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Cortical Endplate Bone Density Measured by
Novel Phantomless Quantitative Computed
Tomography May Predict Cage Subsidence

more Conveniently and Accurately
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Objective: Previous studies have shown that bone mineral density (BMD) is a predictor of cage subsidence. Phantom-less
quantitative computed tomography (PL-QCT) can measure volumetric bone mineral density (vBMD) of lumbar trabecular and
cortical bone. The study of endplate vBMD (EP-vBMD) is important in predicting cage settlement after extreme lateral inter-
body fusion (XLIF). This study aimed to determine the risk factors for postoperative cage subsidence after XLIF, particularly
focusing on the relationship between vBMD measured by automatic PL-QCT and cage subsidence.

Methods: Patients who underwent XLIF surgery from January 2018 to October 2020 with a minimum of 6 months of
follow-up were retrospectively included. Cage subsidence was defined as >2 mm cage sinking on the adjacent
endplate in follow-up imaging evaluation. Outcome measures were localized vBMDs included EP-vBMDs with different
region of interest (ROI) heights measured by PL-QCT based on a customized muscle-fat algorithm. Shapiro–Wilk test,
one-way ANOVA, Mann–Whitney test, Fisher exact test, univariable and multivariable logistic regression and receiver
operating characteristic (ROC) curve analysis were executed in this study.

Results: One hundred and thirteen levels of 78 patients were included in the analysis. The mean age was
65 � 7.9 years for 11 males and 67 females. Cage subsidence occurred on 45 (39.8%) surgical levels. There
was no significant difference in demographics, fused levels, or preoperative radiographic parameters. 1.25-mm
EP-vBMD (0.991 [0.985,0.997], p = 0.004) and P-TB-vBMD (cage-positioned trabecular volumetric bone mineral
density) (0.988 [0.977–0.999], p = 0.026) were cage-subsidence relevant according to univariate analysis. Low
1.25-mm EP-vBMD (0.992 [0.985, 0.999], p = 0.029) was an independent risk factor according to multifactorial
analysis.

Conclusion: Preoperative low EP-vBMD was an independent risk factor for postoperative cage subsidence after XLIF.
EP-vBMD measured by most cortex-occupied ROI may be the optimal vBMD parameter for cage subsidence prediction.

Key words: Cage subsidence; Endplate; Extreme lateral interbody fusion; Phantom-less quantitative computed
tomography; Volumetric bone mineral density

Address for correspondence Qiang Yang, MD, PhD, Department of Spine Surgery, Tianjin Hospital, Tianjin University, No. 406 Jiefangnan Road, Hexi
District, Tianjin 300211, China. Tel: +86 15102229608; Email: yangqiang1980@126.comWeijia William Lu, PhD, Department of Orthopaedics and
Traumatology, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Pokfulam, China. Tel: +852 87381980; Email: wwlu@hku.hk.
Mingyuan Di, Yuanzhi Weng and Guohua Wang These authors contribute equally to this work.
Received 23 February 2023; accepted 20 July 2023

3126
© 2023 THE AUTHORS. ORTHOPAEDIC SURGERY PUBLISHED BY TIANJIN HOSPITAL AND JOHN WILEY & SONS AUSTRALIA, LTD.

Orthopaedic Surgery 2023;15:3126–3135 • DOI: 10.1111/os.13897
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0002-4498-0878
https://orcid.org/0000-0001-5680-4866
https://orcid.org/0000-0002-7064-6419
https://orcid.org/0000-0002-9485-9734
mailto:yangqiang1980@126.com
mailto:wwlu@hku.hk
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fos.13897&domain=pdf&date_stamp=2023-10-19


Introduction

Extreme lateral interbody fusion (XLIF) is a minimally
invasive spinal surgical approach that avoids vascular

injury in anterior lumbar interbody fusion (ALIF) through
psoas major muscle entry. In comparison with trans-
foraminal lumbar interbody fusion (TLIF) and posterior
lumbar interbody fusion (PLIF), it also causes less damage to
the paravertebral muscles.1,2 However, postoperative cage
subsidence remains a risk factor that cannot be overlooked.3

