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Abstract
Objective The purpose of this study is to explore and analyze the risk factors for interbody cage subsidence in 
patients undergoing single-segment transforaminal lumbar interbody fusion (TLIF) and to construct and validate a 
visual nomogram risk prediction model.

Methods A retrospective analysis was conducted on the clinical data of 159 patients who underwent single-
segment TLIF at the Spine Surgery Department of Panyu District Traditional Chinese Medicine Hospital from January 
2021 to June 2023. Using the caret package in R, patients were randomly divided into a training set (n = 111) and 
a validation set (n = 48) in a 7:3 ratio. Multivariable logistic regression was employed for variable selection and the 
construction of the nomogram model. The predictive model’s discrimination, calibration, and clinical utility were 
evaluated using receiver operating characteristic (ROC) curves, calibration curves, and decision curve analysis (DCA).

Results There were no statistically significant differences in various indicators between the training set (n = 111) and 
the validation set (n = 48) (P > 0.05). Univariate analysis in the training set revealed that age, bone density, endplate 
morphology, anterior vertebral bone spurs, lumbar CT values, and VBQ were statistically significant. Multivariable 
logistic regression analysis indicated that bone density, anterior vertebral bone spurs, and lumbar CT values were 
independent predictors of interbody cage subsidence (P < 0.05), and a nomogram model was constructed based on 
these indicators. The area under the ROC curve (AUC) for the training set and validation set was 0.93 (95% CI 0.89–
0.98) and 0.93 (95% CI 0.86–1.00), respectively. The calibration curves showed good fit (training set P = 0.616; validation 
set P = 0.904). DCA analysis demonstrated that the model has high clinical utility.

Conclusion Bone density, anterior vertebral bone spurs, and lumbar CT values are risk factors for interbody cage 
subsidence in patients after single-segment transforaminal lumbar interbody fusion. The constructed nomogram 
model exhibits good predictive value and clinical utility.
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Lumbar degenerative changes refer to the accelerated 
aging process of the lumbar spine due to increasing age, 
excessive activity, and overload [1]. Under external forces, 
pathological changes may occur in the lumbar spine, lead-
ing to the rupture of the annulus fibrosus and herniation 
of the nucleus pulposus, which can result in low back pain 
and neurological dysfunction [2]. According to the “China 
Degenerative Spine Health Report 2023”, the population 
affected by lumbar diseases in China has reached 200 mil-
lion, with an incidence rate of 80% among adults. Further-
more, as the elderly population in China rapidly increases, 
the incidence of lumbar degenerative diseases is also ris-
ing year by year [3]. Lumbar interbody fusion surgery is an 
important method for treating lumbar degenerative dis-
eases, and it typically yields good therapeutic outcomes, 
significantly alleviating patients’ pain and improving their 
quality of life.

Lumbar interbody fusion surgery is an effective treat-
ment for lumbar diseases; however, this procedure may 
also lead to certain complications. Among these, inter-
body cage subsidence is one of the most common compli-
cations. Recent literature indicates that the incidence of 
interbody cage subsidence after posterior lumbar fusion 
ranges from 26–50% [4, 5]. When subsidence occurs, the 
interbody device may migrate into the endplate or cancel-
lous bone, reducing intervertebral height. This can lead 
to various issues, including failure of internal fixation, 
formation of a pseudarthrosis, kyphotic deformity, adja-
cent segment disease, and decreased foraminal height. 
Any of these conditions may trigger recurrent nerve root 
impingement and radicular pain [6–8].

Recent studies have revealed various risk factors asso-
ciated with interbody cage subsidence. These factors 
include older age, smoking, higher body mass index 
(BMI), low bone density, excessive correction of inter-
vertebral height, low lumbar CT values, as well as higher 
vertebral bone quality scores and endplate bone qual-
ity scores [9–14]. Although multiple methods exist for 
assessing postoperative risk, their accuracy and practical-
ity still require improvement. Therefore, this study aims 
to analyze the risk factors for interbody cage subsidence 
following single-segment transforaminal lumbar inter-
body fusion and to establish a visual nomogram predic-
tion model. By constructing this nomogram prediction 
model, we hope to provide clinicians with a more precise 
preoperative assessment tool, thereby optimizing patient 
treatment plans and reducing the incidence of postopera-
tive complications.

