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Construction of a nomogram to
predict the probability of new
vertebral compression fractures
after vertebral augmentation of
osteoporotic vertebral
compression fractures: a
retrospective study

Yan Gao, Jianhu Zheng?', Kang Yao®, Weiguo Wang?,
Guoging Tan?, Jian Xin?, Nianhu Li** and Yungang Chen®*

!Shandong University of Traditional Chinese Medicine, Jinan, China, ?The First Clinical Medical
College of Shandong University of Traditional Chinese Medicine, Jinan, China, *Affiliated Hospital of
Shandong University of Traditional Chinese Medicine, Jinan, China

Objective: This study aimed to develop and validate a new nomogram model that
can predict new vertebral fractures after surgery for osteoporotic compression
fractures to optimize surgical plans and reduce the incidence of new vertebral
compression fractures.

Methods: 420 patients with osteoporotic vertebral compression fractures
were randomly sampled using a computer at a fixed ratio; 80% of the patients
were assigned to the training set, while the remaining 20% were assigned to
the validation set. The least absolute shrinkage and selection operator (LASSO)
regression method was applied to screen the factors influencing refracture and
construct a predictive model using multivariate logistic regression analysis.

Results: The results of the multivariate logistic regression analysis showed a
significant correlation between bone cement leakage, poor cement dispersion,
the presence of fractures in the endplate, and refractures. The receiver operating
characteristic curve (ROC) results showed that the area under the ROC curve
(AUC) of the training set was 0.974 and the AUC of the validation set was 0.965,
which proves that this prediction model has a good predictive ability. The brier
score for the training set and validation set are 0.043 and 0.070, respectively,
indicating that the model has high accuracy. Moreover, the calibration curve
showed a good fit with minimal deviation, demonstrating the model's high
discriminant ability and excellent fit. The decision curve indicated that the
nomogram had positive predictive ability, indicating its potential as a practical
clinical tool.

Conclusion: Cement leakage, poor cement dispersion, and presence of
fractures in the endplate are selected through LASSO and multivariate logistic
regressions and included in the model development to establish a nomogram.
This simple prediction model can support medical decision-making and maybe
feasible for clinical practice.
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Introduction

With the aggravation of the aging population, the incidence rate
of osteoporosis in the older population has shown a significant upward
trend, accompanied by severe bone loss. Presently, osteoporosis has
been listed by the World Health Organization as one of the ten most
serious diseases worldwide (1). Osteoporotic vertebral compression
fractures (OVCF) are one of the most common complications of
osteoporosis (2). Approximately 20% of older people aged >70 years
and 16% of postmenopausal women experience OVCE. Moreover,
OVCE usually adversely affects the quality of life, physical function,
mental health, and quality of life of patients, which are related to the
degree of kyphotic deformity and pain caused by fractures (3).
Percutaneous kyphoplasty (PKP) is widely used in clinical treatment
because of its technical safety and effective pain relief. However, some
studies have reported the risk of bone cement leakage and new
vertebral compression fractures (NVCF) after PKP surgery (4, 5).

NVCEF is a common complication of OVCEF surgery that further
reduces the quality of life of patients and places a huge economic
burden on society. Patients with a first occurrence of OVCF have an
increased risk of experiencing NVCF (6), which may be related to the
natural progression of osteoporosis (7). Cheng et al. (8) showed that,
of 247 patients who underwent vertebral augmentation surgery, 23
(9.3%) developed NVCE. Seo et al. (9) reported that the stiffness and
strength of the vertebral body were strengthened after injecting bone
cement into the fractured vertebral body, thereby increasing the risk
of other vertebral fractures. However, Yi et al. (10) found no significant
difference in the incidence of adjacent vertebral fractures after surgery
between patients who received bone cement injections and those who
received conservative treatment. In addition, there are many studies
on OVCF and multiple risk factors that easily cause NVCE, such as
bone cement dispersion, bone cement leakage, anti-osteoporosis
treatment, bone mineral density (BMD), and fracture location
(11-13).

