. Similarly, another study reported that
the presence of Type 2 Modic changes was associated
with a lower risk of severe subsidence (OR 0.28 [95% CI
0.09 to 0.88]; p = 0.029) [30].

Association of Implant-Related Factors with
Cage Subsidence

Cage size was the most mentioned implant-related risk
factor for cage subsidence (Table 2). Low cage width
seemed to be a crucial risk factor for cage subsidence, es-
pecially late-onset subsidence that occurred during the
follow-up period. Seven studies compared the subsidence
risk between patients in whom cages with different widths
were used, and most authors reported less subsidence in
groups with wider cages [1, 15, 18-20, 25, 42].
Specifically, 22-mm- and 26-mm-wide cages showed less
cage subsidence than 18-mm cages, a standard width used
in LLIF [1, 15, 19, 20, 25, 42]. In addition to cage width,
implant height could play a role in intraoperative endplate
injuries because aggressive cage insertion could result in
perioperative complications [44]. Five studies reported that
taller cages were more likely to have cage subsidence [16,
18, 37, 38, 42]. One study [37] found there were taller
cages in the injury group than in the no-injury group (10.3
6 0.3 mm versus 9.76 0.1; p = 0.03), with the incidence of
endplate injury increasing linearly as cage height
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Table 1. Summary of studies that reported patients’ bone quality and its surrogates as risk factors for cage subsidence

References
Study

population
Study
design

Evidence
quality (as
assessed by
GRADE)

Type of
subsidence

Risk of
subsidence

Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Marchi et al.
[25]

46 patients (61
lumbar levels)
underwent LLIF
with 18-mm

interbody cages;
28 patients (37
lumbar levels)
underwent

treatment with
22-mm-wide

cages

Retrospective
comparative

study

Low Late-onset cage
subsidence

At 1 year
postoperatively,
22% (22 of 98)
total levels; 30%
(18 of 61) of
standard and

11% (4 of 37) of
wide cages had
subsidence

Marchi’s criteria
on radiograph

Age older than
65 years and
female sex

Narrow cage

Wider cages
decreased the

risk of
subsidence and
better restored
segmental
lordosis

Calcium
phosphate bone
graft material

Percentage of
fusion was 91%
(89 of 98 levels)
treated at final
follow-up; a
relationship
between

subsidence
severity and

fusion was not
found

None reported

Malham et al.
[24]

128 consecutive
patients (178
treated levels)
underwent LLIF

Prospective
comparative

study

Moderate Both
intraoperative
endplate injury
and late-onset
cage subsidence

3% (4 of 128) of
patients and 2%
(4 of 178) of
levels had

intraoperative
endplate

injuries; at 24
months

postoperatively,
10% (13 of 128)
of patients and
8% (14 of 178) of
levels had late-
onset cage
subsidence

Any compromise
of either
endplate

Smoking None reported Either of the
following: (1)
AttraX, an

osteoinductive
synthetic bone
putty composed
of 95% b- TCP

and 5%
hydroxyapatite,

or (2) a
combination of
rhBMP-2 and
Mastergraft b-
TCP granules

Percentage of
fusion for the
late-onset
subsidence

group
progressed from

0% (0 of 13
patients) to 90%
(9 of 10 patients)
at 24 months; for

the no-
subsidence
group,

percentage of
fusion

progressed from
30% (33 of 111
patients) at 6
months to 93%

(68 of 73
patients) at 24

months;
percentage of

fusion is lower in
the subsidence

than no-
subsidence
group at 6

months (0%, 0 of
13 patients

versus 30%, 33 of
111 patients; p =

0.0195)

None reported
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Table 1. continued

References
Study

population
Study
design

Evidence
quality (as
assessed by
GRADE)

Type of
subsidence

Risk of
subsidence

Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Tempel et al.
[40]

335 patients
(712 levels)

underwent LLIF,
80 patients with
DEXA available
were studied

Retrospective
comparative

study

Moderate Late-onset cage
subsidence

8.7% (29 of 335)
of patients had
late-onset cage
subsidencea

Marchi’s criteria
on radiographs

Osteopenia
(DEXA T scores
less than -1.0)

None reported None reported None reported 48% (14 of 29) of
patients with
subsidence
underwent

revision surgery
with open
posterior

decompression
and

instrumentation

Satake et al.
[37]

102 patients
(201 levels)

underwent XLIF

Retrospective
comparative

study

Moderate Intraoperative
endplate injury

Immediate
postoperatively,
10.4% (21 of 201)
of levels had
intraoperative

endplate injuries

Disc space loss
more than 2 mm
on radiographs

Higher ratio of
female patients

Low BMD

None reported The last 8
patients (18

levels) received
hydroxyapatite
and collagen
soaked in

autologous bone
marrow aspirate,

the others
received

allograft bone

None reported None reported
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Table 1. continued

References
Study

population
Study
design

Evidence
quality (as
assessed by
GRADE)

Type of
subsidence

Risk of
subsidence

Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Satake et al.
[36]

93 patients
underwent LLIF
with bilateral
pedicle screw

fixation

Prospective
comparative

study

Moderate Both
intraoperative
endplate injury
and late-onset
cage subsidence

16.8% (31 of 184)
of segments had
intraoperative

endplate
injuries; 11.4%
(21 of 184) of
segments had
late-onset cage
subsidence

A cage sinking
more than 2 mm
into the adjacent

vertebral
endplate on CT

Low BMD in
segments with
intraoperative

endplate injuries

None reported The last six
patients (14
segments)
received

hydroxyapatite
and collagen
soaked in

autologous bone
marrow aspirate;

the other
patients (n = 87,
170 segments)

received
allograft bone
harvested from
the femoral head

The percentage
of fusion

confirmed by CT-
MPR at

postoperative 1
year was 35.5%
(11 of 31) in

segments with
intraoperative
endplate injury,
23.8% (5 of 21) in
segments with
late-onset cage
subsidence, and
54.5% (72 of 132)

in normal
segments;

segments with
late-onset cage
subsidence had

lower
percentage of
fusion than
those in the
other two

groups (23.8%, 5
of 21 segments
versus 35.5%, 11
of 31 segments
and 54.5%, 72 of
132 segments;

p = 0.01)

None reported

Agarwal et al.
[1]

55 patients with
a median (range)
age of 74 years
(70-87 years)

underwent LLIF
alone

Retrospective
comparative

study

Low Late-onset cage
subsidence

At 1 year
postoperatively,
9% (5 of 55) of
patients had

cage subsidence

Marchi’s criteria
on radiographs

A lower BMD
(femoral neck T-
score < -1.0)

None reported None reported None reported 9% (5 of 55) of
patients had
symptomatic

graft subsidence
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Table 1. continued

References
Study

population
Study
design

Evidence
quality (as
assessed by
GRADE)