Materials and methods
General information
This study retrospectively analysed 159 patients who 
underwent single-segment transforaminal lumbar inter-
body fusion at the Department of Spine Surgery, Panyu 
District Hospital of Traditional Chinese Medicine 
between January 2021 and June 2023. The procedures 
were performed by the same group of senior spine sur-
geons at the Panyu District Hospital of Traditional Chi-
nese Medicine in Guangzhou, China, and the implants 
used were PEEK cages designed to provide optimal sta-
bility and support for spinal fusion. The technical speci-
fications of the cage included PEEK. In this study, all 
patients received a PEEK cage replacement during sur-
gery. Patients were randomised 7:3 into a training set 
(n = 111) and a validation set (n = 48) using the R language 
caret package. The training and validation sets were cate-
gorized based on the degree of interbody cage subsidence 
into a non-subsidence group (subsidence < 2  mm) and a 
subsidence group (subsidence ≥ 2 mm).

Inclusion criteria were as follows: [1] Patients must 
have undergone single-segment transforaminal lumbar 
interbody fusion at our hospital, with complete preop-
erative lumbar X-ray, CT, and MRI data; [2] Follow-up 
duration must exceed 12 months, with follow-up data 
including lumbar X-ray or CT; [3] Patients must have 
symptomatic lumbar degenerative diseases (such as lum-
bar spinal stenosis, lumbar spondylolisthesis, or others) 
that showed no improvement after at least 3 months of 
conservative treatment; [4] MRI and CT results must be 
consistent with clinical symptoms.

Exclusion criteria included: [1] Patients who had previ-
ously undergone lumbar fusion surgery; [2] Patients with 
comorbid conditions such as diffuse idiopathic skeletal 
hyperostosis, ankylosing spondylitis, lumbar infections, 
lumbar tumors, and lumbar trauma; [3] Patients with 
grade III or higher lumbar spondylolisthesis; [4] Patients 
for whom measurement was difficult due to Schmorl’s 
nodes, local bone sclerosis, and interference artifacts; 
[5] Patients who experienced interbody cage subsid-
ence at the first follow-up after discharge. This study was 
approved by the Ethics Committee of Panyu Traditional 
Chinese Medicine Hospital, and the use of retrospective 
data waived the requirement for individual consent.

Methods
General information
The purpose of this study is to collect and record the fol-
lowing demographic characteristics of the two groups 
of patients: age, sex, history of hypertension, history of 
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diabetes, smoking history, length of hospital stay, dura-
tion of surgery, surgical segment, intraoperative blood 
loss, body mass index (BMI), and bone density, in order 
to conduct relevant statistical analyses.

Imaging information
Measurement and evaluation of relevant parameters 
of preoperative and postoperative imaging of patients 
through PACS system:

1) The formula for calculating the Farfan index: (a + b)/ 
c × 100%, where a is the height of the anterior edge 
of the intervertebral space, b is the height of the 
posterior edge of the intervertebral space, and c is 
the width of the intervertebral space in the sagittal 
plane.The corrected value of the Farfan index was 
calculated as follows: postoperative Farfan index - 
preoperative Farfan index (see Fig. 1).

2) Evaluation of endplate morphology: Select the 
median sagittal plane in the CT image and draw a 
line segment AB connecting the anterior edge of 
the endplate (point A) and the posterior edge of 
the endplate (point B), and then make a vertical 
line segment between AB and the endplate at a 
spacing of 1 mm, of which the longest vertical line 
segment is defined as CD, and the length of which 
is the endplate concavity depth (ECD). Three types 
of endplate morphology were defined according 
to the ECD as follows: flexed: ECD > 1 mm; flat: 
ECD ≤ 1 mm; and irregular: endplate localized 
beyond the plane of the anterior-posterior edge of 
the endplate (the ECD length of this type of endplate 
could not be measured). When the upper and lower 
endplates of the same disc segment have different 
morphologies, they are defined according to the 
principle of equivalence (e.g., if the upper endplate 

is flexed and the lower endplate is flat, the endplate 
morphology of the segment is defined as flat, see 
Fig. 2) [15, 16].

