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Background: As the population ages, there is an increasing trend in patients with lumbar degenerative diseases (LDD) complicated by osteoporosis seeking lumbar fusion surgery. However, standardized strategies for minimally invasive surgical procedures among these populations still need improvement in clinical practice.Purpose: This study was to integrate clinical and biomechanical approaches to investigate and demonstrate the effectiveness of oblique lateral interbody fusion combined with bone cement-augmented anterolateral screw (OLIF-BCAAS) in such patients.Study Design: A single-center, retrospective case-controlled clinical study and finite element model (FEM) analysis.Methods: A single-center, retrospective case-controlled clinical study and finite element model (FEM) analysis were conducted. 48 cases were enrolled in the clinical study, then assigned to either OLIF-BCAAS or OLIF combined with posterior internal fixation with pedicle screws (OLIF-PIFPS). Clinical outcomes and radiological parameters were statistically analyzed. The FE models of intact lumbar spine, OLIF-BCAAS, and OLIF-PIFPS were constructed based on computed tomography (CT) scans of a healthy male. These FE models were analyzed under different loading conditions.Results: There were significant differences in the surgical time, blood loss, and lower back score within 1 year postoperatively between the two groups (p < 0.05). Moreover, both OLIF surgical techniques showed significant improvements in disc height (DH) postoperatively; however, the reduction in DH at postoperative 12 months was more pronounced in the OLIF-PIFPS group than in the OLIF-BCAAS group (p < 0.05). Five cases (5/23, 21.74%) of cage subsidence (CS) were detected in the OLIF-BCAAS group, with 4 out of 23 cases (17.39%) considered as mild CS. In contrast, the amount of CS was 12 cases (12/25, 48%) in the OLIF-PIFPS group, which included 3 cases of severe CS. However, there was a trend towards statistical difference in CS between the two groups (p = 0.057). The FEM analysis showed significant reductions in the local range of motion and L3 maximum displacement with respect to L4 under six motion patterns in the two OLIF surgical models. Moreover, stress on the endplate and cage in the OLIF-BCAAS model was higher than that in the OLIF-PIFPS model; however, stress on the supplemental fixation devices was significantly lower than that observed in the OLIF-PIFPS model.Conclusion: Both OLIF surgical techniques for treating LDD with osteoporosis can achieve favorable clinical outcomes. However, OLIF-BCAAS exhibits more significant advantages over OLIF-PIFPS by maximizing the benefits of minimally invasive surgery. Moreover, OLIF-BCAAS is associated with lower postoperative back pain and a reduced incidence of postoperative CS.Keywords: intervertebral disc degeneration, spinal stenosis, osteoporosis, oblique lateral interbody fusion, finite element model, bone cement-augmented screw
INTRODUCTION
For patients experiencing suboptimal outcomes from conservative treatments, lumbar fusion stands out as the conventional approach in addressing lumbar degenerative diseases (LDD) combined with lumbar instability (Tsagkaris et al., 2023; Machado et al., 2015). According to the epidemiological report (Maurer et al., 2022), LDD predominantly manifests in the middle-aged and elderly demographic. Within this cohort, there is often a correlation with low bone mass or osteoporosis. Decreased bone strength emerges as a pivotal factor influencing the stability of pedicle screws in the vertebrae body (Li W. et al., 2023), which can lead to postoperative screw loosening, cage subsidence (CS), or even non-union, significantly compromising postoperative effectiveness (Tsagkaris et al., 2023; Kim D. H. et al., 2020). Previous studies (Li W. et al., 2023; Kim D. H. et al., 2020; Li Y. D. et al., 2023) further substantiate that the decline in bone density substantially augments the likelihood of screw loosening and non-union following lumbar fusion. Moreover, anesthesia and lumbar surgery pose inherent challenges for the elderly patients. Therefore, the quest for a more minimally invasive lumbar fusion coupled with a robust internal fixation procedure undoubtedly represents the crux of resolving this inherent contradiction.
