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Abstract
Purpose Quantitative computed tomography (QCT) is an alternate imaging method to dual X-ray absorptiometry to measure 
bone mineral density (BMD). One advantage of QCT is that it allows site-specific volumetric BMD (vBMD) measurements 
in a small region. In this study, we utilized site-specific, endplate vBMD (EP-vBMD) as a potential predictive marker of 
severe cage subsidence in standalone lateral lumbar interbody fusion (SA-LLIF) patients and conducted a retrospective 
comparative study between EP-vBMD and trabecular vBMDs (Tb-vBMD) in the vertebrae.
Methods Patients undergoing SA-LLIF from 2007 to 2016 were retrospectively reviewed. EP-vBMD was defined as the 
average of the upper and lower endplate volumetric BMDs measured in cortical and trabecular bone included in a 5-mm 
area of interest beneath the cage contact surfaces. We compared Tb-vBMDs and EP-vBMDs between disk levels that had 
severe cage subsidence and levels with no severe subsidence.
Results Both EP-vBMD and Tb-vBMD could be measured in 210 levels of 96 patients. Severe cage subsidence was observed 
in 58 levels in 38 patients. Median (IQR) Tb-vBMD was 120.5 mg/cm3 (100.8–153.7) in the non-severe subsidence group 
and 117.9 mg/cm3 (90.6–149.5) in the severe subsidence group (p = 0.393), whereas EP-vBMD was significantly lower in 
the severe subsidence group than the non-severe subsidence group (non-severe subsidence 257.4 mg/cm3 (216.3–299.4), 
severe subsidence 233.5 mg/cm3 (193.4–273.3), p = 0.026).
Conclusion We introduced a novel site-specific vBMD measurement for cage subsidence risk assessment. Our results showed 
that EP-vBMD was a reproducible measurement and appeared more predictive for severe cage subsidence after SA-LLIF 
than Tb-vBMD.
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Key points

1. Quantitative computed tomography (QCT) is an alternate imaging method 
to dual X-ray absorptiometry to measure bone mineral density (BMD). One 
advantage of QCT is that it allows site-specific volumetric BMD (vBMD) 
measurements in a small region. 

2. In this study, we utilized endplate vBMD (EP-vBMD) as a potential 
predictive marker of severe cage subsidence in standalone lateral lumbar 
interbody fusion (SA-LLIF) patients.

3. Our results showed that EP-vBMD was significantly lower in the severe 
subsidence group than the non-severe subsidence group (non-severe 
subsidence 257.4 mg/cm3 (216.3-299.4), severe subsidence 233.5 mg/cm3 
(193.4-273.3), p=0.026), whereas no significant difference was observed in 
Tb-vBMD.
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Take Home Messages

1. Our results showed that EP-vBMD was a reproducible measurement and 
appeared more predictive for severe cage subsidence after SA-LLIF than 
standard trabecular BMD. 

2. Along with other parameters, EP-vBMD can be utilized as part of a 
comprehensive risk assessment for implant-related complications after 
lumbar fusion surgery. 
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Introduction

Lateral lumbar interbody fusion (LLIF) is a relatively new 
approach and considered less invasive than the traditional 
anterior approach. Additionally, LLIF can achieve nerve 
decompression indirectly, without removing posterior ele-
ments, for select patients. However, cage subsidence is 
sometimes seen and may lead to loss of indirect decom-
pression, malalignment, non-union, and eventually revision 
surgery [1–3].

Previous studies showed that osteoporosis is a risk factor 
for cage subsidence [4–7]. Currently, dual X-ray absorpti-
ometry (DXA) is the gold standard to measure bone min-
eral density (BMD) [8]. Computed tomography (CT)-based 
techniques, such as Hounsfield units (HU) and quantitative 
computed tomography (QCT), are emerging alternate meth-
ods to DXA as assessments of bone strength [9–11]. Studies 
indicated that CT-based BMD measurements allow more 
accurate measurements than DXA in patients with severe 
degenerative spine conditions [12]. Additionally, it has been 
shown that pre-existing CT images for diagnostic or sur-
gical planning purposes can be retrospectively utilized for 
assessment of bone health [13, 14]. In the majority of spine 
surgery patients, this alternate assessment for osteoporosis 
overcomes one of the major drawbacks of X-ray and CT: 
excessive radiation exposure. The HU assessment is com-
monly used in previous studies. However, there are substan-
tial differences in HU values depending on the CT model or 
even tube voltage for the same model [15]. Thus, HU values 
from one CT machine may not be comparable to those from 
another machine. Asynchronous phantomless QCT can be 
applied to CT images by different machine models. This 
feature is preferable especially for opportunistic screening.