3) Methods of assessing the bony redundancy at the 
anterior margin of the vertebral body: combined 
with the patient’s preoperative lumbar lateral DR 
images, the degree of bony redundancy at the 
anterior margin of the operated vertebral body was 
observed. According to the NATHAN classification 
criteria [17], the bone capillaries were divided into 
four grades: Grade I: isolated hyperplasia with 
increased density at the anterior margin of the 
vertebral body; Grade II: the bone capillaries were 
obviously protruding and were basically at the level 
of the endplates; Grade III: the bone capillaries were 
in the form of curved bird’s beak and were close to 
the neighboring vertebrae: a bone bridge was formed 
between the neighboring vertebrae. Osteoid grades 
of III degree and above are considered as osteophyte 
formation at the anterior margin of the vertebral 
body (see Fig. 3) [18].

4) Measurement Method of CT Values for Lumbar 
Vertebrae: CT values are measurements obtained by 
computerised tomography and are used specifically 

Fig. 2 Preoperative lumbar CT showing the measurement of endplate 
flexion depth at L4-5 segments

 

Fig. 1 Preoperative and postoperative lumbar DR showing the height of 
the anterior and posterior margins of the L4-5 intervertebral space and the 
measurement of the width of the sagittal plane
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to assess the density of cancellous bone in the lumbar 
spine. These values are expressed in Hounsfield units 
(HU) and are important in assessing bone quality. 
CT images of vertebrae from L1 to L4 were selected 
for measurement, with the cancellous bone area 
at the center of the vertebral body as the region of 
interest (ROI). The ROI should avoid areas of cortical 
bone, local osteophyte formation, degenerative 
structures, and the venous plexus at the posterior 
part. The average CT value within the ROI was 
automatically read using viewing software (such as 
the PACS system) (see Fig. 4). For each vertebra (L1 
to L4), CT values were measured at three levels: the 
layer just beneath the superior endplate, the middle 
layer of the vertebral body, and the layer just above 
the inferior endplate. The average CT value for each 

vertebra was then calculated to obtain the overall CT 
value for the lumbar spine [19].

5) VBQ Measurement Method: VBQ is a parameter 
used to assess vertebral bone quality. In the mid-
sagittal T1-weighted MRI images, the region of 
interest (ROI) was defined as the cancellous bone 
area of the vertebral body from L1 to L4, as well 
as the cerebrospinal fluid (CSF) region at the level 
of L3. The average signal intensity within the ROI 
was measured and compared to the average signal 
intensity of the CSF at the L3 level. The VBQ score 
was then calculated as the ratio of the average 
signal intensity of the L1 to L4 vertebral bodies 
to that of the CSF at the L3 level (see Fig. 5) [20].
Both measurements were performed independently 
by two orthopedic surgeons who were unaware 
of the surgical outcomes. The average of their 
measurements was taken. If the difference between 
their scores exceeded 10%, a third author, who was 
also unaware of the surgical results, was consulted.

Statistical analysis
Data analysis was performed using R 4.3.2 and SPSS 
27.0 statistical software. The significance level was set 
at α = 0.05, and a p-value < 0.05 was considered statisti-
cally significant. For continuous variables with a normal 
distribution, independent samples t-test was used, with 
results expressed as mean ± standard deviation (x ± s). 
For continuous variables with a non-normal distribution, 
the Mann-Whitney U test was employed, and the data 
were presented as median (25th percentile, 75th percen-
tile) [M(P25, P75)]. Categorical variables were analyzed 
using chi-square test, Fisher’s exact test, or non-para-
metric tests as appropriate. Variables that showed statis-
tical significance between the fusion implant subsidence 
group and non-subsidence group in the training cohort 
were incorporated into a multivariable logistic regres-
sion model to identify predictors. A nomogram was 
subsequently developed based on the selected variables 
from the multivariable analysis to predict post-operative 

Fig. 4 Measurement of lumbar CT values. The figure illustrates the pro-
cess of selecting a region of interest (ROI) within a single vertebral can-
cellous bone region, avoiding areas of cortical bone and degenerative 
structures. The average CT value within the ROI is automatically read by 
the viewing software

 

Fig. 3 Preoperative DR showing the degree of osteophyte proliferation at the anterior margin of L4-5 vertebral body-NATHAN classification criteria
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Fig. 5 VBQ measurements. This figure shows the calculation of the VBQ score, which is the ratio of the average signal intensity of the L1 to L4 vertebrae 
to the CSF signal intensity at the L3 level. This measurement is essential for assessing vertebral bone quality and its impact on surgical outcomes
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implant subsidence. The performance of the model was 
validated using receiver operating characteristic (ROC) 
curves, calibration curves, and the Hosmer-Lemeshow 
goodness-of-fit test. Additionally, the clinical utility of 
the model was assessed using decision curve analysis 
(DCA).

