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The vertebral body’s Hounsfield unit (HU) value can credibly reflect patients’

bone mineral density (BMD). Given that poor bone-screw integration initially

triggers screw loosening and regional differences in BMD and strength in the

vertebral body exist, HU in screw holding planes should better predict screw

loosening. According to the stress shielding effect, the stress distribution

changes in the fixation segment with BMD reduction should be related to

screw loosening, but this has not been identified. We retrospectively collected

the radiographic and demographic data of 56 patients treated by single-level

oblique lumbar interbody fusion (OLIF) with anterior lateral single rod (ALSR)

screw fixation. BMD was identified by measuring HU values in vertebral bodies

and screw holding planes. Regression analyses identified independent risk

factors for cranial and caudal screw loosening separately. Meanwhile, OLIF

with ALSR fixation was numerically simulated; the elastic modulus of bony

structures was adjusted to simulate different grades of BMD reduction. Stress

distribution changes were judged by computing stress distribution in screws,

bone-screw interfaces, and cancellous bones in the fixation segment. The

results showed that HU reduction in vertebral bodies and screw holding planes

were independent risk factors for screw loosening. The predictive performance

of screw holding plane HU is better than the mean HU of vertebral bodies.

Cranial screws suffer a higher risk of screw loosening, but HU was not

significantly different between cranial and caudal sides. The poor BMD led to

stress concentrations on both the screw and bone-screw interfaces.

Biomechanical deterioration was more severe in the cranial screws than in
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the caudal screws. Additionally, lower stress can also be observed in fixation

segments’ cancellous bone. Therefore, a higher proportion of ALSR load

transmission triggers stress concentration on the screw and bone-screw

interfaces in patients with poor BMD. This, together with decreased bony

strength in the screw holding position, contributes to screw loosening in

osteoporotic patients biomechanically. The trajectory optimization of ALSR

screws based on preoperative HU measurement and regular anti-osteoporosis

therapy may effectively reduce the risk of screw loosening.

KEYWORDS

oblique lumbar interbody fusion, screw loosening, biomechanical deterioration,
anterior lateral single rod fixation, screw holding plane, stress distribution

1 Introduction

Anterior lateral single rod (ALSR) fixation can provide

sufficient instant postoperative stability for oblique lumbar

interbody fusion (OLIF) patients without the need for other

surgical incisions (Zhao et al., 2022a; Zhao et al., 2022b). As a

hardware-related complication, screw loosening has been widely

reported, negatively affecting patients’ rehabilitation and

deteriorating long-term prognosis (Bokov et al., 2019; Zou

et al., 2020). Osteoporosis is an essential risk factor for this

complication. Bone-screw integration was aggravated with the

reduction in bone mineral density (BMD); this was proven to be

the primary mechanism for the higher risk of screw loosening in

osteoporotic patients (Bokov et al., 2019; Zou et al., 2020).

Traditionally, the dual-energy X-ray absorptiometry is the

gold standard for diagnosing osteoporosis. However, this

imaging examination cannot eliminate pathological bone

formation during lumbar degenerative diseases (e.g.,

osteophytes, endplate sclerosis, and zygapophyseal joint

osteoarthritis). This leads to an underestimation of the

severity of osteoporosis in patients with lumbar degenerative

diseases (Mikula et al., 2019; Zou et al., 2020). The vertebral

Hounsfield unit (HU) value measured by computed tomography

(CT) has been widely used to diagnose osteoporosis (Bredow

et al., 2016; Gausden et al., 2017). The confounding effect of

pathological bone formation can be eliminated during the

measurement of HU in the vertebral body by adjusting the

region of interest (Mi et al., 2017; Zou et al., 2019). Thus, HU

has become a credible indicator in BMD judgment.

Presently, the HU value of the vertebral body is defined by the

average value of four planes, including the midsagittal plane,

central transverse plane, and transverse planes close to the

superior and inferior bony endplates (Figure 1) (Bredow et al.,

2016; Zou et al., 2019). Although this HU definition method is

commonly used in BMD judgment and screw loosening risk

prediction for patients with lumbar screw fixation, it still has

inherent defects: it cannot directly reflect the BMD in the screw

holding plane. As mentioned above, the yield strength reduction

of cancellous bone is the main biomechanical mechanism for

poor bone-screw integration and resulting screw loosening in

osteoporotic patients, and regional differences in BMD and

strength in cancellous bone exist (Smit et al., 1997; Wegrzyn

et al., 2010). We hypothesize that the HU measurement of the

screw holding plane can better reflect changes in these local

effects.

As above mentioned, surgeons believe that the decreased

bony strength is the main reason for the increased risk of

screw loosening in osteoporotic patients. Meanwhile, studies

illustrated that stress concentration on the bone-screw

interfaces and fixation screws would aggravate poor bone-

screw integration and result in screw loosening (Tsuang

et al., 2016; Pearson et al., 2017; Nowak, 2019; Kanno

et al., 2021). Specifically, according to the stress shielding

effect, the reduction of BMD will aggravate the stiffness

differences between bony structures and titanium screws

(Agarwal et al., 2016; Hsieh et al., 2020). As a result, a

higher proportion of stress should be transported by the

screw fixation system. Therefore, we hypothesize that this

may be the potential mechanism for the stress concentration

of screw and bone screw interfaces. In other words, a higher

risk of screw loosening in osteoporotic patients may not be

limited to poor bone quality but also biomechanical

deterioration in bone-screw interfaces, but this has still

not been verified.