Type of
subsidence

Risk of
subsidence

Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Chen et al. [7] 126 vertebrae in
107 patients

were treated by
XLIF

Retrospective
comparative

study

Low Late-onset cage
subsidence

At 2 years
postoperatively,
26.9% (29 of 107)a

patients had
high-grade
subsidence

Marchi’s criteria
on radiographs

Age over 65
years and female

sex

High BMI

Low BMD

The type of
supplementary
fixation did not
influence the risk

of cage
subsidence

Allograft bone
mixed with

autologous bone
marrow

Percentage of
fusion was

85.71% (108 of
126 levels) at 2
years; at the last
follow-up, solid
fusion was

considered to
have occurred in
86.96% (20 of 23)
of patients in the

high-grade
subsidence
group and

75.73% (78 of
103) of patients
in the low-grade

subsidence
group; no
association

between fusion
and subsidence
was found at the
2-year follow-up

None reported

Ko et al. [18] 213 patients
underwent DLIF
(n = 129) or OLIF

(n = 84)
performed by
the same

surgeon andmet
the inclusion

criteria

Retrospective
comparative

study

Moderate Late-onset cage
subsidence

No risk of
subsidence
reported; the
subsidence

distance was 1.0
6 1.5 mm in the
DLIF group and
0.4 6 1.1 mm in
the OLIF group

Cage subsidence
(in mm) was
measured by
adding the

invasion depth
of the lower

endplate of the
upper vertebral
body and the
invasion depth
of the upper

endplate of the
lower vertebral

body

Age older than
65 years

Cage subsidence
at 1 year

postoperatively
was worse in the
DLIF group than

in the OLIF
group (1.0 6
1.5 mm versus
0.4 6 1.1 mm;
p = 0.001)

Demineralized
bone matrix

Percentage of
fusion 1 year

after surgery was
89.7% (131 of
146 levels) and
91.6% (76 of 83
levels) in the
DLIF and OLIF

groups,
respectively

None reported
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Table 1. continued

References
Study

population
Study
design

Evidence
quality (as
assessed by
GRADE)

Type of
subsidence

Risk of
subsidence

Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Jung et al. [13] Eighty-four
patients

underwent DLIF:
41 in the
osteopenia

group (-2.5 < T <
-1) and 43 in the
normal BMD

group

Retrospective
comparative

study

Low Late-onset cage
subsidence

At 2 years
postoperatively,
17.1% (11 of 41)a

of patients in the
osteopenia
group had
subsidence;

9.3% (8 of 43)a of
patients in the
normal BMD
group had
subsidence

Interbody graft
sinks into the

adjacent
vertebral bodies

with any
distance or for
more than 3 mm
on radiographs

Low BMD None reported Cancellous
allograft bone

chips mixed with
bone marrow

At 24 months,
92.7% (38 of 41)
of patients in the

osteopenia
group and 95.3%
(41 of 43) of
patients in the
normal BMD

group had fusion

None reported

Campbell
et al. [5]

113 consecutive
patients

underwent LLIF.
Patient groups
receiving PEEK
and titanium
implants were
closely matched

(57 and 56
patients,

respectively)

Prospective
comparative

study

Moderate Late-onset cage
subsidence

Titanium group:
At 1 year

postoperatively,
Grade I

subsidence was
identified in

15.6% (9 of 57)a

of patients;
Grades II and III
were noted in

2.2% (1 of 57)a of
patients.

PEEK: At 1 year
of follow-up,

Grade I
subsidence was
identified in

22.4% (12 of 56)a

of patients, and
Grades II and III
were seen in

16.3% (9 of 56)a

of patients and
4.1% (2 of 56)â

(superscript a) of
patients,

respectively

Marchi’s criteria
on radiographs

Age over 65
years

None reported Bone graft
materials

included in the
cage were either
demineralized
allograft fibers,
rhBMP-2, or both

None reported 10.6% of
patients (12 of
113) underwent
revision surgery
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Table 1. continued

References
Study

population
Study
design

Evidence
quality (as
assessed by
GRADE)

Type of
subsidence

Risk of
subsidence

Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Chung et al.
[9]

86 consecutive
patients (125

operated-on disc
levels)

underwent OLIF

Retrospective
comparative

study

Low Late-onset cage
subsidence

At 1 year, 7.2% (9
of 125) of levels

had cage
subsidence

A cage sinking
into an adjacent
vertebral body
by > 2 mm on
radiographs

Age over 65
years

Higher BMI

Vertebral
endplate lesions
did not affect the

overall
radiological

outcome in one-
or two-level OLIF

Autologous iliac
crest bone graft

and
demineralized
bone matrix

Percentage of
fusion was 98.4%

(123 of 125
levels)

None reported

Rentenberger
et al. [34]

133 patients
(258 levels)

underwent LLIF
alone

Retrospective
case series

Low Late-onset cage
subsidence

At 1 year
postoperatively,
26.7% (69 of 258)
of levels had

cage subsidence

Marchi’s criteria
on radiographs

Age over 70
years

Lower
volumetric BMD

and an
anteroposterior
diameter >

21.7 mm of the
implanted cage
were potential
risk factors for

severe
subsidence

None reported None reported 15.8% (21 of 133)
of eligible
patients

underwent
revision surgery
and 3.0% (4 of
133) were

recommended
for revision
surgery

Liu et al. [22] 78 patients (92
levels)

underwent OLIF
alone

Retrospective
comparative

study

Low Late-onset cage
subsidence

At 1 year
postoperatively,
7.6% (7 of 92) of
levels had cage
subsidence

Marchi’s criteria
on radiographs

None reported Patients with
MCs associated
with endplate
sclerosis had a
lower risk of
subsidence

None reported None reported None reported

Okano et al.
[31]

96 patients (210
levels)

underwent LLIF
alone

Retrospective
comparative

study

Low Late-onset cage
subsidence

At 1 year
postoperatively,
39.6% (38 of 96)
of patients and
27.6% (58 of 210)
of levels had

severe
subsidence

Marchi’s criteria
on radiographs

Low endplate
volumetric BMD

None reported None reported None reported One patient
underwent

posterior fusion
because of
sagittal

imbalance due
to severe cage
subsidence

Okano et al.
[30]

97 patients (206
levels)

underwent LLIF
alone

Retrospective
comparative

study

Moderate Late-onset cage
subsidence

At 1 year
postoperatively,
32.0% (66 of 206)
of levels had

severe
subsidence

Marchi’s criteria
on radiographs

Construct length The presence of
Type 2 MC was
associated with a
lower risk of

severe
subsidence

None reported None reported 3% (2 of 66) of
patients in the

severe
subsidence
group had

revision surgery
directly related
to subsidence
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increased. Shiga et al. [38] reported that cages with a 12-
mm height were associated with more endplate injuries
than 8-mm or 10-mm cages (46.7% versus 33.3% and
27.4%, patient number not reported). Another study
reported that a greater proportion of patients with endplate
injury had larger-sized cages than disc height in full ex-
tension lateral view (90% [18 of 20] of segments versus
5% [6 of 120] of segments; p < 0.001) [16]. In another
study, patients with taller cages ($ 14 mm) and those with
narrower cages (OR 10.3 [95% CI 1.91 to 15.5]; p = 0.01)
had an increased risk of cage settling of more than 4 mm
[42]. In addition to implant size, the number of surgical
levels has been reported to play a role in cage subsidence;
three studies reported multilevel surgery as a risk factor for
cage subsidence [16, 20, 30]. Kim et al. [16] suggested that
multilevel fusion (> three levels) could lead to a high in-
cidence of endplate injury. Okano et al. [30] reported that
the number of fused levels was associated with severe late-
onset cage subsidence (two levels: OR 14.56 [95%CI 2.03
to 327.30]; p = 0.025; three levels or more: OR 18.40 [95%
CI 2.54 to 422.96]; p = 0.016). Other authors [20] found
increasing risk of late-onset subsidence with longer con-
struct length (one level: 10.3% [8 of 78] of patients; two
levels: 9.4% [3 of 32] of patients; three levels: 25% [6 of 24]
of patients; four levels: 50% [3 of 6] of patients; p < 0.01).