Another advantage of a QCT assessment is that it allows 
site-specific volumetric BMD (vBMD) measurements in a 
small region. Recent studies showed that site-specific CT 
assessments had a higher predictive value for fracture and 
screw loosening after pedicle screw insertion [16]. Although 
cage subsidence is a common complication after interbody 
fusion and osteoporosis is a risk factor, little is known about 
the association between regional site-specific vBMD values 
and cage subsidence after spinal interbody fusion. Since the 
contact surfaces between implant and bone only include the 
cage and endplates in standalone LLIF (SA-LLIF), it is suit-
able to assess the effect of site-specific vBMDs on the risk 
of cage subsidence in this construct type.

In this study, we utilized site-specific, endplate vBMD 
(EP-vBMD) as a potential predictive marker of severe 
cage subsidence in SA-LLIF patients and conducted a 

retrospective comparative study between vertebral EP-
vBMD and trabecular vBMDs (Tb-vBMD).

Materials and methods

Patient population

This study was approved by our institutional review board, 
and informed consent from each patient was waived because 
of the retrospective nature of this study. The data of consecu-
tive patients undergoing SA-LLIF from 2007 to 2016 at a 
single academic institution were retrospectively reviewed. 
Patients who had a preoperative CT, over 6 months of 
follow-up, and radiological imaging for cage subsidence 
assessment (between 6 and 12 months after surgery) were 
included. We excluded levels with a corpectomy, expandable 
cage, previous instrumentation at the index levels, previous 
fracture, planned staged surgery, and poor imaging quality.

All patients underwent SA-LLIF utilizing either the XLIF 
system (Nuvasive, Inc., San Diego, CA, USA) or the COU-
GAR system (Depuy Spine Inc., Raynham, MA, USA). All 
procedures were performed utilizing the mini-open single-
incision technique by five fellowship-trained orthopedic 
spine surgeons with at least 5 years of experience performing 
LLIF surgeries. In this mini-incision technique, an approxi-
mate 3-cm incision was made for a single-level procedure 
and all steps of the LLIF procedure were performed with 
direct visualization of the splitting psoas muscle and target 
disk(s). The details of this technique are published in the 
literature [17]. Special care was taken to span the apophyseal 
rings of both end plates during cage insertion.

Trabecular and endplate QCT‑vBMD measurements

The calculation of vBMD values was performed on both 
sides of the LLIF cage using the Mindways QCT Pro Soft-
ware (Mindways Software, Inc., Austin, TX, USA). The 
phantomless asynchronously calibrated QCT method that 
converts HU to vBMD using a calibrated conversion factor 
specific to each CT model was utilized [18]. All conversion 
factors were provided by the software manufacturer (Mind-
ways Software, Inc.).

Along with the standard L1/2 vBMD measurement, we 
measured regional Tb-vBMD that was defined as the aver-
age vBMD of the upper and lower vertebral trabecular 
bones in the same method as the standard L1/2 measure-
ment recommended for osteoporosis screening by 3D QCT 
(Fig. 1a) [19]. If there were any apparent sclerotic regions, 
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which lead to inaccurate measurement of trabecular vBMD 
in the vertebra, the regions were excluded from the area of 
interest (AOI) [20–22]. In cases where sclerosis was too 
diffuse to be excluded, the vertebra was excluded from 
analysis. All CTs were conducted with the patient in the 
supine position.

EP-vBMD was defined as the average of the upper and 
lower endplate volumetric BMDs measured in cortical and 
trabecular bone included in a 5-mm AOI beneath the cage 
contact surfaces (Fig. 1b, c). First, the position of the cage 
was checked with postoperative CT and radiographs. The 
AOI was set to include as much cage contact surface of 
each endplate as possible. Special care was taken not to 
let the AOI exceed the outer cortical margin of the verte-
bra and endplate to avoid inclusion of any outer- or inter-
vertebral spaces. Unlike the Tb-vBMD measurement, all 
sclerotic regions and endplate defects were included in 
the AOI for EP-vBMD, if these were located in the cage 
contact surfaces.