In this study, to verify these hypotheses, we investigated

whether the HU in the screw holding plane is a better

predictor during the judgment of screw loosening and

investigated changes in the load transmission proportion

between the vertebral body and ALSR screw system with

BMD stepwise reduction. The prospectively collected

radiographic and demographic data of OLIF patients fixed

by ALSR were retrospectively reviewed. Changes in the stress

distribution of the ALSR fixation segment were investigated

by computing biomechanical changes in fixation screws,

bone-screw interfaces, and cancellous bones of vertebral

bodies in an anteriorly constructed and validated

lumbosacral model. This study could provide theoretical

guidance for understanding the screw loosening

mechanism and feasible methods to reduce the risk of

screw loosening.
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2 Materials and methods

2.1 Review of prospectively collected
radiographic and demographic data

2.1.1 Patient collection
The ethics committees of West China Hospital approved the

protocol of this study (2020-554). Informed consent was waived

for this retrospective study. We retrospectively reviewed the

radiographic and demographic data of OLIF patients with

ALSR screw fixation from May 2017 to August 2019. Their

age, sex, and body mass index (BMI) were recorded. A senior

spine surgeon performed all operations. Screw types and sizes

were identical in these patients. All screws were placed in a single

attempt and penetrated the contralateral cortex.

Patients who underwent single segment OLIF with ALSR

screw fixation for patients with lumbar degenerative diseases,

including spinal stenosis, grade 1 and grade 2 degenerative

spondylolisthesis, and lumbar disc herniation, were included

in this study. The exclusion criteria were as follows: 1)

Patients with a history of lumbar surgery; 2) Patients with

primary or metastatic spinal tumors, lumbar tuberculosis,

rheumatic immune diseases, and secondary osteoporosis

caused by medication or other metabolic diseases; 3) Patients

with grade 3 and grade 4 degenerative spondylolisthesis or

spondylolysis; 4) Patients who underwent lumbar revision

surgery within the clinical follow-up period of 12 months for

complications other than screw loosening; 5) Patients who

underwent intraoperative screw replacement.

2.1.2 Radiographic data collections
Patients underwent lumbar computational tomography (CT)

three times in the imaging center of West China Hospital,

including 1 week before, 1 week after, and 1 year after OLIF

surgery. The tube voltage was set to 120 kV, and all CT scan

setting parameters were uniform in all enrolled patients (Mikula

et al., 2019; Xi et al., 2020; Zou et al., 2020). An experienced spine

surgeon independently measured the screw loosening status and

radiographic parameters mentioned in the Figure 1. The

interobserver and intraobserver reliability of these measured

parameters was verified in 10 randomly selected patients. One

week after the imaging measurement, the spine surgeon and a

senior radiologist independently remeasured the imaging

parameters of these selected patients. These measurement

results were recorded separately to verify intraobserver and

interobserver consistency.

The screw loosening status of the cranial and caudal vertebral

bodies was judged separately. In the postoperative 1 year CT

imaging data, vertebral bodies with ≥1 mm width radiolucent

zones around the screw were defined as screw loosening

(Figure 2) (Bredow et al., 2016; Bokov et al., 2019; Zou

et al., 2020). The BMD of these patients was identified by

measuring their Hounsfield unit (HU) values in the

preoperative CT imaging data. During HU measurement in

vertebral bodies, the region of interest was expanded to the

largest within the cancellous bone but excluded other bony

structures, such as cortical shell, BEP, and osteophytes

(Schreiber et al., 2014; Xi et al., 2020; Zou et al., 2020). As

FIGURE 1
Schematic of different HUmeasurement methods and themeasurement of intraoperative covariables. HU1, HU in the transverse plane close to
the superior BEP; HU2, HU in the central transverse plane; HU3, HU in the transverse plane close to the inferior BEP; HU4, HU in themidsagittal plane;
The mean value of HU1 to HU4 was defined as the mean HU of the vertebral body; HU5, HU value of the screw holding plane.
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mentioned above, HU was measured separately at the

midsagittal plane, central transverse plane, and transverse

planes close to the superior and inferior endplates. These

HU values were defined as HU1 to HU4. The average value of

these planes was set as the HU of the vertebral body (Pickhardt

et al., 2013; Mikula et al., 2019; Xi et al., 2020; Zou et al., 2020).

The screw holding plane was identified based on the instant

postoperative CT imaging data (Ishikawa et al., 2018; Sakai

et al., 2018; Xu et al., 2020). The HU value measured on the

corresponding transverse plane in preoperative CT was

defined as HU5 to represent the BMD of the screw holding

cancellous bone (Figure 1).