Currently, the risk of postoperative new vertebral compression
fractures (NVCEF) in patients undergoing percutaneous kyphoplasty
(PKP) has been widely recognized and cautioned against. Previous
studies have identified independent risk factors associated with it (14,
15). However, few studies have utilized visual mathematical models to
present the data more clearly and intuitively. In recent years, an
increasing number of scholars (12, 16-19) have conducted related
research and established various nomograms. These studies have
included sample sizes of over 300 individuals and follow-ups of 2 years
or more, demonstrating good sensitivity and specificity. However,
most studies have been based on single surgical teams in individual
medical centers, with few multicenter studies and external validations.
Additionally, these models collect different types and quantities of
variables, leading to differences in the predictive factors analyzed. A
literature review reveals that the observed indicators in these studies
include general information, surgical factors, imaging findings, etc.,
but laboratory tests have not been included in the observed indicators.

Frontiers in Medicine

It is undeniable that biomarkers such as bone-specific alkaline
phosphatase, vitamin D, parathyroid hormone, etc., are closely related
to the pathogenesis of osteoporosis. Therefore, these results may not
fully reflect reality and may hinder clinical decision-making regarding
post-PKP preventive measures. In this study, we aim to develop a
Nomogram model by incorporating more comprehensive observed
indicators to predict patient prognosis and assess the probability of
postoperative NVCF occurrence. By applying this model, surgeons
can better prevent the recurrence of vertebral compression fractures
after PKP and avoid unnecessary waste of medical resources. Current
research is limited to the development and validation of the
nomogram and has not investigated its clinical application. Therefore,
we have designed an operational flowchart for clinical doctors,
showcasing the data generated from the hospital’s EMR system and
manually assessed imaging information, which is presented in
the Appendix.

Methods
Clinical data and selection criteria

This study retrospectively analyzed 698 patients with OVCFs who
underwent PKP surgery at the Affiliated Hospital of Shandong
University of Traditional Chinese Medicine between January 2016 and
January 2021. The follow-up period for all patients was 2 years. This
research was approved by the Institutional Research Ethics Committee
of the Shandong University of Traditional Chinese Medicine Affiliated
Hospital. Written informed consent was obtained from all patients
who underwent the PVP procedure interpretation and clinical data
processing. This study met the specifications for the Transparent
Reporting of a Multivariable Prediction Model for Individual
Prognosis or Diagnosis (TRIPOD) (20).

The inclusion criteria were as follows: 1. Primary osteoporosis
with a bone density that met the World Health Organization
diagnostic criteria for osteoporosis; 2. Availability of complete
preoperative basic data, imaging data, laboratory examinations, and
re-examination at the designated time after surgery; 3. Patients who
had undergone PKP surgery; 4. Presence of obvious low back pain
(visual analog score>6 points), limited physical activity, especially
when rolling over or waking up; 5. Patients with magnetic resonance
imaging (MRI) that had revealed significant signal changes in the
thoracic and lumbar vertebrae, with high-intensity T2 and
low-intensity T1 signals appearing in the fractured vertebral body or
whole-body bone scans showing active bone metabolism; 6. Intact
posterior wall of the vertebral body that the fracture did not affect, and
the vertebral canal was not invaded; and 7. Absence of heart, liver, or
other organ failures before surgery. The exclusion criteria were as
follows: 1. OVCF caused by a tumor, infection, or tuberculosis; 2.
patients who had coagulation dysfunction combined with systemic
diseases and could not tolerate surgery; 3. preoperative systemic or
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FIGURE 1
Flowchart of study participants.

local infections; 4. the presence of spinal cord compressions and
obvious neurological symptoms, such as lower limb numbness and
muscle atrophy; 5. acceptance of posterior pedicle screw fixation and
bone graft fusion; and 6. presence of fractures in the posterior wall of
the vertebral body, which can lead to mechanical instability (Figure 1).

Percutaneous kyphoplasty

In this study, all patients underwent PKP using a unilateral pedicle
approach. The amount of bone cement injected preoperatively was
estimated based on the size, degree of compression, and completeness
of the vertebral body. All patients were placed in the prone position
with support pads placed below the chest and pelvis to avoid
abdominal pressure. Routine preoperative towel disinfection and full
monitoring of vital signs were conducted. The fractured vertebral was
localized using puncture needles under the guidance of C-arm
fluoroscopy. The puncture needle was placed one-third anterior to the
fractured vertebral body through the pedicle under fluoroscopy lateral
radiographs. Then take out the puncture needle was removed, and the
balloon was inflated to restore the vertebral height in the PKP. The
“toothpaste-like” polymethylmethacrylate (PMMA) was instilled,
filling the fractured bone. The whole process was slowly completed
under fluoroscopy to avoid bone cement leakage. All the procedures
were completed successfully by two experienced orthopedic surgeons.