Even in the case of XLIF which utilizes a larger cage with a
better anti-subsidence design, the reported subsidence rate
reaches approximately 20%.4 Cage subsidence causes changes
in lumbar spinal alignment, leading to pain recurrence, fail-
ure of indirect decompression, and poor recovery of lumbar
lordosis. Other problems of cage subsidence include segmen-
tal instability, fusion failure, and malformed bony fusion in
inappropriate positions, potentially causing poorer functional
recovery.5

Decreased bone mineral density (BMD) is a significant
risk factor for cage migration and subsidence.6,7 Dual X-ray
absorptiometry (DXA) is the gold standard for measuring
BMD.8 However, only the whole spine can be examined by
DXA and the average L1 to L4 bone quality can be charac-
terized by areal BMD (aBMD) or T/Z-score.9 In cases of
patients with osteophytes, cortical bone thickening, and aor-
tic stenosis, DXA is inaccurate and unreliable. Formal studies
have indicated that DXA results cannot reflect actual local-
ized low bone mineral density within the vertebral body due
to bone metabolism heterogeneity.10 Furthermore, DXA can-
not measure localized BMD due to its instrumental principle,
thus limiting its application.

Recently, many studies have applied quantitative com-
puted tomography (QCT) for volumetric bone mineral density
(vBMD) assessment. QCT is a technique for measuring vBMD
in the human skeleton based on multi-row spiral CT scans with
or without external calibration phantom. QCT has many
advantages over DXA, including vBMD measurement, less sus-
ceptibility to degenerative spinal structures, and greater sensitiv-
ity to bone mass changes.11,12 The average L1-L2 trabecular
vBMD (QCT-BMD) is used for osteoporosis screening.13 Auto-
matic phantom-less QCT (PL-QCT) has excellent potential in
measuring BMD due to its high accuracy and it can reduce
radiation exposure and clinical costs by automatically circling
regions of interest (ROIs) of fat and muscle for calibration.14

Previous studies have shown that endplate vBMD
(EP-vBMD) measured by QCT with a 5 mm height ROI can
be related to the cage subsidence of XLIF better compared to
that of cancellous vBMD.15,16 Similar studies on oblique lumbar
interbody fusion (OLIF) also indicate that endplate injury is a
vital risk factor of cage subsidence.17 However, the osseous
endplate thickness range is 0.35–1.03 mm, implying that the
5 mm height mainly comprises the trabecular bone.18–21 Con-
sidering the concave and irregular features of the endplate, a
1.25 mm height ROI for EP-vBMD measurement was included
in this study. Trabecular vBMD (TB-vBMD) was also measured
in adjacent vertebrae. Aims of this study were:

1. to confirm the optimal risk factors of cage subsidence in
XLIF patients;

2. to confirm cage subsidence relevance degrees of vBMD
measured on different regions; and

3. to determine the localized vBMD which most strongly
correlated with cage subsidence.

We hypothesized that cage subsidence in XLIF may
be most strongly correlated with most-cortex occupied
endplate vBMD.

Methods

Automatically Calibrated PL-QCT Technique
The PL-QCT system (Bones QCT, Bones Technology Limited,
Hong Kong, China) utilizes the subcutaneous fat and para-
spinal muscle as the internal references and their coordinate
ROIs were automatically placed for BMD calibration, thus
improving vBMD measurement precision. The workflow of
the automatic calibration technique has been reported in for-
mal publications.14 The following are the steps included:
1. muscle and fat tissue segmentation through a HU range

(Muscle : 20� 80HU，Fat :�50��150HU) on calibra-
tion axial CT slice (Fig. 1);

2. a convolution map was constructed based on a kernel
pyramid for better tissue boundaries robustness; and

3. finally, the optimal muscle and fat ROIs were automati-
cally placed for calibration based on a priority algorithm,
ensuring that calibrated ROIs were placed in locations
closer to the vertebrae position provided by the user.

After automatic calibration, bone ROI could be modi-
fied further for localized vBMD measurement.