FIGURE 2
Typical cases for the better predictive performance of screw holding plane HU when predicting the risk of screw loosening.
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Meanwhile, considering that disc distraction, segmental

lordotic (SL) angle restoration, and cage position could affect

local transmission patterns, these values were regarded as

covariables and were also been measured in this study (Okuda

et al., 2006; Landham et al., 2017). Disc height was measured on

the central sagittal plane, and its value was defined as the average

value of the anterior and posterior disc height. The difference in

disc height between pre- and postoperation was defined as the

value of disc distraction (Kaito et al., 2011; Havey et al., 2012).

The SL angle was also measured on the central sagittal plane, and

differences in SL between pre- and postoperation were defined as

the value of SL restoration. The cage’s position was identified in

the instant postoperative CT scan (Figure 1) (Labrom et al., 2005;

Landham et al., 2017; Park et al., 2017; He et al., 2021).

2.1.3 Statistical analyses
Radiographic and demographic indicators are presented as

the mean ± standard deviation for continuous variables and the

number (percentage) for categorical variables. We conducted

statistical analyses in SPSS 23.0 software. The intraclass

correlation efficiency (ICC) was computed to identify the

repeatability of continuous variables (ICC ≥0.8 represents

excellent reliability) (Zou et al., 2019; Zou et al., 2020). The

kappa values were computed to determine the repeatability of

screw loosening (kappa values of 0.41–0.60 indicated moderate

reliability; 0.61–0.80, substantial agreement; and 0.81–1.00,

excellent or almost perfect agreement) (Oetgen et al., 2008;

Yue et al., 2008). ICC values were also computed to identify

the consistency between HU values of the vertebral body and

holding plane.

Statistical analyses for cranial and caudal side screw

loosening were performed separately. When comparing the

difference between different groups, the independent samples

Student`s t test was used for continuous variables, and the chi-

square test was used for the categorical variables. When

comparing the significant difference between two groups by

the Student’s t-test, all indexes from random samples were

normal distribution, and all parameters of the experimental

and control groups had homogeneity of variance. We

performed binary logistic regression to identify independent

risk factors for screw loosening. When using the binary

logistic regression, the dependent variable (screw loosening

status) is a binary classification variable (which is from

different patients and therefore fully independent); its

classification is complete and exclusive (screw loosening or

not). In the multivariate analysis, all factors had no significant

collinearity, and there are no obvious outliers and strong

influence points for all included parameter values. Univariate

analyses of each potential risk factor were performed, and the

variables that achieved a significance level of p < 0.1 were entered

into multivariate analyses. Variables with p < 0.05 were

considered independent risk factors in the multivariate

analyses (Zhao et al., 2009; Park et al., 2017; Bagheri et al.,

2019; Pisano et al., 2020; Zou et al., 2020). Regarding the sample

size in this study, we declare that this was a retrospective study,

and all patients whomeet the inclusive criteria were enrolled in it.

In the multivariate analysis, the sample size is more than 20 times

the number of independent variables. Therefore, we believe that

the sample size in this study is sufficient to investigate potential

risk factors for screw loosening. A p value less than 0.05 indicated

a significant difference.

2.2 Numerical biomechanical simulations
of changes in stress distribution

2.2.1 Study design protocol of the surgical
simulation

FEA is considered a reliable method for evaluating

biomechanical changes related to screw loosening for its

ability to accurately qualify the stress level of special

components (Hsu et al., 2005; Kang et al., 2014; Guvenc et al.,

2019). The most maligned limitation of numerical biomechanical

simulations (i.e., FEA) is that FEA could not investigate the

biomechanical significance of several covariables based on a

single calibrated intact model. Adimittednly, the current FEA

models have not simulated covariables, including SL restorations,

cage positions, and disc distractions (i.e., changes in

postoperative disc height) (Labrom et al., 2005; Kaito et al.,

2010; Havey et al., 2012; Landham et al., 2017). Therefore,

these models cannot identify the biomechanical significance of

factors related to these covariables (e.g., changes in tensile stress

of ligaments and muscles).

To demonstrate the reliability of numerical simulations

(i.e., prove that the covariables mentioned above could not

affect the screw loosening risk), these covariables have been

included in regression analyses to judge the risk of screw

loosening. Since these covariables did not differ significantly

between the credible screw fixation group and the group of

screw loosening and were not independent risk factors for

screw loosening, we believe that not simulating these

covariables will not affect the reliability of the numerical

simulation results in this study. Therefore, when investigating

the biomechanical significance of a particular variable, we believe

researchers should eliminate the interference of covariables by

reviewing radiographic and demographic data, and this may be a

feasible method to optimize the credibility of FEA studies.

2.3 Model construction strategy

2.3.1 Construction of the intact model
Simulation of OLIF with ALSR fixation was performed in a

previously constructed and validated biomimetic lumbosacral FE

model (L3-S1) (Li et al., 2021b; Xu et al., 2022b). Bone structures

of the FE model include cortical shell, cancellous, and BEPs. The
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cortical thickness was set as 0.8 mm, and the thickness and

morphology parameters (i.e., concave angles and depths) of

BEPs were defined separately based on anatomic studies.