New OVCEF identification criteria

The main diagnostic criteria for NVCF after PKP were as follows:
1. After receiving PKP treatment for the initial fracture, lower back
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pain recurrence within 2 years of follow-up, accompanied by limited
mobility and increased pain when changing positions, such as waking
up and turning over. Physical examination revealed local tenderness
and percussion pain without symptoms of spinal cord or nerve root
compression. 2. Compared to the radiographic appearance of the first
fracture, there was a new vertebral wedge transformation, and MRI
showed a low signal on T1-weighted images and a high signal on
T2-weighted images. MRI also was used to exclude other spinal
diseases, including infections and malignant tumors, thus helping us
exclude patients who did not meet the NVCF standards.

Statistical analysis

Selection criteria for predictor variables

We analyzed and reviewed relevant literature published to date,
summarizing and analyzing patient baseline data, laboratory tests,
imaging examinations, surgeries, and other aspects, and collected risk
factors related to NVCE. Baseline features included age, sex, BMI
(weight in kilograms divided by height in meters), BMD, time from
injury to surgical treatment, length of hospital stay, fracture site,
presence of multiple vertebral fractures, history of steroid use, and
regular anti-osteoporosis treatment after the first surgery. Imaging
examinations included local vertebral height recovery, vertebral height
recovery rate factors, such as changes in the Cobb angle, presence of
endplate fractures, leakage of bone cement (defined as bone cement
entering the intervertebral space beyond the upper/lower vertebral
lamina), and good dispersion of laboratory indicators, such as
osteocalcin, vitamin D, and parathyroid hormone. Surgical factors
included the amount of bone cement injected and the number of
vertebral bodies undergoing surgery. Baseline characteristics and
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laboratory indicators were extracted using ETLCloud software.
Surgical factors were obtained by reviewing patient surgical records.
Imaging information was evaluated by two spine surgeons (with
3years and 7 years of clinical experience, respectively) using imaging
system software to record imaging measurement results. In case of
disagreement, a group discussion was held with another surgeon (with
20vyears of clinical experience) to reach a consensus and record it.

Statistical methods and software

In this study, STATA 17.0 for Windows (StataCorp, Texas,
United States) and Rversion 4.1.3 (RFoundation for Statistical
Computing) were used for statistical analysis. Continuous variables
were statistically analyzed using the Mann-Whitney U test and
expressed as medians (quartiles). Categorical variables were
statistically analyzed using the chi-square or Fisher exact tests and
reported as the number of cases (percentage). Using a computer to
conduct random sampling at a fixed proportion, 80% of the patients
were assigned to the training set, and the remaining 20% were
assigned to the validation set. The LASSO regression method was used
to reduce the data dimensions, avoid overfitting and multicollinearity,
and screen the factors influencing refracture. Use 10x cross-validation
to determine the optimal value through 1x standard error A. Based on
the characteristics of LASSO regression screening, a predictive model
was established using multivariate logistic regression analysis, and the
nomograms and calibration plots were established in the training set
using R software and the “rms” software package. Using Stata software
to draw the ROC curve, the larger the AUC, the stronger the predictive
ability of the model. The Stata software was used to draw decision
curves, quantitatively verify the net benefits under different threshold
probabilities in the dataset, and conduct decision curve analysis to
determine the clinical practicality of the column chart. All statistical
tests were bilateral, and a p-value <0.05 was considered significant.

Ethics approval and consent to participate

The study was conducted by the Declaration of Helsinki. The
Ethics Committee of the Affiliated Hospital of Shandong University
of Traditional Chinese Medicine approved the study. Because it was a
retrospective study, written informed consent was waived.