Patient Population
This study was approved by the Ethics Review Committee of
Tianjin Hospital (IRB number: 2022 Medical Ethics Approval
No.093). China. We reviewed the radiographic data of consec-
utive patients who underwent XLIF with posterior fixation
from January 2018 to October 2020. The inclusion criteria
were: (i) age greater than 45 years; (ii) patients have under-
gone XLIF surgery based on the Chinese XLIF diagnosis and
treatment guide, preoperative diagnosis including lumbar spi-
nal stenosis, lumbar foraminal stenosis, and degenerative scoli-
osis; (iii) CT scan was performed within one month before
surgery; (iv) CT spatial resolution was 0.6 mm for x, y, and z
directions; and (v) good radiographic imaging quality so that
cage subsidence could be observed and over minimum
6 months follow up; The exclusion criteria were: (i) patients
had vertebral fractures, tumors, tuberculosis, or infectious
diseases; (ii) patients had medications related to bone metabo-
lism; and (iii) intraoperative patients had damage to the
endplate.

Surgical Procedures
Patients were in the lateral decubitus position and the target
intervertebral space was supported by a cushion. Preopera-
tive C-arm fluoroscopy was used for positioning and an
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oblique incision through skin to fascia was made, separating
abdominal muscles to expose psoas major. Direct observa-
tion to target intervertebral space was made by the insertion
of a guide needle. After confirming with C-arm fluoroscopy,
dilators and distractor were inserted, exposing intervertebral
space. To incise the annulus fibrosus, the intervertebral disc
was removed, and a bone graft bed was prepared. After trial
implantation, an interbody fusion device filled with alloge-
neic bone particles was inserted. The C-arm confirmed
the cage’s position after insertion. Posterior fixation using
percutaneous pedicle screws was then performed to improve
segmental stability.

Automatically Calibrated PL-QCT vBMD and
Radiographic Parameters Measurements
As mentioned previously, the PL-QCT system could auto-
matically place the fat and muscle ROIs for calibration, thus
ensuring calibration quality (Fig. 1). Meanwhile, the thick-
ness of the axial section of the lumbar spine CT used in this
study was 0.625 mm. Cage positions were classified as
anterior and posterior based on the relationship between the
vertebrae’s midpoint and the cage’s midpoint (Fig. 2). EP-
vBMD was defined as the average vBMD of the cranial and
caudal endplates based on cage position at fused levels
(Fig. 3). All EP-vBMD ROIs were adjusted in parallel to the
endplate. The criterion of 1.25/2.5/5-mm height ROIs with
the same endplate-disk border was applied for EP-vBMD
measurements. Osteoporosis is a skeletal disorder character-
ized by reduced bone mass, which increases fracture risk.22

The L1 and L2 average TB-vBMD was defined as the
patient’s QCT-BMD for osteoporosis screening based on
existing standards.23 The average of upper and lower trabec-
ular vBMD on the fusion level was defined as TB-vBMD
(Fig. 3). QCT-BMD and TB-vBMD were measured by auto-
matically placed bone ROIs based on formal literature. Other

localized vBMD bone ROIs were placed manually. Cage
position-TB-vBMD (P-TB-vBMD) was defined as the ante-
rior or inferior trabeculae vBMD based on cage position.
Sclerosis regions were excluded from all vBMD measure-
ments. The radiographic parameters included: (i) sagittal
canal diameter—the shortest distance from the posterior
edge of the vertebral body to the basal line of the spinous
process; (ii) lumbar lordosis—the angle between the exten-
sion line of the upper endplate of L1 and the upper endplate
of S1; (3) segmental lordosis—the angle between the exten-
sion lines of the upper and lower endplates of surgical levels
in the patient’s preoperative lateral radiograph; and
(4) foraminal height—the distance from the inferior pedicle
wall of the level above to the superior pedicle wall of the
level below. Demographics, EP-vBMD, QCT-BMD, TB-
vBMD, position-TB-vBMD (P-TB-vBMD), and radiographic
parameters were all measured in preoperative CT and X-ray
images. All operations were performed by a single surgeon
with at least 10 years of experience in spine surgery. Poly-
ether ether ketone (PEEK) cages were used in single-level or
multi-level XLIF with a small incision in the right recumbent
position for all patients. The same endplate handling and
cage placement techniques were used in all surgeries.