Nonbony components include the intervertebral disc (IVD)

and facet cartilages. The IVD consists of the nucleus, annulus,

and cartilage endplates (CEPs). On the basis of imaging data

measurements, the nucleus’s cross-sectional area accounted for

38% of the IVD (Li et al., 2021b). The annulus was divided into

four different layers; the outline of the BEP covers the entire IVD,

and that of the CEP covers the nucleus and inner part of the

annulus (Jacobs et al., 2014; Delucca et al., 2016). Ligaments and

facet capsules were defined as cable elements in the preprocessing

process of finite element analysis (FEA) (Dreischarf et al., 2014;

Li et al., 2021a). To optimize the computational accuracy of the

FEA model, model calibration was performed by adjusting the

annulus average radius and nucleus positions in our previously

published studies (Li et al., 2021b; Xu et al., 2022b). Specifically,

by repeatedly computing the range of motions (ROMs) in the L4-

L5 segment and adjusting these calibrated parameters, the

differences between computed ROMs and measured values

from widely cited in vitro studies could be reduced, and the

computational stress values can make a good representation of

real biomechanical situations.

2.3.2 Construction of the OLIF model with
ALSR fixation

The L4-L5 segment was selected to simulate ALSR fixed

OLIF. Surgical simulations were performed based on a literature

review and our surgical experience. In this process, lateral parts of

the annulus, all of the nucleus, and CEPs were removed, and a

polyether-ether-ketone (PEEK) OLIF cage (18 mm width and

50 mm length) filled with grafted bone was inserted into the

interbody space (Guo et al., 2020; Xi et al., 2020). The lordotic

angle and disc height of the postoperative models were identical

to those of the intact model to eliminate the mechanical effects of

these parameters (Kim et al., 2015b; Wang et al., 2019; Guo et al.,

2020).

The three-dimensional model of the fixation screw was

reversely constructed based on the outline of the screw used

in ALSR fixation in our clinical practice. During the simulation of

ALSR screw fixation, two titanium alloy screws were inserted into

the L4-L5 vertebral bodies and penetrated the contralateral

cortex. The axes of the screws in the transverse plane were

parallel to the OLIF cage, whereas those in the coronal plane

were parallel to the BEPs (Guo et al., 2020; Xie et al., 2020). Screw

threads were preserved, and the screw compaction effect was

simulated by adjusting the material property of cancellous

around the thread (Hsu et al., 2005; Matsukawa et al., 2016).

The connection between the screw tulip, the nut, and the spacer

was simplified to increase the computational efficiency (Xu et al.,

2022a).

2.4 Boundary and loading conditions

2.4.1 Mesh generations and model validations
FEA in this study was performed in the “Ansys workbench

2020 r2 academic”. Hybrid elements (e.g., tetrahedron and

hexahedron elements) with different sizes were set in different

components of the FE model. Mesh refinement was set in

structures with low thickness and large deformation (e.g.,

BEP, facet cartilage, posterior parts, and the outer layer of the

annulus) (Chuang et al., 2013; Dreischarf et al., 2014; Xu et al.,

2022b). To eliminate the confounding effect of mesh sizes on

computational results, we performed a mesh convergence test on

the calibrated intact model by evaluating the change in

intradiscal pressure (IDP) with different mesh sizes. The

model was considered converged if the change in the

computed IDP was less than 3% (Ottardi et al., 2016; Fan

et al., 2021). The degrees of freedom of S1 inferior surfaces

were fixed entirely. Different directional moments were applied

to the superior BEP of L3 (Delucca et al., 2016; Xu et al., 2022a).

Additionally, we performed amulti-indicator model validation in

the calibrated intact model. The computed ROM, IDP, disc

compression, and facet contact force were compared within

in vitro measured values (Wilson et al., 2006; Renner et al.,

2007; Schilling et al., 2011). When the difference between the

computed biomechanical value and the in vitro measured mean

value is less than one standard deviation, the intact model is

considered to be validated (Kim et al., 2013; Kim et al., 2015a;

Kim et al., 2015b).

2.5 Material properties and contact types
definition, and indicators selection.

In the definition of material properties (Table 1), cortical

shell and cancellous bone were defined by anisotropic law. The

annulus was assumed to be hypoelastic material, and the nucleus

was set as a semifluid incompressible material (Li et al., 2021b; Xu

et al., 2022b). The material properties of the surgical

instrumented structure (i.e., PEEK and titanium alloy) were

defined by isotropic law (Chuang et al., 2012; Hsieh et al.,

2017). By defining the friction coefficients between different

contact surfaces, stress levels immediately after operation were

computed. Consistent with published studies, the contact

between facet cartilages was set as frictionless. Moreover,

given the screw loosening occurred in the short postoperative

period, the instant postoperative biomechanical environment has

been simulated by setting the frictional coefficient between BEP

and GB as 0.46, and that between BEP and cage and screw-

cancellous interfaces as 0.2 (Lu and Lu, 2019; Rastegar et al.,

2020). The simulation of stepwise BMD reduction was performed

by modifying the stiffness of bony tissues. In this process, the

morphological features of different models remain identical. The

material properties of bony tissues with different BMDs are
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TABLE 1 Material properties of FE models’ components.