Results
Patients’ baseline characteristics

Opverall, 420 patients met the inclusion criteria; 111 patients were
newly diagnosed with fractures after surgery, whereas 309 patients had
no new fractures. In the group without new fractures, the number of
female patients (279 cases, 90.3%) was significantly higher than that
of male patients (30 cases, 9.7%), presenting the same results in the
new fracture group, indicating that there was no statistically significant
difference in sex between the two groups. In addition, there were no
significant differences (p>0.05) between the two groups in terms of
age, menopausal age, body mass index (BMI), BMD, time from injury
to surgical treatment, length of hospital stay, fracture site, presence of
multiple vertebral fractures, history of steroid use, vitamin D levels,
parathyroid hormone levels, Injection volume, vertebral height
recovery rate, or Cobb angle recovery. There was a significant
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difference in osteocalcin levels between the two groups (p <0.01), with
lower levels of osteocalcin in the blood of patients in the refracture
group. More patients in the newly diagnosed fracture group
experienced preoperative vertebral endplate fractures and
intraoperative bone-cement leakage with poor bone-cement

dispersion (p<0.01); Table 1 presents the detailed results.

Least absolute shrinkage and selection
operator regression analysis results

Using LASSO regression analysis for feature variable screening,
variable shrinkage coefficient graphs and cross-validation curve
graphs were drawn. According to the results of cross-validation, when
the mean square error of the distance was twice the standard error (A
Ise) and Alse=0.04578116, the optimal model was obtained, and
three non-zero coeflicient research variables were selected, namely
bone cement leakage, poor bone cement dispersion, and the presence
of endplate fractures. Figure 2 shows the detailed results.

Establishing a multivariate logistic
regression analysis model

A multivariate logistic regression analysis model was
constructed using the three characteristic variables identified by
LASSO regression, including cement leakage, poor cement
dispersion, and the presence of fractures in the endplate, as
independent variables and the occurrence of refractures as
dependent variables. The results showed that the leakage of bone
cement, poor dispersion of bone cement, and presence of fractures
and refractures in the endplate were all significant (p <0.01); Table 2
shows the detailed results.

Development and validation of nomogram
diagrams

Three independent predictive factors were selected through
LASSO and multivariate logistic regressions and included in the
model development to establish a nomogram. Among these are three
predictive factors as follows: cement leakage, poor cement dispersion,
and presence of fractures in the endplate (Figure 3). Each prediction
factor was located on the relevant axis, and a straight line was drawn
based on the prediction factor on the vertex axis to obtain a point. The
scores obtained for each predictor were summed to obtain the total
score. The final total score was placed on the total score axis, and a
straight line was drawn to predict the probability of further fractures.
To further determine the accuracy of the nomogram plot, we validated
it using the receiver operating characteristic and calibration curves.
The ROC curve results showed that the area under the ROC curve
(AUC) of the training set was 0.974 and the AUC of the validation set
was 0.965 (Figure 4), which proves that this prediction model has a
good predictive ability. The calibration curve of the model fits well
with the curve after correcting for bias, indicating that the prediction
model has a high discrimination ability and good fitting performance
(Figure 5).
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TABLE 1 Baseline characteristics of patients with no new vertebral compression fractures and new vertebral compression fractures.