Cage Subsidence Assessment
Cage subsidence was determined based on the most recent
postoperative sagittal plane of prone CT scans (>5 months
after surgery) and lateral X-ray films are taken 5–13 months
postoperatively Based on formal research focusing on OLIF,
LLIF, ALIF,24–26 cage subsidence is defined as >2 mm cage
sinking on the adjacent endplate in the follow-up imaging
including CT and X-ray scanning. Two senior spine surgeons
(Mingyuan Di and Hongjin Wu) assessed cage subsidence. A
consistency test was undertaken for inter-observer compari-
sons, the Cronbach’s alpha were larger than 0.95, showing

A B

Fig. 1 Example of a CT scan processed by the PL-QCT system. (A) Green region represents fat, red region represents muscle and blue region

represents others. (B) ROI position of L2 vertebral cancellous region, fat, and muscle in the cross-section of CT image. The fat and muscle ROIs were

used for PL-QCT BMD calibration, they were placed automatically based on mentioned optimal algorithm.
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good inter-observer reliabilities of cage subsidence assess-
ments by the two senior spine surgeons.

Statistical Analysis
The Shapiro–Wilk test was conducted to assess the
normality of continuous variables. A one-way analysis of
variance) (ANOVA) and Mann–Whitney test were used to
evaluate differences. The Fisher exact test was used for
categorical variables. Univariable and multivariable logistic
regressions were conducted. In multivariable analysis, we
included QCT-BMD, TB-vBMD, P-TB-vBMD, 1.25-mm
EP-vBMD, and all trending (p < 0.20) factors in the
univariable analysis as explanatory variables. Receiver
operating characteristic (ROC) curve analysis was con-
ducted for BMD, P-Tb-vBMD, and 1.25/2.5/5-mm EP-
vBMD. The area under the curve (AUC) was calculated
for each ROC. Statistical analysis was performed on SPSS
24.0 software (IBM, Armonk, NY, USA), p < 0.05 was the
set significance level.

Results

Patient Demographics
A total of 78 patients were included based on the above-
mentioned criteria. The mean age was 61.5 � 7.9 years;
85.9% were female, 31 (39.7%) were overweight with a BMI
of 24–28 kg/m2, and 22 (28.2%) were obese with a BMI > 28
kg/m2. The most common preoperative diagnosis was lum-
bar spinal stenosis (82.1%), followed by foraminal stenosis
(59%), lumbar spondylolisthesis (48.7%), and degenerative
scoliosis (17.9%). The mean QCT-BMD was 103.9 � 36.9
mg/cm3 and 28.2% of patients were classified as those with

osteoporosis (Table 1) based on their QCT-BMD results.
The mean follow-up time was 16 (6–32) months. The
113 surgical levels were classified according to the definition
of cage subsidence, where 45 levels (39.8%) and 68 levels
(60.2%) were in the subsidence and non-subsidence groups,
respectively. ANOVA for demographic information showed
no statistical differences for age, gender, BMI, smoking
state, previous lumbar spine surgery, number of fused
levels, preoperative diagnosis, or level of fused segments
(Table 2).

Vertebral Localized vBMDs Measurements
The QCT-BMD was 96.9 � 39.4 mg/cm3 in the subsidence
group and 108.6 � 34.6 mg/cm3 in the non-subsidence group
(p = 0.019). TB-vBMD was 108.8 � 37.1 mg/cm3 in the sub-
sidence group and 119.9 � 36.3 mg/cm3 in the non-
subsidence group (p = 0.035). P-TB-vBMD was 101.9 � 37.3
mg/cm3 in the subsidence group and 118.7 � 38.2 mg/cm3 in
the non-subsidence group (p = 0.022). The 1.25-mm EP-
vBMD was 289.2 � 76.1 mg/cm3 in the subsidence group
and 331.0 � 66.1 mg/cm3 in the non-subsidence group
(p = 0.002) (Table 3).