Posterior lumbar interbody fusion with internal fixation remains the primary procedure for LDD combined with osteoporosis. Nevertheless, this technique is always associated with significant disruption of the posterior lumbar bone and soft tissues, along with frequent neural disturbances (Formby et al., 2016). The extended postoperative recovery makes it less favorable for elderly patients and is misaligned with the prevailing concept of rapid rehabilitation. Oblique lateral interbody fusion (OLIF) has garnered acknowledgment as an efficacious approach for addressing LDD with instability. Since its initial report in 2012 (Silvestre et al., 2012), OLIF has demonstrated advantages attributed to minimal surgical trauma, expedited postoperative recovery, and definitive clinical efficacy. The clinical applications of OLIF have steadily broadened alongside advancements in surgical techniques, positioning it as the evolving mainstream procedure in contemporary clinical practice.
Performing OLIF on patients with concomitant LDD and osteoporosis has been associated with increased postoperative CS (Kotheeranurak et al., 2023; Zhao et al., 2022). However, for patients with a bone density of T-score less than −1.0 standard deviation (SD), an alternative strategy entails executing posterior bilateral pedicle screw fixation after the anterior cage implantation, thereby averting CS (Cai et al., 2021). Nevertheless, this strategy mandates intraoperative adjustments in patient positioning, encompassing lateral and prone orientations. This extends the duration of surgical and anesthesia, and introduces the potential for complications during positional transitions. Moreover, the combined procedure involves two distinct surgical procedures, resulting in significantly greater surgical trauma compared to any singular approach, posing challenges for postoperative recovery, particularly in elderly patients.
In the management of such patients, the clinical application of cement-augmented pedicle screw fixation has become widespread, with its effectiveness validated by previous studies (Elder et al., 2015; Shafiekhani et al., 2023; Tandon et al., 2020). However, this technique still has its drawbacks: 1) The fast setting time of bone cement reduces the surgeon’s operational time; 2) The distribution of bone cement is uncontrollable, which can lead to bone cement leakage (Janssen et al., 2017); 3) The insertion of screws may cause displacement of the bone cement, leading to severe complications such as nerve and vascular damage, or even bone cement embolism (Canyang et al., 2023). Moreover, bone cement implantation syndrome (BCIS) may occasionally occur during surgery or the perioperative period (Hines, 2018). A recent study (Moldovan, 2023) provided a comprehensive analysis of 6 cases of BCIS, along with a thorough narrative review of existing literature on BCIS, which may assist clinicians in the early recognition and effective management of this complication.
The most widely used bone cement material in orthopedic surgery is still polymethyl methacrylate (PMMA). However, PMMA does not possess adhesive properties. Its fixation mechanism primarily relies on the firm mechanical interlocking between the irregular gaps on the bone surface and the implant, making it more like a space filler (Vaishya et al., 2013). Its poor osteoconductivity and the high-temperature issues caused by the exothermic polymerization reaction limit its broad application (Karpiński et al., 2023a). Adding specific additives to PMMA to improve the performance of bone cement has been a hot research topic. Previous studies have analyzed various additives combined with PMMA, such as Glassy carbon (Karpiński et al., 2023a), hydroxyapatite (Karpiński et al., 2023b), and α/β tricalcium phosphate (Karpiński et al., 2023c), and reported significant research findings.
Theoretically, the attainment of effective decompression, fusion, and sturdy fixation for such patients can be successfully completed through a singular oblique anterior approach. This involves the simultaneous placement of cage and anterolateral screws reinforced with bone cement augmentation. Therefore, the purpose of the present study was to compare the clinical and radiological outcomes, and demonstrate the mechanisms performance of bone cement-augmented anterolateral screw (BCAAS) versus percutaneous posterior internal fixation with pedicle screws (PIFPS) co-applied with OLIF in the treatment of single-level LDD with osteoporosis. This study was reported in line with The STROCSS 2024 guideline (Rashid et al., 2024): strengthening the reporting of cohort, cross-sectional, and case-control studies in surgery.