Variables No new vertebral New vertebral
compression (n =309) compression (n =111)
Gender (n, %)
Male 30 (9.7%) 15 (13.5%)
0.28
Female 279 (90.3%) 96 (86.5%)
Age [years]
<70 138 (44.7%) 42 (37.8%) 0.35
80>age>70 115 (37.2%) 43 (38.7%)
>80 56 (18.1%) 26 (23.4%)
Menopausal age [years]
Male 30 (9.7%) 15 (13.5%)
<47 70 (22.7%) 20 (18.0%)
0.54
52>age>47 172 (55.7%) 61 (55.0%)
>53 37 (12.0%) 15 (13.5%)
Multiple vertebral fracture
No 251 (81.2%) 80 (72.1%)
0.06
Yes 58 (18.8%) 31 (27.9%)
Fracture site
Over T10 21 (6.8%) 10 (9.0%) 0.07
T10-L2 211 (68.3%) 69 (62.2%)
L3-L5 45 (14.6%) 11 (9.9%)
Else 32 (10.4%) 21 (18.9%)
Steroid use
No 300 (97.1%) 108 (97.3%) 1.00
Yes 9 (2.9%) 3(2.7%)
Anti-osteoporosis therapy
No 136 (44.0%) 67 (60.4%) <0.01
Yes 173 (56.0%) 44 (39.6%)
Leakage
No 286 (92.6%) 19 (17.1%) <0.01
Yes 23 (7.4%) 92 (82.9%)
Diffusion of bone cement
No 28 (9.1%) 93 (83.8%) <0.01
Yes 281 (90.9%) 18 (16.2%)
Endplate fracture
No 289 (93.5%) 12 (10.8%) <0.01
Yes 20 (6.5%) 99 (89.2%)
Hospitalization to surgery (days) (median, (IQR)) 3.0 (2.0, 4.0) 3.0 (2.0,4.0) 0.30
Injection volume (ml) (median, (IQR)) 5.0 (4.0, 5.0) 4.5(3.5,5.0) 0.11
BMI (kg/m?) (median, (IQR)) 23.4(21.5,25.2) 22.9 (20.5, 26.4) 0.78
BMD (median, (IQR)) 0.6 (0.6, 0.7) 0.6 (0.6, 0.7) 0.06
Parathyroid hormone (median, (IQR)) 40.7 (30.7 53.5) 40.2 (31.9,51.9) 0.72
Vitamin D (median, (IQR)) 15.6 (11.5,22.7) 16.3 (11.9,23.1) 0.60
Osteocalcin (median, (IQR)) 18.5(14.4,26.1) 15.9 (12.0, 23.5) <0.01
Operation time after injury (days) (median, (IQR)) 9.0 (4.0, 17.0) 10.0 (6.0, 21.0) 0.09
Fractured vertebral bodies (numbers) (median, (IQR)) 1.0 (1.0, 1.0) 1.0 (1.0, 2.0) 0.04
Hight recover (mm) (median, (IQR)) 9.4 (6.3,11.9) 9.1 (6.5,12.1) 0.90
High recovery rate (median, (IQR)) 0.7 (0.4, 0.9) 0.7 (0.4, 1.0) 0.12
Cobb angle recover(°) (median, (IQR)) 9.7 (6.9,13.2) 11.3 (6.7,15.7) 0.07
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Predictor selection using the least absolute shrinkage and selection operator (LASSO) logistic regression model. (A) Dotted vertical lines were drawn at
the optimal values by using the minimum criteria and the 1 standard error of the minimum criteria (the 1-SE criteria). (B) Lasso coefficient profiles of the
22 clinical features. The dotted vertical line was plotted at the value selected using 10-fold cross-validation in (A), for which the optimal A resulted in 3

non-zero coefficients.

TABLE 2 Multivariate logistic regression in the training set.

Variable

Multivariate logistic analysis

Odds ratio (95% Cl)

Leakage 2411 11.148(3.514-35.366) 0.014
Diffusion of bone cement —1.512 0.221 (0.659-0.738) <0.001
Endplate fracture 3.772 43.449 (13.233-142.657) <0.001

DCA curve analysis

As shown in Figure 6, within a threshold range of approximately
0.1 to 0.9, using a predictive model to predict the risk of refracture
within 2 years after surgery for osteoporotic compression fractures was
more advantageous than implementing intervention plans for all
patients. The net benefit of the predictive model was significantly
higher than that of full intervention or non-intervention for patients.

Discussion

With the aging population, osteoporosis has become a common
disease that threatens the health of middle-aged and older individuals.
OVCE is one of the most common brittle fractures, with a 30-50%
prevalence rate in people over 50years old (21). PKP, one of the best
options for treating OVCE, can effectively alleviate pain symptoms
(22) and many postoperative complications. Related studies have
shown that the probability of recurrent vertebral fractures in patients
with OVCFs undergoing PKP surgery can be as high as 34.8% (13, 23).
According to the published literature, factors such as fracture site,
cement leakage, advanced age, sagittal biomechanical imbalance, and
low bone density are independent risk factors for NVCE In this study,
we used LASSO and multivariate logistic regression to screen for three
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independent predictive factors: cement leakage, cement dispersion,
and the presence or absence of endplate fractures. We developed a
nomogram model that has the advantages of simplicity, convenience,
and reliable results. This study also used a validation set to validate the
established model. The calibration curve showed that the model had
high applicability, reflecting its clinical application value. This model
can be used to assist spinal surgeons in assessing the risk of recurrent
fractures in patients with OVCF after PKP surgery and to develop
personalized prevention and treatment strategies for such high-
risk patients.