Components Elastic modulus (MPa) Poisson’s
ratio

Cross-
section (mm2)

References

Cortical (Normal BMD) Exx = 11,300 Vxy = 0.484 Ferguson and Steffen (2003),
Tsouknidas et al. (2015)Eyy = 11,300 Vyz = 0.203

Ezz = 22,000 Vxz = 0.203

Gxy = 3,800

Gyz = 5,400

Gxz = 5,400

Cancellous (Normal BMD) Exx = 140 Vxy = 0.45 Morgan et al. (2003), Tsouknidas et al.
(2015)Eyy = 140 Vyz = 0.315

Ezz = 200 Vxz = 0.315

Gxy = 48.3

Gyz = 48.3

Gxz = 48.3

Bony endplates (Normal BMD) 12,000 0.3 Li et al. (2019), Kang et al. (2014)

Cortical (Slight reduction of BMD) Exx = 9,436 Vxy =0.484 Ferguson and Steffen (2003),
Tsouknidas et al. (2015)Eyy = 9,436 Vyz =0.203

Ezz = 18,370 Vxz =0.203

Gxy = 3,173

Gyz = 4,509

Gxz = 4,509

Cancellous (Slight reduction
of BMD)

Exx = 93.8 Vxy = 0.45 Morgan et al. (2003), Tsouknidas et al.
(2015)Eyy = 93.8 Vyz =0.315

Ezz = 150 Vxz =0.315

Gxy = 32.36

Gyz = 36.23

Gxz = 36.23

Bony endplates (Slight reduction
of BMD)

10,035 0.3 Li et al. (2019), Kang et al. (2014)

Cortical (Significant reduction
of BMD)

Exx = 7,571 Vxy =0.484 Ferguson and Steffen (2003),
Tsouknidas et al. (2015)Eyy = 7,571 Vyz =0.203

Ezz = 14,740 Vxz =0.203

Gxy = 2,546

Gyz = 3,618

Gxz = 3,618

Cancellous (Significant reduction
of BMD)

Exx = 47.6 Vxy = 0.45 Morgan et al. (2003), Tsouknidas et al.
(2015)

Eyy = 47.6 Vyz =0.315

Ezz = 100 Vxz =0.315

Gxy = 16.42

Gyz = 24.15

Gxz = 24.15

Bony endplates (Significant
reduction of BMD)

8,070 0.3 Li et al. (2019), Kang et al. (2014)

Annulus Hypoelastic material Kim et al. (2013), Wu and Yao (1976)

Nucleus 1 0.49 Chuang et al. (2013), Qasim et al.
(2014)

Cartilage endplates 10 0.4 Li et al. (2019), Li et al. (2021a)

Anterior longitudinal ligaments Calibrated load-deformation curved under
different loading conditions

0.3 60 Du et al. (2016), Li et al. (2021b)

(Continued on following page)
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presented in Table 1 (Morgan et al., 2003; Tsouknidas et al., 2015;

Li et al., 2019). Finally, when it comes to the selection of

computational indicators, the average stress of bone-screw

interfaces and cancellous bone and the maximum stress of the

screw could credibly judge changes in screw loosening risk

(Tsuang et al., 2016; Pearson et al., 2017; Guvenc et al., 2019).

3 Results

3.1 Retrospectively study of prospectively
collected data

3.1.1 Patient collection and screw loosening
rates

A total of 56 patients (30 males and 26 females) with an

average age of 56.57 ± 11.96 years treated by single segment OLIF

with ALSR screw fixation were recorded. The interobserver and

intraobserver results during the judgment of screw loosening

were substantial, with Kappa values of 0.778 and 0.759,

respectively. The reliability of continuous variable

measurement was excellent, with ICCs of 0.867 and 0.835,

respectively (Table 2). The overall incidence rate of screw

loosening was 35.71% (40/112), the screw loosening rate of

the vertebral body on the cranial side was 42.86% (24/56) and

that of the caudal vertebral body was 28.57% (16/56). There were

no significant differences in HU between the cranial and caudal

sides, whether the HU was measured by the mean value of

vertebral bodies (p = 0.525) or in the screw holding plane

(p = 0.707). Excellent consistency between vertebral bodies’

HU and HU of screw holding planes can be observed in

cranial and caudal vertebral bodies and groups with credible

screw fixation and screw loosening (Table 3). Although there

were no significant differences, the HU of the screw holding

planes was higher than the vertebral bodies’ HU in the credible

screw fixation group and was lower than the mean HU of the

vertebral bodies in the screw loosening group (Figures 2, 3).

3.1.2 Identification of independent risk
factors for screw loosening

The age of patients with cranial side screw loosening was

significantly higher (p = 0.033). The HU values in the credible

screw fixation group (i.e., without screw loosening) were

significantly higher than those in the screw loosening group,

whether the HU was measured by the mean value of vertebral

bodies or in the screw holding plane (Figure 2). Based on the

results of univariate logistic regression analyses, these three

indicators were also entered into the multivariate analysis to

TABLE 1 (Continued) Material properties of FE models’ components.