Intervertebral cages with different materials and posi-
tions could impose different risks on the endplate’s in-
tegrity (Table 2); three studies compared the risk of cage
subsidence of polyetheretherketone (PEEK) cage and ti-
tanium cage in LLIF patients [5, 36, 37]. Satake et al. [37]
reported that using PEEK cages resulted in a higher in-
cidence of endplate injury than titanium (12.4% [21 of
169] of segments versus 0% [0 of 32] of segments; p =
0.04). In another study, the same group [36] reported that
levels with late-onset settling had a higher percentage of
PEEK cages (100% [21 of 21] of segments versus 81.1%
[107 of 132] of segments; p = 0.03). Other authors reported
that the use of PEEK resulted in a higher late-onset sub-
sidence risk at 12 months of follow-up compared with
titanium cages (20.8% [10 of 48] of patients versus 4.5% [2
of 44] of patients; p = 0.012) [5].

In addition, cage position can influence the risk of late-
onset cage subsidence after LLIF (Table 2); different
definitions of cage position were used in two reports [18,
38]. Shiga et al. [38] defined the cage position by dividing
the caudal endplate into five zones and reported that most
late-onset cage subsidence occurred in the farthest anterior
zone (50% [6 of 12] of segments). In another study, Ko
et al. [18] defined the cage location as the distance from the
anterior margin of the disc to the anterior metallic indicator
of the cage on lateral images and reported that late-onset
cage subsidence increased with a more posterior cage lo-
cation (b = 0.293; p < 0.001). Regarding supplementary
instrumentation, two studies compared patients whoTa
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Table 2. Summary of studies that reported implant-related factors as risk factors for cage subsidence

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Le et al. [20] A total of 140
consecutive
patients (238

levels)
underwent XLIF

Retrospective
comparative

study

Moderate Late-onset
cage

subsidence

At 2 years
postoperatively,
14.3% (20 of

140) of patients
had subsidence;
8.8% (21 of 238)
of levels had
subsidence

Any
compromise of
either endplate

on
postoperative
radiographs

Supplemental
lateral plates

compared with
bilateral

pedicle screws

Narrower cages

Longer
construct

Risk of
subsidence
decreased

progressively
with lower
levels in the
lumbar spine,

but had a higher
than expected
risk at L4 to L5

Allograft (BMP-2,
hydroxyapatite,
and tricalcium
phosphate) or
cadaveric

cancellous bone
mixed with

mesenchymal
stem cells

None reported None reported

Marchi et al.
[25]

46 patients (61
lumbar levels)
underwent

treatment with
18-mm

interbody
cages; 28

patients (37
lumbar levels)
underwent

treatment with
22-mm-wide

cages

Retrospective
comparative

study

Low Late-onset
cage

subsidence

At 1 year
postoperatively,
22% (22 of 98) of
total levels; 30%
(18 of 61) of
standard and

11% (4 of 37) of
wide cages had
subsidence

Marchi criteria
on radiographs

Narrow cage Wider cages are
associated with
lower risk of

subsidence and
better restored
segmental
lordosis

Calcium
phosphate bone
graft material

Percentage of
fusion was 91%
(89 of 98 levels)
treated at final
follow-up; a
relationship
between

subsidence
severity and

fusion was not
found

None reported

Pimenta et al.
[33]

30 patients
with L4 to L5
DDD who
underwent
stand-alone
LLIF were

randomized
into two groups
with different
bone grafts

Randomized
controlled

trial

Moderate Late-onset
cage

subsidence

At 3 years
postoperatively,
16.7% (5 of 30)
of patients had
subsidence:
three in the

SiCaP group and
two in the bone
morphogenic
protein group

Marchi criteria
on radiographs

None reported SiCaP and
rhBMP-2 bone
graft substitutes

resulted in
similar risks of
subsidence

Calcium
phosphate
ceramic was
used on 15
patients; rh-
BMP2 in

collagen sponge
was used in 15

patients

At 36 months,
100% (30 of 30)

of patients
undergoing XLIF
achieved solid

fusion

13% (4 of 30) of
patients

underwent
additional
minimally

invasive direct
decompression

with the
addition of

pedicle screws
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Kim et al. [15] 125 patients
were treated
with standard
DLIF cages
(standard

group) and 38
patients were
treated with

new cages with
a larger lordosis
(wide group)

Retrospective
comparative

study

Moderate Both
intraoperative
endplate injury
and late-onset

cage
subsidence

Intraoperative
endplate injury:
24.8% (31 of

125) of patients
with a standard
cage; 42.1% (16
of 38) of patients
with a wide cage

Late-onset cage
subsidence:
14.4% (18 of

125) of patients
with a standard
cage; 7.9% (3 of
38) of patients
with a wide cage

Disc space loss
more than
2 mm on

radiographs

Narrower cages Subsidence was
less in the wide
group (1.2 6

0.5 mm) than in
the standard

group (4.46 2.5
mm) (p < 0.05)

Demineralized
bone matrix

None reported None reported

Tohmeh et al.
[42]

140
consecutive
patients (223
levels) were
treated with

XLIF

Prospective
comparative

study

Moderate Both
intraoperative
endplate injury
and late-onset

cage
subsidence

Intraoperative
endplate injury:
1 mm or more

settling
occurred in 20%
(45 of 223) of

cages and 4 mm
or more

occurred in 4.5%
(10 of 223) of

cages

Late-onset cage
subsidence: at
12 months

postoperatively,
1 mm or more

settling
occurred in 62%
(139 of 223) of
cages and 4 mm

or more
occurred in 24%
(53 of 223) of

cages

Cage settling $

1 mm and cage
settling $

4 mm on
radiographs

Taller cage

Narrower cage

Shorter cage

Lateral plating
led to a lower
risk of cage

subsidence but
larger

magnitude

Either rhBMP-2
or cellular matrix

allograft

None reported None reported
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Satake et al.
[37]

102 patients
(201 levels)

underwent XLIF

Retrospective
comparative

study

Moderate Intraoperative
endplate injury

Immediately
postoperatively,
10.4% (21 of
201) of levels

had
intraoperative

endplate injuries

Disc space loss
more than
2 mm on

radiographs

PEEK as cage
material

compared with
titanium

Taller cage

None reported The last 8
patients (18

levels) received
hydroxyapatite
and collagen
soaked in

autologous bone
marrow aspirate;

the others
received

allograft bone

None reported None reported

Lang et al.
[19]

21 patients (28
levels)

underwent XLIF

Retrospective
case series

Very low Late-onset
cage

subsidence

No risk of
subsidence

reported. At 6
months

postoperatively,
the mean
subsidence
distance was

0.34 6 0.26 mm

Difference
between

postoperative
and follow-up
disc height on
radiographs

Narrow cages
(18-mm-wide
compared with
26-mm-wide)

None reported Silicated calcium
phosphate

None reported None reported

Malham et al.
[23]

40 patients (58
levels) were
treated with
XLIF with or

without fixation

Prospective
comparative

study

Low Late-onset
cage

subsidence

At 1 year
postoperatively,
14.3% (3 of 21)
of patients with
standalone
surgery had
subsidence