Relevance Analysis between Cage Subsidence and
Localized vBMDs
Differential analysis of preoperative vBMD and radio-
graphic parameters showed no statistical differences in the
lumbar lordosis, segmental lordosis, sagittal canal diameter,
and foraminal height. Univariate analysis showed that
P-TB-vBMD (0.988 [0.977, 0.999], p = 0.026) and 1.25-mm
EP-vBMD (0.991 [0.985, 0.997], p = 0.004) were more strongly
associated with postoperative cage subsidence after XLIF.

A B

Fig. 2 Measurement of cage position

AND cage subsidence. (A) Measure

the distance from the midpoint of the

cage to the anterior and posterior

borders of the intervertebral space

respectively; (B) Measure the vertical

distance of the cage subsidence; For

both Fig. 2A,B, yellow label A means

the anterior rim of endplate and yellow

label P means posterior rim of

endplate.
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Following univariate analysis (p < 0.2), BMD, P-TB-
vBMD, TB-vBMD, and 1.25-mm EP-vBMD were sub-
jected to multivariate analysis, and the results showed that
low 1.25-mm EP-vBMD (0.992 [0.985, 0.999], p = 0.029)
was an independent risk factor for cage subsidence after
XLIF (Table 4). ROC curves showed that the AUC (95%
CI) of BMD, P-TB-vBMD and 1.25/2.5/5 mm EP-vBMD
were 0.631 (0.522–0.740), 0.640 (0.535–0.744)，0.702
(0.599–0.805)，0.687 (0.585–0.790), and 0.633 (0.527–0.739)
respectively (Fig. 4).

Discussion

Results obtained in this study demonstrated several signifi-
cant findings. First, vertebral localized vBMDs were rele-

vantly optimal risk factors of cage subsidence, in comparison
with other patients’ demographics. Second, vBMDs on
measured on different regions correlated with cage subsidence
differently, especially for vBMDs of cancellous region and
endplate region. Last but not least, EP-vBMD of the most
cortex-occupied region was strongly correlated with cage sub-
sidence and it was also an independent subsidence risk factor.

A B

Fig. 3 vBMD measurement of trabecular bone

and endplate in the axial, coronal and sagittal

plane of CT image. A.L4 average trabecular

bone. B.L3 posterior caudal endplate(to

the disc).
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Optimal Risk Factors of Cage Subsidence
We analyzed 113 levels of patients undergoing XLIF surgery,
and at 45 levels subsidence was experienced. Multivariate
analysis showed that low EP-vBMD was an independent risk
factor for cage subsidence after XLIF. Cage subsidence is a sig-
nificant complication of XLIF surgery, causing a reduction in
intervertebral height and failure of indirect decompression,
implying an increased risk of pain recurrence and reoperation.
A meta-analysis evaluated 1362 cases of LLIF cage subsidence,
of which 2.7% required reoperation.3 Our study features pre-
operative vertebral localized vBMD measured by automatically
calibrated PL-QCT for predicting the probability of postopera-
tive cage subsidence and personalizing the XLIF patients’
surgical plans. Hounsfield Unit (HU) values, DXA, phantom-
based QCT(PB-QCT), and PL-QCT have been used in formal
research for BMD measurement but their accuracies vary
(Table 5).

Localized vBMDs and Cage Subsidence
Xi et al.27 showed that lower HU values on preoperative
vertebral CT images were associated with cage subsidence
by retrospectively analyzing the factors of cage subsidence
in single-level LLIF. Wu et al.26 showed that the HU value
of the endplate is a good predictor of cage subsidence.