Results
Comparison of clinical data
In this study, 159 patients were randomly divided into 
two groups at a ratio of 7:3: the training cohort (n = 111) 
and the validation cohort (n = 48). No statistically signifi-
cant differences were observed between the two groups 
in terms of demographic and clinical characteristics 
(P > 0.05) (see Table 1).

In the training cohort, significant differences were 
found between the fusion implant subsidence group 
and the non-subsidence group across multiple variables, 
including age, bone mineral density (BMD), endplate 
morphology, vertebral body anterior osteophytes, lumbar 
spine CT values, and VBQ scores. These differences were 
statistically significant (P < 0.05) (see Table  2). However, 
no significant differences were observed between the two 
groups regarding gender, history of hypertension, diabe-
tes, smoking, length of hospital stay, operative time, sur-
gical segment, intraoperative blood loss, body mass index 
(BMI), preoperative Farfan index, postoperative Farfan 
index, or Farfan index correction value (P > 0.05) (see 
Table 2).

Multivariate logistic regression model analysis
Based on the statistically significant factors identified in 
the univariate analysis of the training set, these factors 
were utilized as independent variables, while the occur-
rence of interbody fusion cage subsidence post-surgery 
was designated as the dependent variable for the mul-
tivariate logistic regression model analysis. The results 
indicated that bone density, anterior vertebral osteo-
phytes, and lumbar CT values are independent predic-
tors of interbody cage subsidence (see Table 3).

Model construction
Based on the results of the multivariate logistic regres-
sion model analysis, we constructed a nomogram incor-
porating bone density, anterior vertebral osteophytes, 
and lumbar CT values, with a total score of 280 points 
(see Fig. 6). For instance, consider a patient who under-
went L4-5 single-segment transforaminal lumbar inter-
body fusion. This patient presented with a grade 2 
anterior vertebral osteophyte, corresponding to a score 
of 65 points. The bone density was − 2.5, which yielded 
a score of 60 points. The lumbar CT value was 80, cor-
responding to a score of 67 points. Summing these scores 
resulted in a total of 192 points, indicating a risk greater 

Table 1 Comparative results of clinical data in the training and 
validation sets
Factor Training Set 

(n = 111)
Validation Set 
(n = 48)

Statistic P-
value

Gender/Case x2 = 0.016 0.900
   Male 29(73.9%) 13(27.1%)
   Female 82(26.1%) 35(72.9%)
Age (years) 65(56,72) 53.50(50.25, 

59.00)
Z=-1.560 <0.001

Hypertension x2 = 1.073 0.300
   Yes 26(23.4%) 15(31.3%)
   No 85(76.6%) 33(68.8%)
Diabetes x2 = 3.687 0.055
   Yes 11 (9.9%) 0 (0%)
   No 100(90.1%) 48(100%)
Smoking x2<0.001 1.000
   Yes 4 (3.6%) 2 (4.2%)
   No 107(96.4%) 46(95.8%)
Hospital Stay 
(days)

15.00(13.00, 
17.00)

14.00(13.00, 
17.75)

Z=-0.290 0.771

Surgery Dura-
tion (minutes)

180.00(150.00, 
225.00)

180.00(151.25, 
220.00)

Z=-0.101 0.919

Intraoperative 
Blood Loss (ml)

200(150, 400) 200(150, 300) Z=-1.005 0.315

BMI (kg/m²) 23.10(21.61, 
24.65)

23.22(22.61, 
24.91)

Z=-0.682 0.496

Bone Density -2.10(-2.80, 
-1.20)

-2.15(-2.78, 
-1.30)

Z=-0.417 0.677

Preoperative 
Farfan Index

58.85% ± 
10.64%

57.61% ± 
9.53%

t = 157 0.487

Postoperative 
Farfan Index

69%(59%, 75%) 69%(62%, 75%) Z=-0.550 0.582

Adjusted 
Farfan Index

9.5%(4.4%, 
14.7%)

11.75%(7.00%, 
15.95%)