Marchi criteria
on CT

None reported There was no
difference in the

risk of
subsidence in
patients with
the standalone
procedure and
those with

pedicle screw
fixation

A combination
of bone

morphogenetic
protein (rhBMP-

2) and
Mastergraft

b-TCP granules

None reported None reported
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Satake et al.
[36]

93 patients
underwent LLIF
with bilateral
pedicle screw

fixation

Prospective
comparative

study

Moderate Both
intraoperative
endplate injury
and late-onset

cage
subsidence

16.8% (31 of
184) of

segments had
intraoperative

endplate
injuries;

11.4% (21 of
184) of

segments had
late-onset cage
subsidence

A cage sinking
more than

2 mm into the
adjacent
vertebral

endplate on CT

PEEK as cage
material

compared with
titanium in

segments with
late-onset cage
subsidence

Most segments
with

intraoperative
endplate injury;
90.3% (28 of 31)
of segments

had subsidence
sites at the

anterior corner
in the superior
endplate of the
caudal vertebra

Only 47.6% (10
of 21) of the

segments with
late-onset cage
subsidence had
subsidence at
the same
location

The last six
patients (14
segments)
received

hydroxyapatite
and collagen
soaked in

autologous bone
marrow aspirate;

the other
patients (n = 87,
170 segments)

received
allograft bone
harvested from
the femoral head

The percentage
of fusion

confirmed by
CT-MPR at

postoperative 1
year was 35.5%
(11 of 31) in

segments with
intraoperative
endplate injury,
23.8% (5 of 21) in
segments with
late-onset cage
subsidence, and
54.5% (72 of
132) in normal
segments;

segments with
late-onset cage
subsidence had

lower
percentage of
fusion than
those in the
other two

groups (23.8%, 5
of 21 segments
versus 35.5%, 11
of 31 segments
and 54.5%, 72 of
132 segments;

p = 0.01)

None reported
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Shiga et al.
[38]

80 patients
(121 levels)
underwent

OLIF

Retrospective
comparative

study

Moderate Late-onset
cage

subsidence

At 1 year
postoperatively,
33.1% (40 of

121) of patients
had cage
subsidence

Postoperative
discontinuity of
the endplate

contour
affected by the

cages on
radiographs

and CT

Cages with a
12-mm height
compared with
shorter cages (8

or 10 mm)

The largest
sagittal

correction and
the most

postoperative
endplate
injuries

occurred in the
farthest anterior
zone (Zone I)

Endplate injury
occurred the
most in Zone I
(50.0% [6 of 12]
of segments),
whereas the

fewest endplate
injuries

occurred in
Zone II (21.1% [8

of 38] of
segments)

None reported The percentage
of fusion with
continuous

bony fusion with
both or either
side of endplate
amounted to
97.5% (118 of
121 levels)

None reported

Bocahut et al.
[4]

69 patients
underwent LLIF

alone, 63
patients were
assessed for
subsidence

Retrospective
comparative

study

Low Late-onset
cage

subsidence

At 1 year
postoperatively,
32% (20 of 63) of
patients had

subsidence; the
mean

subsidence was
5.5 6 1.5 mm

At least 4-mm
loss of fused

space height on
CT

None reported Subsidence was
anterior in 50%
(10 of 20) of
patients

None reported Fusion was
achieved in 97%
(67 of 69) of
patients; the 2
patients with

failed fusion had
global

subsidence

6% (4 of 63) of
patients

underwent
revision surgery

Frisch et al.
[10]

56 patients
underwent LLIF

Retrospective
comparative

study

Very low Late-onset
cage

subsidence

At 2 years
postoperatively,
16.1% (5 of 31)
of patients with
static levels had
subsidence;
none with
expandable
levels had
subsidence

A reduction in
intervertebral
disc height
greater than
2 mm on

radiographs

Static cages
compared with
expandable

cages

Expandable
group (120.2 6
59.6 minutes)
required longer
operative time
than static

group (63.3 6
37.8 minutes)

None reported Solid fusion was
observed in

100% (56 of 56)
patients by 24-
month follow-

up

None reported
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Tempel et al.
[41]

297 patients
(623 levels)

underwent LLIF
alone

Prospective
comparative

study

Moderate Late-onset
cage

subsidence

At 2 years
postoperatively,
11.4% (34 of

297) of patients
had cage
subsidence

Marchi criteria
on radiographs

Lateral plating Cage
subsidence is a
predictor of

revision surgery
after stand-
alone LLIF

None reported The percentage
of fusion was
93.9% (279 of
297 patients)

6.1% (18 of 297)
of patients
underwent
revision

surgery; 38.9%
(7 of 18) of
patients

undergoing
revision surgery

suffered a
vertebral body

fracture

Chang et al.
[6]

169 patients
(262 operative

levels)
underwent

OLIF

Prospective
comparative

study

Moderate Late-onset
cage

subsidence

At 1 year
postoperatively,
cage subsidence
was observed in
32.6% (85 of

261) of
operated-on
levels and in
36.9% (62 of

168) of patients

Marchi criteria
on radiographs

Technical effort
to achieve the
greatest height

possible

None reported Allogeneic
demineralized
bone matrix
mixed with

cancellous bone

At 1 year
postoperatively,
54.3% (51 of 94)
of patients had
all operated

levels
completely

fused, while the
other 46.7%a (43
of 94) of patients
had at least 1
level with
incomplete

fusion

For individual
levels, complete
interbody fusion
was observed in
62.7% (84 of

134) of
examined levels

1.8% (3 of 169)
of patients did

not have
symptom relief
with indirect

decompression
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Kim et al. [16] A total of 46
patients who
underwent
OLIF were

included, with a
total of 138

fusion
segments

Retrospective
comparative

study

Low Intraoperative
endplate injury

At 1 week
postoperatively,
30.4% (14 of 46)
of patients and
23.9% (33 of

138) of
segments

demonstrated
endplate injury-

associated
changes in cage

placement

Changes in the
cage

placement
indicate

endplate injury

Multilevel
fusion (> three

levels)

Greater cage
height than
disc height

Larger lordosis
correction
angle

None reported None reported None reported None reported

Ko et al. [18] 343 patients
underwent

DLIF (n = 201)
or OLIF (n =
142) by the

same surgeon

Retrospective
comparative

study

Moderate Late-onset
cage

subsidence

No risk of
subsidence
reported; the
subsidence

distance was 1.0
6 1.5 mm in the
DLIF group and
0.4 6 1.1 mm in
the OLIF group

Cage
subsidence (in

mm) was
measured by
adding the

invasion depth
of the lower

endplate of the
upper vertebral
body and the
invasion depth
of the upper

endplate of the
lower vertebral

body

More-posterior
cage location

Narrow cage

Cage
subsidence at 1

year
postoperatively
was worse in
the DLIF group
than in the OLIF
group (1.0 6
1.5 mm versus
0.4 6 1.1 mm;
p = 0.001)

Demineralized
bone matrix

Percentage of
fusion one year
after surgery

was 89.7% (131
of 146 levels)

and 91.6% (76 of
83 levels) in the
DLIF and OLIF

groups,
respectively

None reported

Samtani et al.
[35]

48 patients
underwent
LLIF, 23

patients took
alendronate, 25
patients were

controls

Retrospective
comparative

study

Very low Late-onset
cage

subsidence

No risk of
subsidence
reported

Distance of
subsidence

over four cage
corners

None reported Less subsidence
at L4 to L5 in the
alendronate
group than in
the control

group

Allograft cellular
bone matrix
containing

mesenchymal
stem cells and
osteoprogenitor
cells combined
with DBM alone

or that in
addition to a
small rhBMP-2

None reported 12% (3 of 25) of
patients in the
control group
had revision

surgery
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Agarwal et al.
[2]