MATERIALS AND METHODS
The setting of the present work was a single-center, retrospective case-controlled clinical study and basic study of three-dimensional finite element model (FEM) analysis. This study was conducted in strict accordance with the principles of the Helsinki Declaration. We obtained written informed consent from the study participants. Approval for the study protocol was obtained from our institutional ethics committee.
Part I clinical study
Inclusion and exclusion criteria
In accordance with the study purpose, we have established the following inclusion criteria: 1) Adult patients who meet the diagnostic criteria for LDD (including lumbar spinal stenosis, lumbar disc herniation, and I-II° degenerative lumbar spondylolisthesis) combined with lumbar instability (≥3 mm of slippage or an angle ≥11° between two adjacent vertebrae in dynamic lumbar X-rays, or an angle ≥5° between the vertebral endplates on hyperflexion X-rays, or vertebral rotation and imbalance on the anteroposterior X-ray) (Elmose et al., 2023; Orthopaedic Rehabilitation Group of the Orthopaedic Society of the Chinese Medical Association, 2025); 2) Ineffectiveness of conservative treatment for more than 3 months; 3) Dual-energy X-ray absorptiometry (DXA) revealing a bone density of T-score less than −2.5 SD at the surgical lumbar level; 4) Undergoing either single-level OLIF-BCAAS or OLIF-PIFPS during the study period; 5) Demonstration of willingness to participate in the study, provision of informed consent regarding the research content, and the ability to collaborate in assessments and data collection at various follow-up points.
Refinement of the exclusion criteria is outlined as follows: 1) Cases necessitating direct decompression of the spinal canal, such as bony stenosis of the central vertebral canal or prolapsed lumbar disc; 2) Presence of a history of prior lumbar spine surgery; 3) Existence of multiple underlying diseases that make the patient intolerant to surgery or anesthesia; 4) Concurrent manifestation of other conditions, such as lower back pain or functional impairment in lower limb, stemming from factors unrelated to the study, which could potentially impact the assessment of treatment efficacy.
Finally, this study enrolled 48 cases diagnosed with LDD combined with lumbar instability and osteoporosis in our department from January 2020 to July 2023. The experimental group comprised 23 patients who underwent single-level OLIF-BCAAS. Meanwhile, 25 patients who underwent OLIF-PIFPS were allocated to the control group. The same surgical team performed all surgical procedures for the patients included in this study.
Surgical techniques
Both cohorts of patients underwent the standard surgical procedure of OLIF in the right lateral decubitus position after the successful administration of general anesthesia. In the experimental group, we identified the sagittal midpoint of the cage and approximately 5–10 mm to the edge of the upper/lower vertebral endplate as the screw insertion point after the implantation of the cage. A Washer was initially inserted into the left side of the vertebral body using a hammer. Subsequently, we used a taper to drill a pilot hole parallel to the vertebral endplate along the axis of the cage until 3–5 mm away from the contralateral cortex bone. Following the injection of approximately 1.5 mL of bone cement through the pilot hole, an anterolateral screw with an appropriate size was inserted into the vertebral body and a connecting rod with the appropriate length was placed. The patient was placed in the prone position after the cage implantation in the controlled group. We performed the standardized procedure of percutaneous bilateral pedicle screw insertion. All the cases included in this study were performed by the same senior spinal surgeon (J.X.W.) with over 10 years of clinical experience.
Clinical outcomes and radiological evaluation
Clinical outcomes for each subject were collected by two authors, including: 1) Baseline characteristics: patient’s age (years), sex, body mass index (BMI), bone mass density (BMD), operative level, operative time (min), intraoperative blood loss (mL), and hospital stay (days). 2) Functional outcomes: visual analogue scale (VAS) and Japanese Orthopaedic Association score (JOA) preoperatively, at postoperative 3, 6, and 12 months. Each subject was examined for the lumbar X-ray and computed tomography (CT) scan preoperatively, 1–2 days postoperatively, and again 12 months after surgery. 3) Surgical-related complications: vascular or nerve injuries, cerebrospinal fluid leaks, surgical site infections, loosening/dislocation of internal fixation, and the need for reoperation.