However, HU values for measuring BMD are controversial
since measurements with different equipment and applica-
tion environments can cause a bias in the grayscale values.28

QCT-BMD has advanced in terms of long-term reproducibil-
ity, especially for automatically calibrated PL-QCT.14 In this
study, automatically calibrated PL-QCT was utilized for
vBMD measurement. It could automatically place the ROI of
subcutaneous fat and paravertebral muscle to avoid opera-
tional bias. As for DXA, a previous study showed that cage
subsidence after PLIF was correlated with the DXA T-score.6

Tempel et al.29 showed that patients undergoing LLIF sur-
gery had a higher risk of cage subsidence with a T-score of
DXA below �1.0. Although DXA remains the gold standard
for measuring BMD, it computes areal BMD rather than vol-
umetric BMD. Liu et al.14 suggested that automatic PL-QCT
has higher accuracy than conventional PB-QCT and PL-
QCT has good potential for future BMD assessment. Addi-
tionally, PL-QCT has the advantages of lower radiation
exposure and reduced patient costs compared to conven-
tional PB-QCT as it could be used in opportunity screening.
As for its advantages in comparison with DXA, PL-QCT
generates three-dimensional bone density results on cancel-
lous region and cortical region respectively but DXA only
generates two-dimensional bone density results of whole ver-
tebral or femur segments.

Importantly, as vBMD can be measured on routine CT
through the PL-QCT technique, it could be exploited as a
massive-scale opportunistic bone quality screening tool. As
routine CT is a necessary preoperative examination for
patients requiring urgent surgery, the PL-QCT vBMD test is
significant and extremely convenient. Low vBMD implies
poorer bone quality and a higher likelihood of implant-related

TABLE 1 Patient demographics

Number of patients 78

Age (year)
Mean [SD] 61.5 (7.9)

Sex (%)
Female 67 (85.9)

BMI (kg/m2)
Mean (SD) 26.1 (4.1)

(%)
Normal (<24 kg/m2) 25 (32.1)
Overweight (24–28 kg/m2) 31 (39.7)
Obese (>28 kg/m2) 22 (28.2)

Previous lumbar surgery (%) 3 (3.8)
Preoperative diagnosis (%)
Lumbar spinal stenosis 64 (82.1)
Foraminal stenosis 46 (59.0)
Spondylolisthesis 38 (48.7)
Adult degenerative scoliosis 14 (17.9)

Number of fused levels (%)
1 level 53 (67.9)
2 levels 17 (21.8)
3 levels or more 8 (10.3)

QCT-BMD (mg/cm3)
Mean (SD) 103.9 (36.9)
>120 mg/cm3 26 (33.3)
80–120 mg/cm3 30 (38.5)
<80 mg/cm3 22 (28.2)

1.25-mm EP-vBMD (mg/cm3)
Mean [SD] 314.4 (72.9)

Number of levels 113
Levels (%)
L1/L2 5 (4.4)
L2/L3 15 (13.3)
L3/L4 31 (27.4)
L4/L5 62 (54.9)

TABLE 2 Comparisons of demographics between subsidence
group and non-subsidence group

Non-subsidence Subsidence p-value

Number of levels 68 45
Age (year)
Mean [SD] 62.0 (8.5) 62.6 (7.9) 0.344

BMI (kg/m2)
Mean [SD] 26.0 (4.2) 25.8 (3.9) 0.734

Smoking state (%) 8 (11.8) 6 (13.3) 0.804
Previous lumbar surgery (%) 2 (2.9) 1 (2.2) 0.999
Operating levels (%)
L1/L2 3 (0.4) 2 (4.4) 0.657
L2/L3 9 (13.2) 6 (13.3)
L3/L4 16 (23.5) 15 (33.3)
L4/L5 40 (58.8) 22 (48.9)

Preoperative diagnosis (%)
Lumbar spinal stenosis 58 (85.3) 36 (80.0) 0.608
Foraminal stenosis 42 (61.8) 29 (64.4) 0.844
Spondylolisthesis 25 (36.8) 21 (46.7) 0.332
Adult degenerative scoliosis 17 (25.0) 12 (26.7) 0.808

Number of fused levels (%)
1 level 32 (47.1) 21 (46.7) 0.977
2 levels 20 (29.4) 14 (31.1)
3 levels or more 16 (23.5) 10 (22.2)
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complications. vBMD assessment can help predict the risk of
cage subsidence. By assessing vBMD, experienced physicians
can identify patients at higher risk for cage subsidence and
take appropriate preventive measures, such as choosing a dif-
ferent implant or considering optimal surgical planning.
Simultaneously, vBMD assessment allows for individualized
patient care, which can optimize surgical outcomes, reduce
complications, and improve overall patient satisfaction.