297 patients
(623 levels)

underwent LLIF
alone, 60

patients were
analyzed

Prospective
comparative

study

Moderate Late-onset
cage

subsidence

At 2 years
postoperatively,
11.4% (34 of

297) of patients
had cage
subsidence

Marchi criteria
on radiographs

18-mm
implants

compared with
22-mm

Endplate-
implant area,
width, and
length

mismatches
were not risk

factors

None reported None reported 18-mm cage:
62.5% (5 of 8) of

patients
underwent a
reoperation

22-mm cage:
59.1% (13 of 22)

of patients
underwent a
reoperation

Campbell
et al. [5]

113
consecutive
patients

underwent
LLIF. Patient

groups
receiving PEEK
and titanium
implants were

closely
matched, at 57
and 56 patients,
respectively

Prospective
comparative

study

Moderate Late-onset
cage

subsidence

Titanium group:
At 1 year

postoperatively,
Grade I

subsidence was
identified 15.6%
(9 of 57)a of

patients; Grades
II and III were

noted in 2.2% (1
of 57)a of
patients

PEEK: At 1 year
of follow-up,

Grade I
subsidence was
identified in
22.4% (12 of

56),a and Grades
II and III were

seen in 16.3% (9
of 56)a and 4.1%
(2 of 56)a of
patients,

respectively

Marchi criteria
on radiographs

rhBMP-2 use

PEEK compared
with titanium

None reported Cancellous
allograft bone

chips mixed with
bone marrow

At 24 months,
92.7% (38 of 41)
of patients of the

osteopenia
group and

95.3% (41 of 43)
of patients of the
normal BMD
group had
fusion

10.6% (12 of
113) of patients
underwent

revision surgery
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

He et al. [12] 32 patients
underwent
standalone
OLIF and 41
underwent

combined OLIF

Retrospective
comparative

study

Low Late-onset
cage

subsidence

Combined OLIF
group: At 2 years
postoperatively,
7.3% (3 of 41) of
patients had

cage subsidence

Standalone OLIF
group: 15.6% (5
of 32) of patients

had cage
subsidence

A cage sinking
into an
adjacent

vertebral body
by > 2 mm on

CT

None reported No difference in
the risk of cage
subsidence
between
standalone
group and

combined OLIF
group

Demineralized
bone matrix

At 24 months,
the fusion rate
was 100% (41 of
41 patients) in
the combined
OLIF group and
93.8% (30 of 32
patients) in the
standalone OLIF

group

None reported

Li et al. [21] 69 patients
(static, n = 32;
expandable, n

= 37)
underwent
minimally

invasive LLIF at
one to two
contiguous

levels

Retrospective
comparative

study

Low Late-onset
cage

subsidence

At 1 year
postoperatively,
2.2% (1 of 46) of
levels in the
expandable
group had
subsidence;

32.4% (12 of 37)
of levels in the
static group had

subsidence

Measured
reduction in
disc height
greater than
2 mm on

radiographs

Static cage
compared with
expandable

group

None reported None reported None reported None reported

Okano et al.
[30]

97 patients
(206 levels)

underwent LLIF
alone

Retrospective
case series

Low Late-onset
cage

subsidence

At 1 year
postoperatively,
32% (66 of 206)
of levels had

severe
subsidence

Marchi criteria
on radiographs

Longer
construct

The presence of
MC Type 2 was
associated with
a lower risk of

severe
subsidence

None reported None reported 3% (2 of 66) of
patients in the

severe
subsidence
group had

revision surgery
directly related
to subsidence

Wen et al.
[43]

74 patients
underwent
single-level

OLIF with BPS
(n= 36) or UPS

(n= 38)

Retrospective
comparative

study

Low Late-onset
cage

subsidence

At 2 years
postoperatively,
17.6% (13 of 74)
of patients had
high-grade
subsidence

Marchi criteria
on radiographs

None reported Risk of cage
subsidence did

not differ
between

patients with
UPS and

patients with
BPS

None reported None reported None reported
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Table 2. continued

References
Study

population
Study
design

Evidence
quality
(as

assessed
by

GRADE)
Type of

subsidence
Risk of

subsidence
Subsidence
definition

Risk factors
for cage

subsidence
reported in
the study

Other
findings
related to
subsidence

Bone graft
used in the
surgery

Percentage
of fusion

Percentage
of patients
undergoing
reoperation

Wewel et al.
[44]

77 patients
(134 levels)

underwent LLIF

Retrospective
comparative

study

Low Intraoperative
endplate injury

Immediate
postoperatively,
4% (3 of 77) of
patients and

2.2% (3 of 134)
of levels had
intraoperative

endplate injuries

Any violation of
the superior or

inferior
endplate at the
index level

None reported All three cases
of subsidence in

this series
occurred at the

inferior
endplate

Endplate injury
occurred during

interbody
placement

None reported None reported None reported

Marchi’s criteria: cage subsidence into four grades based on the amount of cage subsidence in the vertebral endplates on radiographs: Grade 0, 0% to 24% collapse of the level;
Grade I, 25% to 49%; Grade II, 50% to 74%; and Grade III, 75% to 100%. Grades 0 and I were considered low-grade andmild subsidence, respectively, while Grades II and III were
considered high-grade and severe subsidence, respectively.
aThe percentages are reported here as they appeared in the original study; LLIF= lateral lumbar interbody fusion; XLIF = extreme lateral interbody fusion; DDD = degenerative
disc disease; b-TCP = beta tricalcium phosphate; rhBMP-2 = recombinant human bone morphogenetic protein-2; DLIF = direct lateral interbody fusion; PEEK =
polyetheretherketone; OLIF = oblique lateral interbody fusion; UPS = unilateral posterior fixation; BPS = bilateral posterior fixation; SiCaP = silicated calcium phosphate; MC =
Modic changes; CT-MPR = computed tomography multiplanar reconstruction; DBM = demineralized bone matrix; GRADE = Grading of Recommendations Assessment,
Development, and Evaluation approach.
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underwent standalone LIF and patients with bilateral ped-
icle screw fixation [12, 23]. These studies reported that no
differences in subsidence risks between patients with
standalone LIF and those with pedicle screws (15.6% [5 of
32] versus 7.3% [3 of 41]; p = 0.287; 14.3% [3 of 21] versus
0% [0 of 19]; p = 0.106). Furthermore, lateral plates and
bilateral pedicle screws were compared in three studies [20,
41, 42]. In one study, no difference was found between the
risk of cage subsidence between supplemental lateral plates
and bilateral pedicle screws (24.5% [12 of 49] versus 8.6%
[5 of 58]; p = 0.18) [20]. In another study, pedicle screw
fixation was associated with a higher risk of late-onset cage
subsidence of 1 mm or more compared with lateral plating
(69.2% surgical levels versus 44.6% surgical levels, number
of levels with subsidence not reported; p < 0.001), although
themagnitude of settling at the anterior inferior endplatewas
greater for lateral plating (4.9 mm versus 3.5 mm; p = 0.03)
[42]. Other authors [7, 43] compared cage subsidence risks
between patients with unilateral screws and those with bi-
lateral pedicle screws and reported no difference between
them. The relationship between bone graft used, risk of
subsidence, and fusion was inconclusive.