Bone cement leakage is a common complication after PKP
surgery, and the literature has reported that it is an important factor
influencing NVCF (24, 25). In a study on bone cement leakage,
approximately 14.7% of 102 patients with PKP experienced bone
cement leakage (26). Dai et al. conducted a meta-analysis of 23
articles, including 9,372 patients with OVCE of which 1,255 (13.39%)
had postoperative refractures. The results showed that bone cement
leakage (OR=2.05, 95% CI 1.40-3.00, p <0.001) increased the risk of
postoperative refractures and was a closely related risk factor,
consistent with the results of this study. Bone cement leakage has
always been a research hotspot among the postoperative complications
of minimally invasive surgery. Bone cement can leak into different
body parts, and common clinical sites include the intervertebral disc,
soft tissue near the vertebral canal, venous plexus of the vertebral

frontiersin.org


https://doi.org/10.3389/fmed.2024.1369984
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Gao etal.

10.3389/fmed.2024.1369984

0.50
1 - Specificity
Area under ROC curve = 0.9742

FIGURE 4

an AUC of 0.9650 in the validation cohort (B).

0 10 20 30 40 50 60 70 80 90 100
Points L N L L N L il L L L )
1
Leakage r !
0
e 0
Diffusion_of_bone_cement r .
1
1
Endplate_fracture r 4
0
Total Points r T T T T T T T T T T T T T ]
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Linear Predictor T T T T T T T T T 1
-5 -4 -3 -2 -1 0 1 2 3 4
Risk probablity of refracture T T T —T T |
0.1 02 03 04 05 06 07 08
FIGURE 3
Nomogram to predict the probability of new vertebral compression fractures after vertebral augmentation of osteoporotic vertebral compression
fractures.
A B
84 81
n n
~ ~
o o
g 2
=3 =3 |
23 23
& )
8§ &
o o
8 8
o T T T T  — iRy T T T
0.00 0.25 0.75 1.00 0.00 0.25 075 1.00

The receiver operating characteristic curve (ROC) of the nomogram, with an area under the ROC curve (AUC) of 0.9742 in the training cohort (A) and

0.50
1 - Specificity
Area under ROC curve = 0,9650

canal, and epidural space. Some studies have shown that leakage of
bone cement into the intervertebral disc is a critical factor causing
postoperative fractures (odds ratio=4.633) (27). The intervertebral
disc is a crucial buffering device in the spinal mechanical system.
Infiltration of bone cement into the intervertebral disc tissue can

Frontiers in Medicine

07

exacerbate the degeneration of the intervertebral disc, leading to an
uneven distribution of stress within the intervertebral disc, thereby
weakening the buffering capacity of the intervertebral disc and the
strength of adjacent vertebral endplates (28, 29), increasing the risk of
other vertebral fractures. In 2008, through a retrospective analysis of
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treatment across a threshold probability range.

508 patients who underwent percutaneous vertebroplasty (PVP)
surgery, Ahn et al. (30) believed that fractures in adjacent vertebral
bodies were caused by a significant difference in strength between
adjacent vertebral bodies after filling with bone cement and referred
to this phenomenon as direct pillar effect. In addition, nonadjacent
vertebral fractures are defined as a dynamic hammer effect, which may
be due to the low strength and poor mobility of adjacent vertebral
bodies, thereby affecting the distal vertebral body and causing
fractures. Therefore, if bone cement leakage occurs during surgery,
patients should be promptly informed of the high likelihood of
recurrent fractures and other risks after surgery (31). Based on
previous reports and the results of this study, we believe that it is
necessary to carefully observe the morphology of the fractured
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vertebral body, the position of the fracture line, and the approach and
angle of the puncture needle before surgery to avoid leakage of
bone cement.