EP-vBMD and Tb-vBMD measurements were taken in 
a blinded manner by two different researchers who had 
completed a training session on QCT measurement. Since 
EP-vBMD was a novel measurement, we also conducted 
a validation study by two independent raters utilizing 52 
randomly selected endplates.

Cage subsidence assessment and comparisons

Cage subsidence was assessed utilizing lumbar spine lat-
eral radiographs and/or CT taken between 6 and 12 months 
postoperatively. If a patient had multiple radiographs during 
the period, the most recent radiograph was used for subsid-
ence assessment. If a patient had revision surgery related to 
subsidence within 6 months after the index surgery, cage 
subsidence was evaluated using imaging taken immediately 
before the revision surgery. We used the grading system by 
Marchi et al. [1] as Grade 0, 0–24% loss of postoperative 
disk height; Grade I, 25–49%; Grade II, 50–74%; and Grade 
III, 75–100%. Severe subsidence was defined as Grade II or 
III subsidence according to Marchi’s original report. Cage 
subsidence was assessed by three researchers under the 
supervision of a board-certified orthopedic spine surgeon. 
For each patient, subsidence grading was conducted by a 
single examiner. The examiners were blinded to the results 
of vBMD measurements. Tb-vBMDs and EP-vBMDs were 
measured as well as other demographic factors between disk 
levels that had severe cage subsidence and levels with no 
severe subsidence.

Receiver operating characteristic (ROC) curve analy-
ses were conducted in both Tb-vBMDs and EP-vBMDs, 
and their areas under the curve (AUC) were compared to 

Fig. 1  Tb-vBMD and EP-
vBMD measurements a 
Tb-vBMD measurement of L4 
vertebra, b EP-vBMD measure-
ment of L4 lower endplate, c 
EP-vBMD measurement of L5 
upper endplate. Upper row: 
axial images. Middle row: 
sagittal reconstruction images. 
Lower row: coronal reconstruc-
tion images. Circle and boxes 
represent for the area of interest
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determine diagnostic performance for prediction of severe 
cage subsidence.

Statistical analysis

The Fisher exact test was used for categorical variables. 
The Shapiro–Wilk test was conducted to assess the nor-
mality of continuous variables. As both Tb-vBMD and EP-
vBMD were not distributed normally, the Mann–Whitney 
test was used for the comparisons of continuous variables. 
The Spearman’s coefficient was calculated for the correla-
tion analysis between EP- and Tb-vBMDs. p < 0.05 was 
set as statistical significance. For the validation study of 
EP-vBMD, the interclass correlation coefficient (ICC) and 
standard error of measurement (SEM) were also calculated. 
We defined an ICC > 0.90 as excellent, 0.80–0.90 as good, 
0.70–0.80 as acceptable, and ≤ 0.70 as poor. All analyses 
were conducted in R software (R for 3.1.0 GUI 1.64).

Results

Out of 280 levels of the 130 patients who met the inclu-
sion criteria, both EP-vBMD and Tb-vBMD could be meas-
ured in 210 levels of 96 patients and included in the final 
analysis. The reasons for exclusion included CTs taken with 
QCT software incompatible machines for 34 levels, previ-
ous instrumentation at the index levels for 33 levels, and 
poor imaging quality for 3 levels. The median (IQR) age 
was 68.4 (62.1–74.2), and 63.3% of patients were females. 
Median L1/2 vBMD was 104.9  mg/cm3. According to 
the criteria of the American College of Radiology regard-
ing QCT spine BMD thresholds at L1/L2 [22] (defined as 
follows: osteoporosis: vBMD < 80 mg/cm3, osteopenia: 
80 ≤ vBMD ≤ 120 mg/cm3, normal: vBMD > 120 mg/cm3), 
31.2% of the patients were classified as having osteoporosis 
(Table 1). Median (range) follow-up was 26 (8–102) months. 
One patient underwent a posterior fusion surgery within 
6 months after the first SA-LLIF surgery because of sagittal 
imbalance due to severe cage subsidence.

For the validation study, the EP-vBMD ICC was excel-
lent [ICC 0.95, 95% confidential interval (CI) 0.92–0.97]. 
SEM was 22.3 (95% CI 18.7–27.6). A statistically significant 
moderate correlation was observed between EP- and Tb-
vBMDs (ρ = 0.56, 95% CI 0.46–0.64, p < 0.001).