Discussion

Cage subsidence after LLIF can lead to compromised
clinical results, such as the loss of indirect decompression
and recurrence of neural compression [4-6, 33, 41]. A
thorough review of the current knowledge about cage
subsidence after LLIF could bring attention to any well-
established risk factors while suggesting research needed to
clarify any incompletely characterized preoperative con-
cerns. Two types of cage subsidence exist—intraoperative
endplate injury and late-onset cage subsidence—and these
should be studied separately, since there are variations in
risk factors associated with each one. In this systematic
review, we found that patients with poorer bone quality,
those older than 65 years, and women should be counseled
about high risks of both types of cage subsidence. Regarding
cage size, cage width at least 22 mm can help to avoid late-
onset cage subsidence, and cage height no larger than 11mm
was recommended by some studies to avoid intraoperative
endplate injuries. Studies recommended that multilevel
LLIF should be conducted with extra caution because of a
high risk of losing the effect of indirect decompression. The
effect of preoperative endplate condition, bone graft, cage
material, cage position, and supplementary instrumentation
on cage subsidence remains incompletely characterized.

Limitations

This study has limitations. Because of the lack of uniform
methods for assessing the extent of subsidence, four

different criteria were used in the included studies, which
can make it difficult to interpret and compare the results of
such studies. However, we found that Marchi’s criteria was
only applied in studies of late-onset cage subsidence,
which allows subsidence to be calculated as a percentage
change in disc height. This assessment standard for sub-
sidence was used in most of the articles we reviewed (16 of
26). On the other hand, all studies that measured intra-
operative endplate injury defined cage subsidence as disc
height loss more than 2 mm (4 of 7) or any discontinuity (3
of 7) of the endplate, mainly because a more precise cri-
terion is needed to evaluate disc height changes immedi-
ately postoperatively that are more subtle than disc height
loss during follow-up. Since one of the main goals of this
review is to differentiate intraoperative endplate injury and
late-onset cage subsidence, we decided to include studies
with these different criteria for subsidence so that we could
collect risk factors for both types of cage subsidence. In
addition, most studies included in this review were retro-
spective studies, with a quality of evidence ranging from
very low to moderate; only one randomized controlled trial
was included. However, the evidence in the included
studies showed consensus on the major risk factors for cage
subsidence, such as bone quality, cage size, and construct
length, while providing valuable insight on various minor
risk factors, including age, sex, smoking, BMI, cage ma-
terial, cage position, and supplementary instrumentation.
Further, although all four surgical approaches reviewed in
this study gain access to the intervertebral disc through the
lateral side, there are minor differences in the shapes of the
cages used for different approaches, whichmay lead to slight
differences in the risk of cage subsidence.

Association of Bone Quality and its Surrogates with
Cage Subsidence

Low bone quality was one of the most reported risk factors
for cage subsidence. Six studies reported that reduced bone
quality or osteoporosis measured by DEXA or CT was
associated with an increased likelihood of cage subsidence
[1, 13, 31, 35, 37, 40]. Based on previous studies [37, 40]
with a moderate quality of evidence, patients with a DEXA
T-score of -1.0 or less should be considered to have a high
risk of late-onset cage subsidence. Patients with poor bone
quality should be counseled about the possibility of in-
creased surgical risk of developing cage subsidence.
Posterior fixation and bone cement should be considered to
increase the stability of the construct. For patients who do
not need an emergency surgery or need to wait for an op-
eration, medication for osteoporosis may be another way to
manage the risk of cage subsidence. Parathyroid hormone
treatment for more than 6 months should be considered
preoperatively for eligible patients with osteoporosis [29].
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Surrogate measures of bone quality also provide context
for surgical planning and expectations. In two studies
with a moderate quality of evidence, advanced age was a
risk factor for late-onset cage subsidence because of its
strong correlation with low bone quality and compromised
endplate strength [25, 34]. Regarding female patients, one
study noted a high ratio of females among all patients who
suffered endplate injuries and suggested that post-
menopausal women may be at an especially high risk of
having cage subsidence [37]. Patients with preoperative
characteristics such as age older than 65 years and female
sex should be informed of the risk of cage subsidence
during preoperative discussions, and close follow-up is
necessary. The effect of smoking and BMI remain unclear
because of a lack of studies with strong evidence. Among
various preoperative endplate conditions, Modic changes
have been suggested to be a favorable condition for patients
who undergo LLIF. An endplate with Modic changes may
have stronger mechanical properties, and an endplate with
Modic changes or sclerosis may be suitable for standalone
oblique LIF [22]. Additionally, microstructural changes
associated with Type 2 Modic changes may help prevent
cage subsidence [30]. Future studies with bone or endplate
biopsies are needed to further evaluate the microstructural
changes associated with Modic changes at the endplate.

Association of Implant-Related Factors with
Cage Subsidence

Strong evidence suggests that cage size and construct
length are risk factors for both types of cage subsidence.
Narrower cages seem to be a crucial risk factor for late-
onset subsidence that occurs during the follow-up period.
Wider cages have more contact area with stronger and
stiffer peripheral endplates, which provides more efficient
axial load transfer and superior segmental stability to that
of implants with smaller widths and cage-endplate inter-
faces [2, 20, 25]. Based on four studies with a moderate
quality of evidence according to the GRADE criteria that
reported narrow cages as a risk factor, cages wider than
22 mm can protect the surgical levels against late-onset
cage subsidence, and 18-mm cages should be avoided if the
disc space allows [2, 15, 18, 42]. One potential limitation of
the studies mentioned was that they did not consider the
size of the patients and their vertebrae; thus, future studies
that adjust cage width based on individual vertebral size
may be needed. In addition to narrow cages, taller cages
were reported as a risk factor for cage subsidence, and
many authors suggested caution against over-distraction of
the disc space [16, 18, 36, 38, 42]. Le et al. [20] preferred to
provide between 2mm and 4mm of distraction per affected
level, which is accomplished with either an 8-mm or a 10-
mm implant cage, while avoiding 12-mm implant cages.

Another study observed that risk of intraoperative endplate
injury increased markedly for a cage height of 10 mm to
12 mm, suggesting that surgeons should not use a cage
height exceeding 11 mm, especially for patients with re-
duced bone mineral density [37]. Generally, aggressive
distraction of the disc space should be avoided because it
strongly correlates with intraoperative endplate injury, and
special attention is required when implant cages taller than
12 mm are inserted into the disc space. Further, patients
who underwent multilevel LLIF were reported to have a
higher risk of endplate injury and late-onset cage sub-
sidence than those undergoing single-level LLIF [16, 20,
24, 30]. This trend may be associated with the longer sur-
gical time and increased technical complexity associated
with placing a longer construct. Because the clinical effect
of LLIF mainly relies on indirect decompression of the
neural elements, for multilevel surgery, another approach
with direct decompression, such as posterior and trans-
foraminal LIF, should be considered before LLIF. This is
because the effect of indirect decompression can be diffi-
cult to maintain because of the higher risk of severe cage
subsidence.