In this study, we defined the dispersion mode of bone cement
within the vertebral body and believed that filling with bone cement
that crosses the midline and adheres to the endplate up and down is
considered good dispersion; otherwise, it is considered poor
dispersion. Chen et al. (32) demonstrated that the restoration of
biomechanical balance depends on the distribution of cement. When
choosing a unilateral pedicle approach, the bone cement is limited to
one side of the vertebral body with poor dispersion, and there is a
significant difference in strength between the two sides of the vertebral
body. Compared to the strengthened side, the strength of the
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unreinforced side decreased significantly. The unevenly distributed
bone cement causes the strength and stiffness of the vertebral body to
show an asymmetric state in all regions. Local imbalance in
biomechanics can exacerbate the overall biomechanical burden on the
spine, leading to irreversible consequences, including other vertebral
fractures (33, 34). Numerous studies and finite element analyses have
shown that the uniform distribution of bone cement in the cancellous
bone can reduce stress concentration, thereby further reducing the
risk of recurrent fractures in adjacent and other vertebral bodies (35-
37). Lietal. (12) found through a retrospective analysis of 329 surgical
patients that patients with well-dispersed bone cement had a lower
probability of recurrent fractures in adjacent vertebral bodies than
patients with agglomerated and unevenly distributed bone cement.
Theoretically, when bone cement is attached to the fractured vertebral
endplate and distributed in a circular pattern, uneven biomechanical
stress can be avoided, thereby reducing the risk of NVCF (38). In this
study, we observed that good dispersion of bone cement was an
important independent predictor of NVCE. Therefore, we believe that
during the surgical process, if the surgeon chooses a unilateral pedicle
approach, cement should be injected such that it spreads as far as
possible to the opposite side and fits as close as possible to the upper
and lower end plates. Compared to a unilateral approach, a bilateral
pedicle approach can more easily achieve a uniform distribution of
cement and reduce surgical difficulty (39), resulting in better surgical
outcomes and a reduced risk of new vertebral fractures.

The vertebral endplate is the intermediate connection between the
vertebral body and the intervertebral disc and is responsible for the
smooth transmission of the mechanical load of the human body. It
comprises two parts, including bone and cartilage endplates. The bony
end plate shows mild depression. The cartilage endplate covers the
bone endplate and exists for a lifetime, responsible for sharing the
pressure of the intervertebral disc and exchanging nutrients with it
(40). From the perspective of biomechanical research, the vertebral
endplate bears 40-75% of the pressure of the vertebral body and
directly participates in transmitting the pressure load from the
intervertebral disc to the vertebral body (41). When the endplate
fractures, the pressure it bears is uneven, leading to accelerated
degeneration of the intervertebral disc (42). Studies have found that
patients with endplate fractures who undergo cement surgery have an
increased risk of cement leakage and may even experience fractures
in other vertebral bodies (43). Based on these two points, when the
bone cement seeps into the intervertebral disc through the fracture
line of the endplate, it undergoes degeneration. At this time, the
distance between the cement and adjacent vertebral endplate is
shorter, and the stress on the adjacent endplate is more concentrated.
Weak vibrations can amplify the load transmission of the cement on
the adjacent endplate, thereby transmitting pressure to the adjacent or
distal vertebral body and becoming a high-risk factor for postoperative
recurrent fractures (1). In our study, endplate fracture was observed
to be an independent predictor of refracture. We believe that it is
necessary to control cement viscosity to prevent cement leakage
during the surgical process, especially in patients with endplate
fractures. Once leakage is detected during surgery, the cement
injection should be stopped promptly. In addition, during balloon
opening, the collapsed endplate should be restored completely to
achieve complete anatomical reduction.

In recent years, an increasing number of scholars have focused on
developing and validating predictive models for newly occurring
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vertebral fractures following vertebral augmentation procedures in
osteoporotic compression fractures. Li et al. developed a predictive
model incorporating factors such as the amount of bone cement
injected, anti-osteoporosis treatment, cement leakage, cement
dispersion, and endplate contact (12). This model demonstrated good
discrimination, and the calibration curve indicated alignment between
predicted values and actual outcomes, resulting in a higher clinical net
benefit. In a model developed by Qian et al., predictors included bone
mineral density (BMD), cement leakage, and cement morphology,
with respective AUCs of 0.848 and 0.867 for the training and
validation sets (16). Studies by Ma et al. identified female gender,
cerebrovascular disease, fracture history, and cement intervertebral
leakage as risk factors for NVCF (17). Zheng et al., in a population of
postmenopausal individuals, found cement leakage, poor cement
dispersion, and endplate fractures as independent predictors in their
model for NVCF (44).