Significance of Osseous Endplate on Cage Subsidence
Although the osseous endplate constitutes only a small por-
tion of the vertebral body, it is a characteristic structure of
the vertebral body. Osteoporotic vertebral compression

fractures frequently involve fractures of the osseous
endplate.30 Studies have shown that the average thickness of
the cranial endplates (relative to the disk) of the lumbar spine
is 1.03 mm, while that of the caudal endplates is 0.78 mm.19

The shape of the physiological lumbar endplates includes flat,
concave, and irregular types.31 To cover the thickness of most
osseous endplates, 1.25-mm height ROI was included in this
study, and the measurements were divided into anterior, or
posterior based on the cage position. Jones et al.16 set the
thickness of the endplate measurement at 5 mm, and in fact,
most of the 5 mm ROI covered was the trabecular bone. In
our study, AUC results of 1.25/2.5/5 mm height EP-vBMD
directly indicated that 1.25 mm height ROI which is mostly
occupied by the cortex is the optimal choice for cage subsi-
dence prediction. Such a finding clarified the influence of the
osseous endplate in the XLIF cage subsidence, which is novel
and innovative compared to previous studies.

The relationship between cage position and cage subsi-
dence remains controversial. Zavras et al.32 showed that
anterior cage placement is an independent risk factor for
cage subsidence in ALIF. However, posterior cage placement
is also a suggested risk factor for cage subsidence. Amorim-
Barbosa et al.33 suggested that posterior cage placement in
PLIF and TLIF is an associated risk factor for cage subsi-
dence. There are fewer studies on the correlation of XLIF
cage position with cage subsidence. Our study measured the
TB-vBMD at fusion levels. First, TB-vBMD was located in
the anterior part of the vertebral body and is larger than that
in the posterior part of the vertebral body. Further studies
are needed to expand the sample size to explore this aspect.

The thickness of the osseous endplates differs and the
cranial osseous endplate is thicker than the caudal osseous
endplates.34 In our study, the average cranial EP-vBMD was
higher than the caudal EP-vBMD. Such consistency may pre-
vail in a possible relationship between endplate localized
thickness and endplate localized vBMD, which can be
explored in further work.

Moreover, cage material and pedicle screw fixation are
also important factors of cage subsidence. Seaman et al.35

showed similar cage fusion rates for titanium and PEEK cages
but increased subsidence rates for the former. In contrast,
Ohiorhenuan et al.36 concluded that titanium cages were associ-
ated with a lower subsidence incidence by univariate analysis.
The subsidence rate of titanium cages is controversial, as its
shape and surgical approach may be relevant. As for pedicle
screw placement, Liu et al.37 demonstrated that stand-alone
XLIF produced significantly higher endplate stresses than XLIF
with a posterior pedicle screw through a finite element analysis,
which may also affect cage subsidence. Therefore, posterior
pedicle screw fixation is suggested in patients undergoing XLIF
surgery in combination with low EP-vBMD.

Strengths and Limitations
The main strength of this study was the detailed research
about vertebral localized vBMDs and cage subsidence,
in comparison with formal studies, this was the first time

TABLE 3 Comparisons of preoperative parameters between
subsidence group and non-subsidence group

Preoperative parameter
Non-subsidence

(n = 68)
Subsidence
(n = 45) p-value

Number of levels 68 45
Lumbar lordosis (�)
Mean (SD) 36.5 (4.9) 37.9 (2.6) 0.409

Segmental lordosis (�)
Mean (SD) 7.4 (1.0) 7.5 (1.2) 0.619

SCD (mm)
Mean (SD) 11.5 (0.9) 11.4 (1.0) 0.885

Foraminal height (mm)
Mean (SD) 14.3 (1.9) 14.0 (1.9) 0.455

QCT-BMD
Mean (SD) 108.6 (34.6) 96.9 (39.4) 0.019

Category (%) 0.816
Normal
>120 mg/cm3 22 (32.4) 11 (24.4)