Components Elastic modulus (MPa) Poisson’s
ratio

Cross-
section (mm2)

References

Posterior longitudinal ligaments Calibrated load-deformation curved under
different loading conditions

0.3 21 Du et al. (2016), Li et al. (2021a)

Ligamentum flavum Calibrated load-deformation curved under
different loading conditions

0.3 60 Du et al. (2016), Li et al. (2021b)

Interspinous ligaments Calibrated load-deformation curved under
different loading conditions

0.3 40 Du et al. (2016), Li et al. (2021a)

Supraspinous ligaments Calibrated load-deformation curved under
different loading conditions

0.3 30 Du et al. (2016), Li et al. (2021b)

Intertransverse ligaments Calibrated load-deformation curved under
different loading conditions

0.3 10 Du et al. (2016), Li et al. (2021a)

Capsular 7.5 (\25%) 0.3 67.5 Chuang et al. (2013), Li et al. (2019)

32.9 ([25%)

PEEK OLIF Cage 3500 0.3 Hsieh et al. (2017), Kang et al. (2014)

Titanium alloy screw 1,10,000 0.3 Hsieh et al. (2017), Kang et al. (2014)

TABLE 2 Validation of measured values repeatability.

Interobserver Intraobserver

ICCs of continuous variables 0.867 0.835

Kappa values of union status 0.789 0.746

TABLE 3 Validation of consistency between HU values of the vertebral
body and holding plane.

Credible screw fixation Screw loosening

Cranial 0.897 0.958

Caudal 0.966 0.961
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identify independent risk factors. Considering the excellent

consistency between vertebral bodies’ HU and HU of screw

holding planes, the multivariate analysis of vertebral bodies’

HU and HU in screw holding planes was performed

separately. The results showed that reducing HU, both

measured by these two methods, was an independent risk

factor for screw loosening on the cranial side (Tables 3, 4);

the p value of vertebral bodies’ HU was 0.005, and that of HU

in screw holding planes was 0.000.

Concerning the caudal side, there were no significant age

differences between patients with credible fixation and screw

loosening (p = 0.117). The variation tendency of HU changes was

consistent with the cranial vertebral body. Considering that only

the p values of vertebral body HU and screw holding plane HU

reduction were <0.1 in the univariate logistic regression analysis,

multivariate analysis was not performed. The reduction of

vertebral bodies’ HU and screw holding planes’ HU were

regarded as independent risk factors for screw loosening in

the caudal vertebral body (Figure 3 and Table 5); the p value

of vertebral bodies’HUwas 0.001, of HU in screw holding planes,

was 0.000, separately. Other covariables, including sex, BMI, SL

restoration, disc distraction, and cage positions, did not

significantly affect the risk of screw loosening. Additionally,

the values of intraoperative covariables (i.e., cage position, SL

restoration, disc distraction) were not significantly different

between the credible screw fixation group and the screw

loosening groups. These covariables were not independent risk

factors for screw loosening on either the cranial or caudal sides.

3.1.3 Parameter prediction values for
screw loosening

We performed ROC curve analyses to assess the predictive

value of vertebral body HU and HU measured in the screw

holding plane; the results are summarized in Figure 3 and

Table 6. Consistent with logistic regression analyses, HU

values measured in the screw holding plane had the highest

FIGURE 3
ROC curves for cranial and caudal side screw loosening and significant difference for HU in groups with credible screw fixation and screw
loosening.
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predictive ability. The area under the curves of screw holding

plane HU in the cranial and caudal vertebral bodies were

0.828 and 0.88, respectively, and those of the vertebral body

HU were 0.733 and 0.83, respectively. The sensitivity and

specificity of the vertebral body’s HU were 0.875 and 0.5 in

the cranial, 0.925 and 0.562 in the caudal vertebral body. The

screw holding plane’s HU values were 0.875 and 0.652 in the

cranial, 0.8 and 0.667 in the caudal vertebral body (Table 6).

3.2 Numerical mechanical surgical
simulations

3.2.1 Multi-indicator model validation
Biomechanical indicators computed by the calibrated intact

model were within ± 1 standard deviation of the average values

measured by fresh specimens in widely cited in vitro studies.

Thus, we believe that biomechanical changes identified by

current FE models make good representations of actual stress

levels (Figure 3).

3.2.2 Biomechanical changes caused by
bone mineral density reductions.

Numerical simulations were performed under flexion,

extension left and right bending, and axial rotation loading

conditions (Figure 4). Loading conditions were identical to the

calibration and validation of ROMs. Biomechanical changes in

the cranial and caudal sides were computed separately. The

maximum equivalent stress of screws and the average

equivalent stress of bone-screw interfaces were computed and

recorded to investigate local biomechanical changes in the screw

holding position (Ambati et al., 2015; Matsukawa et al., 2016;

Fletcher et al., 2019; Kim et al., 2020). The average equivalent

stress of vertebral bodies was computed to investigate stress

distribution changes (i.e., the proportion of load

transportation in vertebral bodies and ALSR screw systems) in

postoperative models with different BMDs.

Changes in computed biomechanical indicators can explain

the result from our radiographic and demographic data review.