Other scholars have also conducted related research (18, 45). In
existing prediction models, the types and quantities of predictive
factors vary, but overall, they demonstrate high discrimination,
calibration, and clinical net benefit. We carefully considered the
reasons for this variation. Firstly, surgeons from different medical
centers vary, and so do their surgical philosophies. For instance, some
scholars believe that injecting more bone cement can yield better
results, while others prioritize minimizing the risk of cement leakage.
Secondly, the types and quantities of variables included by different
scholars also vary, which could be another reason for differences in
predictive factors. These studies include observed indicators
comprising only general information and surgery-related factors,
neglecting key laboratory test information in the pathogenesis of
osteoporosis. Thirdly, due to their retrospective nature, data bias is
inevitably present in these analyses.

In our study, we extracted 23 observed indicators, including
results from tests for bone-specific alkaline phosphatase, vitamin D,
and parathyroid hormone. This comprehensive inclusion of observed
indicators aims to make our model more accurate and closer to the
actual incidence rates. We endeavored to include as many relevant
factors as possible in the database for analysis, encompassing all
eligible patients treated by the same team over the past 7years.
Compared to other models, our developed model exhibits higher
discrimination, calibration, and clinical net benefit while requiring
fewer predictive factors. This enables clinicians to spend less time in
practical settings making judgments based on predictive factors and
achieve higher prediction success rates. This is beneficial for patient
treatment and prognosis, aligning with the purpose of our research.
Through our analysis, we identified three independent predictive
factors: cement leakage, dispersion extent, and endplate fracture, and
established a Nomogram. This Nomogram can be easily accessed
through clinical imaging data. By using this model, spine surgeons can
promptly and effectively assess the risk of NVCE, tailor surgical plans,
postoperative treatment, and long-term management strategies for
high-risk patients, thus avoiding waste of medical resources and
alleviating the medical economic burden on patients and society.

Upon reviewing the literature, it was found that the majority of
studies did not describe the specific methods for obtaining clinical
data. In studies like that of TU et al., surgery-related preoperative and
postoperative potential risk factors were extracted from medical
records, surgical records, and questionnaires, but the extraction
method was not mentioned. Radiological parameters postoperatively
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were manually assessed by spine surgeons (46). In our study, baseline
characteristics and laboratory indicators were extracted using
ETLCloud software, surgical factors were obtained by reviewing
patient surgical records, and imaging information was assessed by
spine surgeons using imaging system software. It can be imagined that
the medical centers currently involved in the research have not yet
achieved the automatic integration and presentation of patients’
general information, surgical records, imaging information, laboratory
tests, etc., in real-time to clinicians, and feedback from clinicians
cannot be received in real-time to adjust the model. Clinicians can
only collect and integrate various information and analyze the model
after treating a certain number of patients, correcting the model
accordingly. This inevitably leads to lag in model adjustment. In
summary, there have been no studies seen yet that systematically
automatically extract all data, analyze, and provide feedback. This may
be related to the level of informationization of various medical centers,
which will be the direction of our next research. With further
development and application of medical information technology and
Al the automatic identification, extraction, and real-time feedback of
large amounts of clinical data will undoubtedly become a reality. The
emergence of more clinical evidence and demographic data may make
the model more stable and accurate.

This study has several limitations. First, the cases in this study
were all from our hospital’s orthopedic surgical patients, lacking data
comparison from multiple centers. External validation is needed with
more patients from different countries and regions. Second, our study
is a retrospective analysis, which entails a certain degree of selection
bias. It is necessary to conduct prospective studies with large sample
data jointly with other centers to verify the accuracy and applicability
of the Nomogram. Third, the follow-up period in this study was
2years, and longer follow-up is needed to validate the reliability of
the model.

Conclusion

Leakage and dispersion of bone cement, as well as the presence of
fractured endplates, were the three independent predictive factors
obtained in this study. We used these three factors to create a
nomogram model and confirmed its discrimination, calibration, and
clinical applicability through validation, which can help spinal
surgeons better evaluate the risk of NVCF after PKP surgery and
provide a basis for personalized clinical treatment plans and preventive
measures, thereby reducing the incidence of NVCE improving the
quality of life of patients, and effectively avoiding the waste of
medical resources.
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