Although some evidence from the included studies
suggests that cage material, cage position, and supple-
mentary instrumentation are associated with increased risk
of cage subsidence, their roles in cage subsidence after
LLIF may require further examination. Among synthetic
cage materials, PEEK is favorable because it shares the
same modulus of elasticity as bone does, avoiding stress
shielding caused by the mismatch of stiffness [20].
However, several studies reported contradictory results and
implied that PEEK implants may have inferior perfor-
mance regarding subsidence prevention [5, 36, 37]. The
poor performance of PEEK is likely because of its inferior
osseoconductivity and bioactivity compared with titanium
implants [5]. Although these three studies [5, 36, 37]
reported that the inferior performance of PEEK cages had a
moderate quality of evidence, more biomechanical evi-
dence might be needed before the most favorable cage
material is decided for LLIF because of the complex in-
teraction between the cage and endplate. Besides cage
material, cage position was evaluated as a potential risk
factor for cage subsidence in two studies, but seemingly
conflicting results were reported [18, 38]. Shiga et al. [38]
defined the cage position by dividing the caudal endplate
into five zones and reported that most late-onset cage
subsidence occurred in the farthest anterior zone. To gain
more lordosis correction with fewer endplate injuries, the
authors suggested that surgeons should insert an oblique
LIF cage with a height of up to 10 mm in this zone [38]. In
another study, the cage location was defined as the distance
from the anterior margin of the disc to the anterior metallic
indicator of the cage on lateral images, and the authors
reported that late-onset cage subsidence increased with a

186 Wu et al. Clinical Orthopaedics and Related Research®



more posterior cage location (b = 0.293; p < 0.001) [18].
Combining the findings from these two studies [18, 38], a
cage position just anterior to the midline of the sagittal
plane of the vertebral body seems to be a favorable position
for preventing cage subsidence. Further, many variations
of supplementary instrumentation have been reported, and
most studies found no difference between them [7, 12, 20,
23, 41-43]. LLIF can be performed as a standalone surgery
without posterior fixation, and good clinical results have
been reported [27, 46, 48]. Generally, supplemental fixa-
tion increases stiffness, limits motion to aid in the fusion
process, and protects indirect decompression [20].
Although the addition of screws stiffens the overall con-
struct, the construct may not be resistant enough to axial
compression once subsidence or fracture occurs in the
presence of screw instrumentation [25]. Standalone LLIF
may be sufficient for patients without osteoporosis or
obesity, and supplementary instrumentation should be
considered to maintain the postoperative disc height and
prevent subsidence progression in patients with multiple
risk factors.

Conclusion

Patients with poor bone density, who are older than 65
years, or who are female should be counseled about their
high risk of developing cage subsidence. Surgeons
should avoid narrow cages when performing LLIF to
minimize the risk of late-onset cage subsidence, while
being cautious of an aggressive attempt to restore disc
height with a tall cage as it may lead to intraoperative
endplate injury. For multilevel constructs, direct de-
compression approaches, such as posterior and trans-
foraminal LIF, should be considered instead of LLIF,
since the effect of indirect decompression may be diffi-
cult to maintain in multilevel LLIF because of the high
risk of cage subsidence. The effect of the cage material
and supplementary instrumentation require stronger
evidence from prospectively designed studies with
larger sample sizes that randomly assign patients to
PEEK or titanium cages and different fixation types.
Future research on intraoperative endplate injuries
should focus on the specific timing of when endplate
violation occurs, and these studies should use intra-
operative imaging so that attempts can be made to min-
imize the frequency with which it occurs. The
relationship between endplate injuries and clinical out-
comes such as health-related quality of life scores should
be studied in the future.
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References

1. Agarwal N, Faramand A, Alan N, et al. Lateral lumbar interbody
fusion in the elderly: a 10-year experience. J Neurosurg Spine.
2018;29:525-529.

2. Agarwal N, White MD, Zhang X, et al. Impact of endplate-
implant area mismatch on rates and grades of subsidence fol-
lowing stand-alone lateral lumbar interbody fusion: an analysis
of 623 levels. J Neurosurg Spine. Published online March 6,
2021. DOI: 10.3171/2020.1.SPINE19776.

3. Atkins D, Best D, Briss PA, et al. Grading quality of evidence and
strength of recommendations. BMJ. 2004;328:1490.

4. Bocahut N, Audureau E, Poignard A, et al. Incidence and impact
of implant subsidence after stand-alone lateral lumbar interbody
fusion. Orthop Traumatol Surg Res. 2018;104:405-410.

5. Campbell PG, Cavanaugh DA, Nunley P, et al. PEEK versus
titanium cages in lateral lumbar interbody fusion: a comparative
analysis of subsidence. Neurosurg Focus. 2020;49:E10.

6. Chang SY, Nam Y, Lee J, et al. Impact of preoperative diagnosis
on clinical outcomes of oblique lateral interbody fusion for
lumbar degenerative disease in a single-institution prospective
cohort. Orthop Surg. 2019;11:66-74.

7. Chen E, Xu J, Yang S, et al. Cage subsidence and fusion rate in
extreme lateral interbody fusion with and without fixation.World
Neurosurg. 2019;122:e969-e977.

8. Cheung JPY, Fong HK, Cheung PWH. Predicting spondylolis-
thesis correction with prone traction radiographs. Bone Joint J.
2020;102-B:1062-1071.

9. Chung NS, Lee HD, Jeon CH. The impact of vertebral end plate
lesions on the radiological outcome in oblique lateral interbody
fusion. Global Spine J. Published online August 3, 2020. DOI:
10.1177/2192568220941447.

10. Frisch RF, Luna IY, Brooks DM, Joshua G, O’Brien JR. Clinical
and radiographic analysis of expandable versus static lateral
lumbar interbody fusion devices with two-year follow-up.
J Spine Surg. 2018;4:62-71.

11. Guyatt GH, Oxman AD, Vist GE, et al. GRADE: an emerging
consensus on rating quality of evidence and strength of recom-
mendations. BMJ. 2008;336:924-926.

12. He W, He D, Sun Y, et al. Standalone oblique lateral interbody
fusion vs. combined with percutaneous pedicle screw in spon-
dylolisthesis. BMC Musculoskelet Disord. 2020;21:184.

13. Jung JM, Chung CK, Kim CH, Yang SH. Clinical and radiologic
outcomes of single-level direct lateral lumbar interbody fusion in
patients with osteopenia. J Clin Neurosci. 2019;64:180-186.

14. Kaiser MG, Eck JC, Groff MW, et al. Guideline update for the
performance of fusion procedures for degenerative disease of the
lumbar spine. Part 1: introduction and methodology. J Neurosurg
Spine. 2014;21:2-6.

15. Kim SJ, Lee YS, Kim YB, Park SW, Hung VT. Clinical and
radiological outcomes of a new cage for direct lateral lumbar
interbody fusion. Korean J Spine. 2014;11:145-151.

16. KimWJ, Lee JW, Kim SM, et al. Precautions for combined anterior
and posterior long-level fusion for adult spinal deformity: peri-
operative surgical complications related to the anterior procedure
(oblique lumbar interbody fusion). Asian Spine J. 2019;13:823-831.

17. Knight RQ, Schwaegler P, Hanscom D, Roh J. Direct lateral
lumbar interbody fusion for degenerative conditions: early
complication profile. J Spinal Disord Tech. 2009;22:34-37.

18. Ko MJ, Park SW, Kim YB. Effect of cage in radiological dif-
ferences between direct and oblique lateral interbody fusion
techniques. J Korean Neurosurg Soc. 2019;62:432-441.