Consistent with published studies, stress concentration can be

observed in the screw head of both cranial and caudal screws

(Chao et al., 2008; Amaritsakul et al., 2014). With a stepwise

reduction of BMD, higher equivalent stress of bone-screw

interfaces can be observed under all loading conditions. The

TABLE 4 Logistic regression analysis of the cranial screw loosening.

OR 95% CI p

Univariate analysis

Gender 2.333 0.791 6.885 0.125

Age 1.053 1.003 1.106 0.039a

BMI 0.972 0.83 1.138 0.723

SL restoration 1.1 0.949 1.275 0.208

Cage’s position 0.979 0.909 1.054 0.568

Disc distraction 1.152 0.829 1.601 0.399

HU (Mean value of vertebral body) 0.976 0.959 0.993 0.005b

HU (Screw holding plane) 0.969 0.952 0.986 0.000b

Multivariate analyses

Age 1.038 0.984 1.095 0.172

HU (Mean value of vertebral body) 0.978 0.960 0.996 0.015b

Age 1.032 0.969 1.098 0.329

HU (Screw holding plane) 0.971 0.954 0.988 0.001b

avariables that achieved a significance level of p < 0.1 in the univariate analysis.
bstatistical significance in the multivariate regression analysis (p < 0.05).

TABLE 5 Logistic regression analysis of the caudal screw loosening.

OR 95% CI p

Univariate analysis

Gender 1.739 0.54 5.604 0.354

Age 1.042 0.99 1.097 0.117

BMI 0.985 0.828 1.17 0.86

SL restoration 1.058 0.91 1.229 0.463

Cage’s position 0.986 0.91 1.068 0.734

Disc distraction 0.89 0.605 1.31 0.555

HU (Mean value of vertebral body) 0.957 0.933 0.982 0.001b

HU (Screw holding plane) 0.95 0.923 0.977 0.000b

bStatistical significance in the multivariate regression analysis (p < 0.05).

TABLE 6 The cut-off value, sensitivity and specificity of four measurement methods for predicting screw loosening.

Cut-off value Sensitivity Specificity AUC

Cranial vertebral body

HU (Mean value of vertebral body) 105.56 0.875 0.5 0.733

HU (Screw holding plane) 123.35 0.875 0.652 0.828

Caudal vertebral body

HU (Mean value of vertebral body) 107.3 0.925 0.562 0.83

HU (Screw holding plane) 120.81 0.8 0.667 0.88
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FIGURE 4
Surgical simulations and multi-indicator model validations (Wilson et al., 2006; Renner et al., 2007; Schilling et al., 2011).
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increase in the maximum equivalent stress of the fixation screw

can be observed under bending and left lateral rotation loading

conditions. A slight reduction (less than 5%) in the maximum

stress of the cranial screw could only be observed under the right

axial rotation loading condition with stepwise BMD reduction. In

contrast, the increase in maximum stress can only be observed

under bending loading conditions of the caudal screw.

Additionally, with a stepwise reduction in BMD, the average

equivalent stress of cancellous bones in the fixation segment was

reduced step by step. In the model with slight BMD reduction,

the average cancellous equivalent stress was reduced by nearly

10%, by higher than 20% in the model with significant BMD

reduction (Figures 5, 6).

4 Discussion

Multiple studies have revealed that the incidence of screw

loosening is high in patients with osteoporosis, and studies have

proven that poor BMD of the fixation segment is an independent

risk factor for screw loosening by measuring the HU values of

vertebral bodies (Bredow et al., 2016; Pisano et al., 2020; Xu et al.,

2020). Although few studies proved that the HU measured in the

pedicle screw trajectories could make a credible prediction of

screw loosening (Ishikawa et al., 2018; Sakai et al., 2018; Xu et al.,

2020), no published studies identified the differences in

predictive performance between HU measured by vertebral

bodies and screw holding planes during the prediction of

ALSR screw loosening. Meanwhile, mechanical tests identified

that poor BMDwould lead to loose bony yield strength and bone-

screw integration (Bokov et al., 2019; Weidling et al., 2020). The

resulting lower pullout strength can be recorded in pull-out tests

with lower BMD (Hsu et al., 2005; Chao et al., 2008). However,

whether the stress distribution changes with BMD reduction and

whether this change will aggravate stress concentrations on

fixation screws and bone-screw interfaces have not been verified.

This study investigates the predictive performance of HU

measured in vertebral bodies and holding planes. A radiographic

review of this study proved that HU values measured by these

two methods were independent risk factors for screw loosening

in both cranial and caudal vertebral bodies. Given that poor bony

yield strength and the resulting loss of bone-screw integration are

FIGURE 5
Changes in biomechanical indicators.
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commonly accepted mechanisms of screw loosening in

osteoporotic patients and can be well reflected by changes in

HU values (Ishikawa et al., 2018; Nowak, 2019), high ICC values

between vertebral bodies and screw holding planes HU identified

excellent consistency between these values (Table 3). The

excellent predictive performance of vertebral bodies HU on

the risk of screw loosening was at least partly rooted in the

excellent reflection of yield strength changes in screw holding

positions.