Severe cage subsidence was observed in 58 levels 
(27.6%) in 39 patients (Table 2 and Fig. 2). No statistically 
significant difference in age, sex, BMI, current smoking, 
and previous lumbar surgery was observed between lev-
els with and without severe subsidence. The number of 
fused levels demonstrated a positive nonsignificant trend 
(p = 0.051). Median (IQR) Tb-vBMD was 120.5 mg/cm3 
(100.8–153.7) in the non-severe subsidence group and 

117.9 mg/cm3 (90.6–149.5) in the severe subsidence group 
(p = 0.393), whereas EP-vBMD was significantly lower 
in the severe subsidence group [non-severe subsidence 
257.4 mg/cm3 (216.3–299.4), severe subsidence 233.5 mg/
cm3 (193.4–273.3), p = 0.026] than the non-severe subsid-
ence group (Table 3 and Fig. 3).   

ROC curve analyses demonstrated that AUC (95% CI) 
of Tb-vBMD was 0.54 (0.45–0.63) and that of EP-vBMD 
was 0.60 (0.51–0.69) (Fig. 4). Since the use of lateral plate 
could be a confounder for cage subsidence, we performed 
the same statistical analyses and excluded levels with a lat-
eral plate as a sensitivity analysis. The results showed the 
same trends [EP-vBMDs: non-severe subsidence 264.5 mg/
cm3 (217.8–301.6), severe subsidence 234.3  mg/cm3 
(196.6–275.9), p = 0.034, Tb-vBMD: non-severe subsidence 
122.0 mg/cm3 (100.1–158.3), severe subsidence 122.2 mg/
cm3 (92.0–150.9), p = 0.437].

Discussion

In this study, we introduced a novel site-specific vBMD 
measurement by QCT for cage subsidence risk assessment. 
In terms of the association between vBMDs and cage subsid-
ence, although the diagnostic performance of both vBMD 
measurements was not high enough to be a single predictor, 
our results demonstrated that EP-vBMD had a significant 
association with severe SA-LLIF cage subsidence.

The association between osteoporosis and cage subsid-
ence after lumbar interbody fusion has been widely investi-
gated among patients with posterior/transforaminal lumbar 
interbody fusion (P/TLIF) [5–7]. In their DXA study of 
one-level PLIF patients, Cho et al. [6] reported that cage 
subsidence (> 2 mm) was more prevalent among patients 
with a ≤ −2.5 T-score of spinal BMD compared to patients 
with ≥ −1.0 T-score. Oh et al. [7] also demonstrated that 
the mean BMD of patients with over 3-mm cage subsidence 
was significantly lower than that of patients with subsidence 
of < 1 mm. Regarding CT-based assessments, Mi et al. [5] 
measured HU values on CT in their matched-case–control 
study of 32 patients who underwent L4/5 TLIF with uni-
lateral screw fixation and reported that patients with cage 
subsidence (not defined clearly) showed significantly lower 
mean HU values than the control group. Our results demon-
strated that there was no statistically significant association 
between subsidence and Tb-vBMDs, which is used clini-
cally in a similar manner as the BMD measurements of Mi’s 
study. In addition to the patient population differences, one 
possible reason for this discrepancy is the varying defini-
tions of cage subsidence. In previous studies, cage subsid-
ence was defined as less than 3-mm cage migration into the 
endplates, which represents less than 20–30% of disk height. 
It is questionable whether these small changes are clinically 



1135European Spine Journal (2020) 29:1131–1140 

1 3

significant. In fact, Cho et al. [6] concluded that cage sub-
sidence did not significantly affect clinical outcomes. We 
utilized the cage subsidence definition of Marchi et al. Using 
the same definition, Tempel et al. demonstrated that severe 
cage subsidence was significantly associated with revision 
surgery after SA-LLIF in contrast to Cho et al. [3]. Since 
the minimum clinically important threshold for cage subsid-
ence has not been established, further studies are required 
to address this issue.