Z=-1.538 0.124

Surgical 
Segment/Case

Z=-0.510 0.610

   L2-3 0 (0%) 1 (2.1%)
   L3-4 1 (0.9%) 1 (2.1%)
   L4-5 78(70.3%) 33(68.7%)
   L5-S1 32(28.8%%) 13(27.1%)
Ante-
rior Vertebral 
Osteophyte

Z=-0.205 0.837

   Grade 1 73(65.8%) 33(68.7%)
   Grade 2 27(24.3%) 9 (18.8%)
   Grade 3 10(9.0%) 5 (10.4%)
   Grade 4 1 (0.9%) 1 (2.1%)
Endplate 
Morphology

Z=-1.211 0.226

Flat Type 35(31.5%) 22(45.8%)
Concave Type 53(47.7%) 16(33.4%)
Irregular Type 23(20.8%) 10(20.8%)
Lumbar CT 
Value

124.99 ± 50.26 113.64 ± 38.38 t = 115.435 0.123

VBQ 2.92(2.64, 3.36) 2.85(2.45,3.27) Z=-0.835 0.404
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Table 2 Comparative results of clinical data in the training set between the cage subsidence and Non-cage subsidence groups
Factor Cage subsidence group(n = 49) Non-cage subsidence group(n = 62) Statistic P-value
Gender/Case x2 = 0.615 0.433
   Male 11(22.4%) 18(29.0%)
   Female 38(77.6%) 44(71.0%)
Age (years) 65.00(54.00,71.00) 53.50(50.00, 60.00) Z=−4.180 <0.001
Hypertension x2 = 2.528 0.112
   Yes 15(30.6%) 11(17.7%)
   No 34(69.4%) 51(82.3%)
Diabetes x2 = 0.170 0.680
   Yes 6 (12.2%) 5 (8.1%)
   No 43(87.8%) 57(91.9%)
Smoking x2 = 0.567 0.451
   Yes 3 (6.1%) 1 (1.6%)
   No 46(93.9%) 61(98.4%)
Hospital Stay (days) 15(12, 17) 14(13, 16) Z=−0.940 0.347
Surgery Duration (minutes) 172.00(150.00, 217.50) 180.00(150.00, 230.00) Z=−0.062 0.950
Intraoperative Blood Loss (ml) 300(175, 550) 200(100, 400) Z=−1.629 0.103
BMI (kg/m²) 23.44(20.81, 25.00) 23.10(22.80, 24.68) Z=−0.500 0.617
Bone Density −2.79 ± 0.83 −1.41 ± 0.87 t=−8.441 <0.001
Preoperative Farfan Index 59.92% ± 9.74% 58.01% ± 11.31% t = 0.937 0.351
Postoperative Farfan Index 66.69% ± 11.08% 67.29% ± 11.63% t=−0.274 0.785
Adjusted Farfan Index 10.00%(5.25%, 14.05%) 8.70%(4.13%, 16.18%) Z=−0.264 0.792
Surgical Segment/Case Z=−0.745 0.456
   L3-4 0 (0%) 1 (1.6%)
   L4-5 37(75.5%) 41(66.1%)
   L5-S1 12(24.5%) 20(32.3%)
Anterior Vertebral Osteophyte Z=−2.796 0.005
   Grade 1 39(79.6%) 34(54.8%)
   Grade 2 8 (16.3%) 19(30.6%)
   Grade 3 2 (4.1%) 8 (12.9%)
   Grade 4 0 (0%) 1 (1.6%)
Endplate Morphology Z=−2.768 0.006
Flat Type 9 (18.4%) 26(41.9%)
Concave Type 26(53.1%) 27(43.6%)
Irregular Type 14(28.5%) 9 (14.5%)
Lumbar CT Value 91.52 ± 39.52 151.46 ± 41.41 t=−7.726 <0.001
VBQ 3.20(2.78, 3.52) 2.84(2.46,3.07) Z=−3.549 <0.001