Two authors independently measured the following radiological parameters: 1) Disc height (DH, mm), defined as the vertical distance between the mid-point of the upper and lower endplate on the lumbar X-ray. 2) Cage subsidence (CS), described as a reduction in intervertebral height of more than 2 mm on the lumbar X-ray (mild CS: 2–4 mm, severe CS: >4 mm). 3) Fusion status, we adopted the anterior fusion grade criteria proposed by Bridwell et al. (1995) to evaluate the postoperative intervertebral fusion (fused: grade 1 and 2, unfused: grade 3 and 4) on the lumbar X-rays scan at the last follow-up. This grading system consists of the following categories: Grade I: fused with remodeling and trabeculae; Grade II: graft intact, not fully remodeled and incorporated though, no lucencies; Grade III: graft intact, but a definite lucency at the top or bottom of the graft; IV definitely not fused with resorption of bone graft and with collapse.
Statistical analysis
Statistical analysis of this study was performed using SPSS software (Version 22.0. Armonk, NY: IBM Corp.). The statistical description of continuous data was presented as mean ± standard deviation (m±SD), while categorical data was expressed as percentages (%). For continuous data between two groups following a normal distribution, an independent samples t-test was utilized for comparison, and within-group comparisons were conducted using a paired samples t-test. We employed repeated measures analysis of variance to analyze clinical outcomes at different time points. In cases where normal distribution assumptions were not met, the Mann-Whitney U test was employed. The categorical data between groups was compared using the chi-square test. We used the intraclass correlation coefficient (ICC) to evaluate the inter-observer variability. Statistical significance was considered when p ≤ 0.05.
Part II finite element model (FEM) analysis
Development of healthy lumbar spine model
We selected the CT scans of a healthy male subject (age: 31 years old, height: 175 cm, weight: 76 kg) with no spinal diseases to construct a three-dimensional nonlinear FE model of the L2-5 segment. The data from lumbar thin-layer CT (a slice thickness of 1 mm) was imported into Mimics software (Version 21, Materialise Inc., Leuven, Belgium), and pixels within the grayscale values range of 226–1,300 were selected. Subsequently, the vertebrae bodies of L2, L3, L4, and L5 were segmented following appropriate orientations and sequences. The preliminary 3-dimensional (3D) models underwent wrapping and smoothing processes, after which the L2-5 vertebrae were exported as STL files. The sketchy model was imported into Geomagic Studio software (Version 12, Geomagic Inc., Cary, North Carolina, United States) for surface repair of the vertebral models and further processing, then producing a more elaborate 3D solid model. According to the anatomical characteristics of the lumbar spine, the components including the cortical bone, trabecular bone, endplate, nucleus pulposus, annulus fibrosus, and articular cartilage were assembled in the Parts Interface window of the SolidWorks 2020 software (Dassault Systemes Americas Corp., Waltham, Massachusetts, United States). In ANSYS ICEM CFD (Version 19.0, Ansys, Ltd., Canonsburg, Pennsylvania, United States), we utilized spring elements as substitutes for various ligament structures in the model to replicate the ligaments between the vertebras (Figure 1A).
[image: Figure 1]FIGURE 1 | Finite element (FE) models in the current study. (A) FE model of the intact L2-L5 spine, (B) FE model of the OLIF-PIFPS, (C) FE model of the OLIF-BCAAS.