In terms of LLIF studies, Tempel et al. [4] showed that 
patients with a lower DXA-areal BMD, defined as a T-score 
< −1.0, had a significantly higher incidence of Grade 2 or 
3 cage subsidence. The associations between cage subsid-
ence and Tb-vBMDs or bone status categorized using the 
standard L1/2-vBMD classifications were not statistically 

significant in our study. Besides the differences in BMD 
measurement modalities and patient populations, in which 
patients undergoing LLIF with posterior fixation were 
included in Tempel’s study, a selection bias for DXA meas-
urement could also explain the discrepancy in results as the 
authors mentioned was a limitation. They could only include 
24% of their total LLIF population due to the availability 
of DXA results and cage subsidence occurred more com-
monly among patients who had DXA scan. In contrast, our 
study was able to include a higher proportion of patients 
in an unbiased manner. This might also suggest a potential 
advantage of QCT measurements, which can be performed 
retrospectively, over DXA.

With respect to site-specific BMD measurements, 
although no previous study has measured EP-vBMD, our 

Table 1  Patient demographics

a A patient may have multiple diagnoses
b Based on L1/2 average vBMD value

Number of patients 96

Age (year) Median (IQR) 68.0 [62.2–74.3]
Sex (%) Female 62 (64.6)
Race (%) Caucasian 91 (94.8)

African-American 2 (2.1)
Asian 2 (2.1)
Others/unknown 1 (1.0)

BMI (kg/m2) Median (IQR) 27.0 [24.4–31.6]
(%) < 25 26 (27.1)

25–30 40 (41.7)
30–35 18 (18.8)
35–40 10 (10.4)
> 40 2 (2.1)

Current smoking (%) 7 (7.3)
Previous surgery (%) 41 (42.7)
Preoperative  diagnosisa (%) Degenerative disk disease 58 (60.4)

Spinal canal stenosis 61 (72.6)
Foraminal stenosis 41 (48.8)
Spondylolisthesis 56 (66.7)
Degenerative scoliosis (Cobb > 20) 55 (66.3)

Lumbar scoliosis angle (degree) Median [IQR] 22.0 [13.0–32.0]
Number of fused levels (%) 1 level 12 (12.5)

2 levels 44 (45.8)
3 levels or more 40 (41.7)

vBMD L1/2 average Median [IQR] 104.9 [81.4–133.0]
Category(%)b: normal > 120 mg/cm3 30 (31.2)
Osteopenia 80–120 mg/cm3 44 (45.8)
Osteoporosis < 80 mg/cm3 22 (22.9)
Number of levels 210
Levels (%) L1/L2 11 (5.2)

L2/L3 53 (25.2)
L3/L4 74 (35.2)
L4/L5 72 (34.3)



1136 European Spine Journal (2020) 29:1131–1140

1 3

results are comparable to the results of previous studies 
investigating the effect of site-specific CT-based bone meas-
urement around pedicle screws [16, 23]. Sakai et al. [16] 
reported that screw trajectory-specific HU was an independ-
ent risk factor for pedicle screw loosening, whereas lumbar 

BMD by DXA demonstrated no significant association 
with screw loosening. In their QCT study, Ishikawa et al. 
[23] reported that the pedicle trajectory vBMD, which was 
measured by setting the AOI over the pedicle screw trajec-
tory, correlated more strongly to screw insertion torque than 

Table 2  Comparisons of demographics between levels with severe cage subsidence and with no severe subsidence

a A patient may have multiple diagnoses

No severe subsidence Severe subsidence p value

Number of levels 152 58
Age (year) Median (IQR) 68.2 [63.00, 74.3] 69.7 [62.0, 74.3] 0.891
Sex (%) Female 96 (63.2) 42 (72.4) 0.255
BMI (kg/m2) Median (IQR) 27.1 [25.1, 32.4] 27.5 [23.7, 31.4] 0.457
Previous surgery (%) 62 (40.8) 17 (29.3) 0.152
Current smoking (%) 4 (7.0) 3 (7.7) 0.999
Number of fused levels (%) 1 level 12 (7.9) 0 (0.0) 0.051

2 levels 58 (38.2) 21 (36.2)
3 levels or more 82 (53.9) 37 (63.8)

Preoperative  diagnosisa (%) Degenerative disk disease 97 (63.8) 36 (62.1) 0.873
Central canal stenosis 119 (78.3) 41 (70.7) 0.278
Foraminal stenosis 81 (53.3) 28 (48.3) 0.540
Spondylolisthesis 89 (58.6) 37 (63.8) 0.531
Degenerative scoliosis (Cobb > 20) 100 (65.8) 37 (63.8) 0.871