19. Lang G, Navarro-Ramirez R, Gandevia L, et al. Elimination of
subsidence with 26-mm-wide cages in extreme lateral interbody
fusion. World Neurosurg. 2017;104:644-652.

Volume 480, Number 1 Endplate Injury and Cage Subsidence Associations 187

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


20. Le TV, Baaj AA, Dakwar E, et al. Subsidence of poly-
etheretherketone intervertebral cages in minimally invasive lat-
eral retroperitoneal transpsoas lumbar interbody fusion. Spine
(Phila Pa 1976). 2012;37:1268-1273.

21. Li YM, Frisch RF, Huang Z, et al. Comparative effectiveness of
laterally placed expandable versus static interbody spacers: a 1-
year follow-up radiographic and clinical outcomes study. Asian
Spine J. 2021;15:89-96.

22. Liu J, Ding W, Yang D, et al. Modic changes (MCs) associated
with endplate sclerosis can prevent cage subsidence in oblique
lumbar interbody fusion (OLIF) stand-alone. World Neurosurg.
2020;138:e160-e168.

23. Malham GM, Ellis NJ, Parker RM, et al. Maintenance of seg-
mental lordosis and disk height in stand-alone and instrumented
extreme lateral interbody fusion (XLIF). Clin Spine Surg. 2017;
30:E90-E98.

24. Malham GM, Parker RM, Blecher CM, Seex KA. Assessment
and classification of subsidence after lateral interbody fusion
using serial computed tomography. J Neurosurg Spine. 2015;23:
589-597.

25. Marchi L, Abdala N, Oliveira L, et al. Radiographic and clinical
evaluation of cage subsidence after stand-alone lateral interbody
fusion. J Neurosurg Spine. 2013;19:110-118.

26. Mayer HM. A new microsurgical technique for minimally in-
vasive anterior lumbar interbody fusion. Spine (Phila Pa 1976).
1997;22:691-699.

27. Mehren C, Mayer HM, Zandanell C, Siepe CJ, Korge A. The
oblique anterolateral approach to the lumbar spine provides ac-
cess to the lumbar spine with few early complications. Clin
Orthop Relat Res. 2016;474:2020-2027.

28. Mobbs RJ, Phan K, Malham G, Seex K, Rao PJ. Lumbar inter-
body fusion: techniques, indications and comparison of inter-
body fusion options including PLIF, TLIF,MI-TLIF, OLIF/ATP,
LLIF and ALIF. J Spine Surg. 2015;1:2-18.

29. Neer RM, Arnaud CD, Zanchetta JR, et al. Effect of parathyroid
hormone (1-34) on fractures and bone mineral density in post-
menopausal women with osteoporosis. N Engl J Med. 2001;344:
1434-1441.

30. Okano I, Jones C, Rentenberger C, et al. The association between
endplate changes and risk for early severe cage subsidence
among standalone lateral lumbar interbody fusion patients. Spine
(Phila Pa 1976). 2020;45:E1580-E1587.

31. Okano I, Jones C, Salzmann SN, et al. Endplate volumetric bone
mineral density measured by quantitative computed tomography
as a novel predictive measure of severe cage subsidence after
standalone lateral lumbar fusion. Eur Spine J. 2020;29:
1131-1140.

32. Ozgur BM, Aryan HE, Pimenta L, Taylor WR. Extreme lateral
interbody fusion (XLIF): a novel surgical technique for anterior
lumbar interbody fusion. Spine J. 2006;6:435-443.

33. Pimenta L, Marchi L, Oliveira L, Coutinho E, Amaral R. A
prospective, randomized, controlled trial comparing radiographic
and clinical outcomes between stand-alone lateral interbody
lumbar fusion with either silicate calcium phosphate or rh-BMP2.
J Neurol Surg A Cent Eur Neurosurg. 2013;74:343-350.

34. Rentenberger C, Okano I, Salzmann SN, et al. Perioperative risk
factors for early revisions in stand-alone lateral lumbar interbody
fusion. World Neurosurg. 2020;134:e657-e663.

35. Samtani RG, Bernatz JT, Harrison R, et al. The effect of
alendronate on subsidence after lateral transpsoas interbody
fusion: a preliminary report. Int J Spine Surg. 2019;13:
289-295.

36. Satake K, Kanemura T, Nakashima H, et al. Cage subsidence in
lateral interbody fusion with transpsoas approach: intraoperative
endplate injury or late-onset settling. Spine Surg Relat Res. 2017;
1:203-210.

37. Satake K, Kanemura T, Yamaguchi H, Segi N, Ouchida J.
Predisposing factors for intraoperative endplate injury of extreme
lateral interbody fusion. Asian Spine J. 2016;10:907-914.

38. Shiga Y, Orita S, Inage K, et al. Evaluation of the location of in-
tervertebral cages during oblique lateral interbody fusion surgery to
achieve sagittal correction. Spine Surg Relat Res. 2017;1:197-202.

39. Silvestre C, Mac-Thiong JM, Hilmi R, Roussouly P.
Complications and morbidities of mini-open anterior retroperi-
toneal lumbar interbody fusion: oblique lumbar interbody fusion
in 179 patients. Asian Spine J. 2012;6:89-97.

40. Tempel ZJ, Gandhoke GS, Okonkwo DO, Kanter AS. Impaired
bone mineral density as a predictor of graft subsidence following
minimally invasive transpsoas lateral lumbar interbody fusion.
Eur Spine J. 2015;24(suppl 3):414-419.

41. Tempel ZJ, McDowell MM, Panczykowski DM, et al. Graft
subsidence as a predictor of revision surgery following stand-
alone lateral lumbar interbody fusion. J Neurosurg Spine. 2018;
28:50-56.

42. Tohmeh AG, Khorsand D, Watson B, Zielinski X. Radiographical
and clinical evaluation of extreme lateral interbody fusion: effects of
cage size and instrumentation typewith aminimumof 1-year follow-
up. Spine (Phila Pa 1976). 2014;39:E1582-1591.

43. Wen J, Shi C, Yu L, et al. Unilateral versus bilateral percutaneous
pedicle screw fixation in oblique lumbar interbody fusion.World
Neurosurg. 2020;134:e920-e927.

44. Wewel JT, Hartman C, Uribe JS. Timing of lateral lumbar
interbody subsidence: review of exclusive intraoperative sub-
sidence. World Neurosurg. 2020;137:e208-e212.

45. Xi Z, Mummaneni PV, Wang M, et al. The association between
lower Hounsfield units on computed tomography and cage sub-
sidence after lateral lumbar interbody fusion. Neurosurg Focus.
2020;49:E8.

46. Zeng ZY, Xu ZW, He DW, et al. Complications and prevention
strategies of oblique lateral interbody fusion technique. Orthop
Surg. 2018;10:98-106.

47. Zhang T, Bai S, Dokos S, Cheung JP, Diwan AD. XLIF inter-
body cage reduces stress and strain of fixation in spinal re-
constructive surgery in comparison with TLIF cage with bilateral
or unilateral fixation: a computational analysis. Annu Int Conf
IEEE Eng Med Biol Soc. 2019;2019:1887-1890.

48. Zhu G, Hao Y, Yu L, Cai Y, Yang X. Comparing stand-alone
oblique lumbar interbody fusion with posterior lumbar interbody
fusion for revision of rostral adjacent segment disease: a
STROBE-compliant study. Medicine. 2018;97:e12680.

188 Wu et al. Clinical Orthopaedics and Related Research®