Table 3 Results of the multivariate logistic regression model analysis for the cage subsidence group and Non-Cage subsidence group 
in the training set
Factor B Value SE Value Wald Value OR Value 95% CI P-value
Age 0.029 0.044 0.446 1.030 0.945∼1.123 0.504
Bone Density -1.589 0.502 10.013 0.204 0.076∼0.546 0.002
Anterior Vertebral Osteophyte - - 9.495 - - 0.023
   Grade 1 - - - - - -
   Grade 2 -1.506 0.779 3.736 0.222 0.048∼1.021 0.053
   Grade 3 -4.015 1.391 8.333 0.018 0.001∼0.276 0.004
   Grade 4 -20.245 40192.970 <0.001 <0.001 - 1.000
Endplate Morphology - - 1.644 - - 0.440
Flat Type - - - - - -
Concave Type 0.967 0.756 1.634 2.629 0.597∼11.571 0.201
Irregular Type 0.554 0.832 0.443 1.740 0.340∼8.890 0.506
Lumbar CT Value -0.030 0.012 5.822 0.971 0.947∼0.994 0.016
VBQ -0.347 0.508 0.466 0.707 0.261∼1.914 0.495
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than 0.7, suggesting that this patient has a high probabil-
ity of experiencing interbody cage subsidence.

Model validation
The discrimination ability of the nomogram model was 
evaluated using the ROC curve. The results indicated that 
the AUC for the training set was 0.93 (95% CI 0.89–0.98) 
(see Fig.  7a), with specificity and sensitivity of 95% and 
78%, respectively, yielding a Youden index of 0.73. In the 
validation set, the AUC was also 0.93 (95% CI 0.86–1.00) 
(see Fig.  7b), with specificity and sensitivity of 88% and 
82%, respectively, resulting in a Youden index of 0.70. The 
calibration of the model was assessed using the Hosmer-
Lemeshow goodness-of-fit test and calibration curves, 
revealing P-values of 0.616 for the training set and 0.904 

for the validation set (both P > 0.05), indicating good con-
sistency of the model (Fig. 8a and b). Additionally, deci-
sion curve analysis (DCA) was employed to evaluate the 
clinical utility of the model, demonstrating that the mod-
el’s predictive risk threshold was substantial, and the use 
of the nomogram for predicting interventions in patients 
undergoing single-segment transforaminal lumbar inter-
body fusion yielded a high net benefit (see Fig. 9a and b).

Discussion
This study identified bone density, lumbar CT values, and 
anterior vertebral osteophytes as independent predictors 
of interbody cage subsidence following single-segment 
transforaminal lumbar interbody fusion, through both 
univariate and multivariate analyses. Previous research 

Fig. 7 ROC Curves for the Training Set and Validation Set (7a represents the ROC curve for the training set; 7b represents the ROC curve for the validation 
set)

 

Fig. 6 nomogram of the risk of cage subsidence in patients after single-segment transforaminal lumbar interbody fusions
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has indicated that a decrease in bone density significantly 
impairs postoperative bone healing capacity [21]. The 
presence of anterior vertebral osteophytes may indicate 
long-term degenerative changes, thereby affecting the 
mechanical properties of the vertebrae [22]. Addition-
ally, lumbar CT values serve as an alternative indicator 
of bone quality, providing a direct reflection of the struc-
tural status of trabecular bone [23]. The findings of this 
study, when compared with existing literature, further 
confirm the critical role of bone density in postoperative 
complications following spinal surgery, while also reveal-
ing the potential value of anterior vertebral osteophytes 
and lumbar CT values as independent predictors [12, 24–
26]. Although prior studies have emphasized the impact 
of bone density, this research is the first to include ante-
rior vertebral osteophytes in the analysis, demonstrating 
their significant role in postoperative interbody cage sub-
sidence. Furthermore, existing studies have shown that 
lumbar CT values are a reliable reference indicator in the 
clinical assessment of complications following spinal sur-
gery [27–30].

As age increases, bone density typically declines, lead-
ing to a reduction in the strength and resilience of the 
skeleton, which makes the vertebrae more susceptible 
to subsidence under load [31]. Concurrently, osteopo-
rosis is characterized by a decrease in bone mass and 
deterioration of the microstructure of bone tissue, fur-
ther exacerbating skeletal fragility and reducing the sta-
bility of postoperative interbody fusion devices, thereby 
increasing the risk of subsidence [32]. The formation of 
anterior vertebral osteophytes occurs as the interverte-
bral disc, which serves as a cushioning structure between 
the vertebrae, gradually degenerates with age or pro-
longed stress, potentially leading to annular tears and 
disc herniation, which can compress surrounding tis-
sues and trigger inflammation. Prolonged physical stress 
places continuous load on the anterior vertebrae, result-
ing in micro-damage and the formation of osteophytes 
[33, 34]. The inflammatory response promotes new bone 
formation, leading to local tissue proliferation and the 
development of osteophytes, which enhances stability 
and reduces the risk of interbody cage subsidence fol-
lowing lumbar surgery [35, 36]. CT values are important 