Operating level (%) L1/L2 7 (4.6) 4 (6.9) 0.747
L2/L3 40 (26.3) 13 (22.4)
L3/L4 55 (36.2) 19 (32.8)
L4/L5 50 (32.9) 22 (37.9)

Lateral plate (%) 10 (6.6) 2 (3.4) 0.518

Fig. 2  Images of a representa-
tive 2-level SA-LLIF case with 
severe cage subsidence. a A lat-
eral lumbar fluoroscopic image 
taken immediately after L3/4 
and L4/5 SA-LLIF. EP-vBMDs 
in these levels were 205.4 and 
413.2 mg/cm3, respectively. b A 
lateral lumbar radiograph taken 
at 6 months postoperatively 
showing Grade III cage subsid-
ence in L3/4, whereas L4/5 
demonstrated no subsidence 
(Grade 0)
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trabecular vBMD as well as aBMDs by DXA in the spine 
and hip. These site-specific CT-based assessments might 
provide better risk estimations for problems in implant-bone 
contact surfaces such as cage subsidence or screw loosen-
ing. One major challenge of site-specific CT assessments is 
the reproducibility of measurements because the methodol-
ogy is not as standardized compared to routine assessments. 
In Sakai’s report, ICCs of screw trajectory HU assessment 
were 0.91–0.94. Our result of EP-vBMD demonstrated that 
the ICC of EP-vBMD measured by two raters was 0.95, 
which was as high as previously reported Tb-vBMD ICCs 

(0.94–0.99) [24] and pedicle screw trajectory HU. Our data 
suggest that EP-vBMD is a reproducible measurement and 
can be utilized in future studies.

Due to the retrospective nature of this study and rela-
tively small sample size, our study contains several limita-
tions. First, we focused on cage subsidence in relatively 
short time period and consequently do not have clinical 
information about the long-term consequences of cage 
subsidence or patient-reported outcomes, including 
symptoms potentially associated with cage subsidence. 
Studies with larger sample sizes and longer follow-up are 

Table 3  Comparisons of vBMD 
measurements

a Based on vBMD L1/2 value
Boldface indicates statistical significnace (p < 0.05)

No severe subsidence Severe subsidence p value

Number of levels 152 58
L1/2-vBMD (mg/cm3) Median (IQR) 104.9 [34.8, 184.3] 106.4 [55.4, 184.3] 0.516
Category(%)a: normal > 120 mg/cm3 30 (19.7) 16 (27.6) 0.469
Osteopenia 80–120 mg/cm3 74 (48.7) 25 (43.1)
Osteoporosis < 80 mg/cm3 48 (31.6) 17 (29.3)
Tb-vBMD (mg/cm3) Median (IQR) 120.5 [100.8, 153.7] 117.9 [90.6, 149.5] 0.393
EP-vBMD (mg/cm3) Median (IQR) 257.4 [216.3, 299.4] 233.5 [193.4, 273.3] 0.026

Fig. 3  Comparisons between 
levels with and without severe 
subsidence. Only EP-vBMDs 
show a statistically significant 
difference (p = 0.026)
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warranted to draw a more definitive conclusion. Addition-
ally, our patient population was relatively heterogeneous 
with regard to surgical indication despite patients under-
going the same surgical procedure. The clinical course of 
osteoporosis varies based on patient factors such as bio-
logical sex and certain comorbidities which can affect the 
relationship between EP-vBMD and Tb-vBMD. Moreover, 
because of the limited availability of preoperative DXAs 
among our patients, direct comparisons to DXA-aBMD 
were not possible. The AUC of EP-vBMD demonstrated a 
low diagnostic accuracy as a single predictor. This clearly 
indicates that cage subsidence is multifactorial and BMD 
is only one contributor. Other potential contributors for 
cage subsidence, such as endplate injury during cage 
insertion [25] and bone qualitative markers other than 
BMD, were not analyzed. Lastly, we did not evaluate any 
preventive measures for severe cage subsidence, such as 
additional posterior screw fixation. These factors should 
be addressed in future studies.

In summary, we introduced a novel site-specific vBMD 
measurement for cage subsidence risk assessment. Our 
results showed that EP-vBMD was a reproducible meas-
urement and appeared more predictive for severe cage sub-
sidence after SA-LLIF than Tb-vBMD. Along with other 
parameters, EP-vBMD can be utilized as part of a compre-
hensive risk assessment for implant-related complications 
after lumbar fusion surgery.
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