Meanwhile, considering that regional differences in BMD

and strength in cancellous bone exist (Smit et al., 1997;

Wegrzyn et al., 2010), we believe HU measured in the

screw holding plane can better reflect BMD reduction and

related loss of bony yield strength and potential risk of bone

screw integration. Consistent with this hypothesis, the

predictive performance of screw holding plane HU was

better than that of vertebral bodies (Figure 3 and Table 6).

Given that the ALSR screw trajectory is highly adjustable, we

believe that the trajectory optimization of ALSR screws based

on preoperative HU measurement is feasible to optimize

bone-screw integration and reduce screw loosening risk by

optimizing the yield strength of screw holding positions under

the premise of constant BMD in a particular osteoporotic

patient.

Additionally, we verified that changes in the stress

distribution in the fixation segment with BMD reduction

would lead to a higher proportion of load transported by

the ALSR system, resulting in higher screw and bone-screw

interface stress, also initially triggering a higher risk of screw

loosening. Therefore, the current results provide a new

perspective for understanding the pathogenesis of screw

loosening in patients with poor BMD. In other words, both

reduction of screw holding position yield strength and

deterioration of stress distributions were triggers for screw

loosening in osteoporotic patients, and the optimization of

these two factors should effectively reduce the risk of screw

loosening. Regular anti-osteoporosis therapy could achieve

both objectives by increasing BMD in the fixation segment

(i.e., increasing the yield strength of screw fixation positions

and optimizing stress distribution in the fixation segment by

alleviating the pathological stress shielding effect) should be

promoted in patients with lumbar screw fixation.

Changes in the fusion segment’s stress distribution with

BMD stepwise reduction could also provide a reasonable

explanation for the clinical phenomenon observed in the

radiographic review. Specifically, the screw loosening rate

was higher in the cranial vertebral body, but HU values

measured in vertebral bodies and screw holding planes, as

significant risk factors for screw loosening, were not

significantly different. As computed by the current

numerical simulations, although the variation tendency of

stress levels in bone-screw interfaces and cancellous bones

were identical in both cranial and caudal vertebral bodies, the

maximum equivalent stress step increased with BMD

reduction except for the right axial rotation loading

condition. In contrast, the caudal screw stress only

increased under bending loading conditions. In other

words, the maximum stress increased in the cranial screw

FIGURE 6
Nephograms for the maximum equivalent stress of screws under the right bending loading condition.
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but decreased in the caudal screw under flexion, extension,

and left axial rotation loading conditions. Given the exact

relation between the maximum stress increase and the

increase in screw loosening risk, we believe the current

computational result explains the higher screw loosening

risk of the ALSR fixation system in the cranial vertebral body.

To our knowledge, the most significant contribution of

this study in methodology is the combination between the

clinical review and numerical biomechanical simulations.

Previously, these researches have been separately

performed; clinical studies have observed a phenomenon

without directly explaining its biomechanical mechanism;

biomechanical studies have explored the potential

mechanism of complications, but there is no clinical data

to support this anticipation. Thus, the credibility of both types

of studies is limited. In this study, the biomechanical

mechanism of the observed clinical phenomenon has been

directly investigated by corresponding numerical simulations.

Combining these two parts is significant for better

understanding a specific risk factor.

Admittedly, the current study results should be interpreted

within the context of the following-mentioned limitations.

Specifically, larger sample sizes of clinical data with a longer

follow-up period should be obtained, and morphological

changes during BMD reduction should be simulated in FEA

models. However, given that screw loosening commonly occurs

in the early stage of postoperative follow-up, the construction

strategy of models with poor BMD has been widely reported

(Ferguson and Steffen, 2003; Kealey et al., 2005; Zhang et al., 2010;

Li et al., 2019), especially biomechanical changes that could well

explain the result of clinical data observation. We believe the

current study results are still reliable and could provide theoretical

guidance for future clinical practice.Moreover, cortical bone is also

important for screw fixation, but limited by the resolution of

imaging data, we can not precisely measure the cortical thickness

in current patients, and we admit that this is an important

limitation for the study related to screw fixation strength

evaluation. However, given the integration between cancellous

bone and screw provide mainly screw holding strength, we believe

the identification of cancellous BMD and corresponding

biomechanical environment is still of great significance to

deduce potential risk of screw loosening. Finally, for the lack of

accurate references for the pretension of ALSR fixation, this factor

has not been simulated in the current study, and we wish it can be

accurately measured in our future studies.

5 Conclusion

Both vertebral bodies and “screw holding planes” HU can

well predict screw loosening risk for OLIF patients with ALSR

screw fixation. The predictive performance of screw holding

plane HU is better than the mean HU of vertebral bodies. A

higher proportion of ALSR load transmission triggers stress

concentration on the screw and bone-screw interfaces in

patients with poor BMD. This, together with decreased

bony strength in the screw holding position, contributes to

screw loosening in osteoporotic patients biomechanically.

Therefore, the trajectory optimization of ALSR screws and

regular anti-osteoporosis therapy may effectively reduce the

risk of screw loosening.
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