Fig. 9 Calibration curves for training and validation sets (9a is the training set calibration curve; 9b is the validation set calibration curve)

 

Fig. 8 Calibration curves for training and validation sets (8a is the training set calibration curve; 8b is the validation set calibration curve)
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indicators of vertebral bone density; generally, vertebrae 
with higher bone density can provide better load-bearing 
capacity, thereby more effectively supporting the fusion 
device and reducing the risk of subsidence. Conversely, 
low postoperative CT values may indicate insufficient 
bone density, leading to subsidence of the fusion device 
under load [30]. Relatively higher CT values are typically 
associated with better bone quality and a lower risk of 
subsidence. Considering these factors comprehensively 
aids in a deeper understanding of the risk of postopera-
tive interbody cage subsidence, providing a more accu-
rate basis for preoperative assessment in clinical practice.

Based on the aforementioned considerations, we con-
structed a nomogram model using preoperative bone 
density, anterior vertebral osteophytes, and lumbar CT 
values as predictive variables to assess the risk of inter-
body cage subsidence in patients undergoing single-
segment transforaminal lumbar interbody fusion. This 
model is designed for clinical use, allowing physicians to 
input the various metrics of patients into the nomogram 
to calculate scores, thereby evaluating the probability of 
postoperative interbody cage subsidence. The predictive 
model demonstrated an AUC of 0.93 (95% CI 0.86–1.00) 
in the validation set, indicating superior diagnostic effi-
cacy compared to previously established predictive 
models [13, 37, 38]. Additionally, the calibration of the 
model was assessed in both the training and validation 
sets using the Hosmer-Lemeshow goodness-of-fit test 
and calibration curves. The results indicated P = 0.616 
for the training set and P = 0.904 for the validation set 
(both P > 0.05), suggesting that the model demonstrates 
good consistency. Furthermore, decision curve analysis 
(DCA) revealed a wide range of threshold values, indicat-
ing significant clinical applicability. It is noteworthy that 
the aforementioned indicators are both accessible and 
affordable, allowing for the effective utilization of avail-
able examination items in primary healthcare settings to 
assess the risk of interbody cage subsidence in patients 
following single-segment transforaminal lumbar inter-
body fusion.

Despite providing important insights into interbody 
cage subsidence following single-segment transforaminal 
lumbar interbody fusion, this study has several limita-
tions. First, the small sample size may affect the gener-
alizability and statistical power of the results, thereby 
limiting the ability to detect small effects. Second, the ret-
rospective study design may introduce information bias, 
particularly during data collection and patient follow-
up. Additionally, the relatively short follow-up period of 
the study did not allow for a comprehensive assessment 
of the occurrence of long-term complications and their 
impact on patient recovery. Finally, due to the limitations 
of this study, we are currently unable to perform external 

validation, which would further reinforce the clinical 
applicability of the predictive model.

Future research should focus on multiple directions 
to enhance the understanding and predictive capability 
regarding interbody cage subsidence following single-
segment transforaminal lumbar interbody fusion. First, 
multicenter clinical trials are recommended to increase 
the sample size and enhance the generalizability of the 
results, while extending the follow-up period to better 
assess the impact of long-term complications. Second, 
adopting a prospective study design would help reduce 
information bias and ensure the accuracy and complete-
ness of the data. Furthermore, an in-depth exploration 
of the biological mechanisms influencing cage subsid-
ence, particularly through molecular biology and animal 
experiments to validate the effects of various factors, will 
provide a more scientific basis for clinical practice. Lastly, 
future studies could integrate other relevant risk factors 
to further refine the model and conduct external valida-
tion in independent cohorts to enhance its credibility, 
ensuring its effective application across various clinical 
settings.

In summary, this study conducted an in-depth analysis 
of the predictive value of bone density, lumbar CT values, 
and anterior vertebral osteophytes in relation to inter-
body cage subsidence following single-segment transfo-
raminal lumbar interbody fusion. We developed a highly 
accurate nomogram predictive model to assess the risk 
of interbody cage subsidence in patients undergoing this 
procedure. This model not only provides clinicians with 
an effective preoperative assessment tool but also lays a 
solid foundation for formulating individualized treatment 
plans.
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