Osteopenia
80–120 mg/cm3 29 (42.6) 12 (26.7)

Osteoporosis
<80 mg/cm3 25 (36.8) 14 (32.1)

P-TB-vBMD (mg/cm3)
Mean (SD) 118.7 (38.2) 101.9 (37.3) 0.022

TB-vBMD (mg/cm3)
Mean (SD) 119.9 (36.3) 108.8 (37.1) 0.035

1.25-mm EP-vBMD (mg/cm3)
Mean (SD) 331.0 (66.1) 289.2 (76.1) 0.002

Abbreviation: SCD, sagittal canal diameter.

TABLE 4 Univariate analysis of risk factors for cage subsi-
dence or cage subsidence

Factors Odds Ratio
Lower
95% CI

Upper
95% CI p-value

AGE 1.023 0.974 1.074 0.372
SEX(Female) 0.583 0.19 1.787 0.345
BMI 0.959 0.865 1.063 0.43
QCT-BMD 0.991 0.98 1.002 0.1
P-TB-vBMD 0.988 0.977 0.999 0.026
TB-vBMD 0.987 0.975 0.999 0.075
1.25-mm EP-vBMD 0.991 0.985 0.997 0.004
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EP-vBMDs with different ROI heights were measured, which
provides more information in the research field of cortical
endplate and cage subsidence. The application of PL-QCT
for vBMD measurements could also be a strength, as its
practice in this study was a classic example of its major clini-
cal benefit, opportunistic vBMD measurements. Without the
mentioned clinical benefit, it is impossible for a retrospective
vBMD study based on routine CT data.

There are some limitations to this study. Our radio-
graphic images had a short follow-up period but Agarwal
et al.38 reviewed 623 levels of LLIF postoperatively and
reported cage subsidence that occurred at a mean of
4.7 months. Some factors affecting local bone quality were not
considered, such as Modic changes or changes in fat within
the vertebral body; previous studies have shown that Modic
changes associated with endplate sclerosis can prevent cage
subsidence.39 We focused on patient imaging outcomes and
did not include patient-reported outcomes. We restricted our

sample to XLIF surgery cases with internal fixation systems,
which may have some limitations but adding XLIF cases
with stand-alone cases together would result in differences
in surgical approach between the samples, and for
balancing we chose to analyze XLIF surgery cases with
internal fixation systems. Further work with more patient
data for mentioned limitations and complete statistical
analysis for all variants is needed.

Conclusion

We present a novel BMD measurement technique for
more accurate cage subsidence risk evaluation. Our

results showed that preoperative EP-vBMD and P-TB-vBMD
were associated with postoperative cage subsidence after
XLIF. Preoperative EP-vBMD was an independent risk factor
for postoperative cage subsidence after XLIF; EP-vBMD
measured by most cortex-occupied ROI is the optimal cage
subsidence prediction parameter, which may be a potential
instruction tool for cage application.
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Fig. 4 ROC curves of all vBMD measurements about cage subsidence. (A) Blue curve represents 1.25-mm EP-vBMD, the green curve represents

2.5-mm EP-vBMD and the brown curve represents 5-mm EP-vBMD. (B) Blue curve represents 1.25-mm EP-vBMD, the green curve represents QCT-

BMD, the brown curve presents P-TB-vBMD and the purple curve represents TB-vBMD.

TABLE 5 Multivariate analysis of risk factors for cage subsi-
dence or cage subsidence

Factors Odds Ratio
Lower
95% CI

Upper
95% CI p-value

QCT-BMD 1.012 0.989 1.036 0.316
P-TB-vBMD 0.996 0.973 1.021 0.764
TB-vBMD 0.988 0.962 1.015 0.379
1.25-mm EP-vBMD 0.992 0.985 0.999 0.029
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