Development of the OLIF surgical models
The model consists of 4 vertebral bodies and three intervertebral discs. To construct the OLIF surgical model, we removed part of the annulus and the entire nucleus pulposus while preserving the superior and inferior endplates. Then, an established OLIF cage with 50 × 12 × 18 mm (length × height × width) was implanted into the defective disc from the left side of the vertebral body. The anterolateral screws had a length of 50 mm and a diameter of 6.0 mm, while a connection rod had a diameter of 5.5 mm and a length of 50 mm (Figure 1B). The pedicle screws were a diameter of 4.5 mm and a length of 60 mm, with the rods of 5.5 mm in diameter and 50 mm in length, respectively. The implantation of bone cement and internal fixation systems adhered to the established standard technical procedures (Zhong et al., 2023; Ge et al., 2023) (Figure 1C). The osteoporotic model in this study was established by adjusting material properties. Osteoporotic material properties were defined as a 66% reduction in elastic modulus for cancellous bone and a 33% reduction for cortical bone, endplates, and posterior structures, while maintaining the soft tissue structures unchanged (Polikeit et al., 2003).
Material properties, boundary conditions, and loading
In this study, the mechanical properties of all lumbar elements were derived from the previous studies (Kim et al., 2014; Lu and Lu, 2019), as detailed in Table 1. The inferior endplate of L5 was fixed to prevent any displacement or rotation under load. A vertical load of 500 N and a moment load of 7.5 N·m were applied to the superior surface of L3 to simulate physiological spinal activities, including flexion, extension, left and right lateral bending, and left and right rotation. The FE models were analyzed under different loading conditions to evaluate: 1) segmental L3/4 range of motion (ROM); 2) stress on L3 inferior and L4 superior endplates; 3) cage and supplemental fixation stress; and 4) L3 maximum displacement with respect to L4.
TABLE 1 | Material properties of the finite element models.
[image: Table 1]Model validation
We applied a 500 N axial compression preload and a moment load of 7.5 N·m to the intact lumbar spine model. Subsequently, we measured the range of motion (ROM) of the L3/4 segment in six directions: flexion, extension, left and right lateral bending, and left and right axial rotation. The results for the intact model were compared with the data from the cadaveric experimental study conducted by Fiebert et al. (1989). Moreover, our data for the intact model remain in alignment with previously published studies (Zhong et al., 2023; Sin and Heo, 2019) under identical experimental settings. Therefore, the FE models of the present study were validated, allowing its further use in biomechanical analysis of the lumbar spine.
RESULTS
Clinical study
Seventeen females and six males were enrolled in the OLIF-BCAAS group, with a mean age of (73.65 ± 5.24) years (ranging from 63 to 83), a mean BMI of (24.07 ± 2.92) (ranging from 18.5 to 29.2) and a mean BMD of (−3.33 ± 0.47) (ranging from −2.6 to −4.3). Within this cohort, 14 cases underwent lumbar surgery at the level of L4/5, 7 cases at the level of L3/4, and 2 cases at the level of L2/3. There were seventeen females and eight males in the OLIF-PIFPS group, with a mean age of (72.40 ± 4.91) years (ranging from 65 to 84), a mean BMI of (23.61 ± 2.63) (ranging from 19.1 to 29.4) and a mean BMD of (−3.42 ± 0.39) (ranging from −2.6 to −4.2). Within this cohort, 13 cases underwent lumbar surgery at the level of L4/5, 9 cases at the level of L3/4, and 3 cases at the level of L2/3. Demographic data, including patients’ age, gender, BMI, BMD, and surgical spine level, were also similar between the two groups (Table 2).
TABLE 2 | Demographic background and surgical related parameters.
[image: Table 2]The mean operative time and intraoperative blood loss in the OLIF-BCAAS group were (84.35 ± 13.25) minutes and (54.13 ± 20.04) mL, respectively, compared to (121.20 ± 16.35) minutes and (90.80 ± 16.44) in the OLIF-PIFPS group, showing significant differences between the two groups (p < 0.01). However, there was no significant difference in hospitalization time among the two groups [OLIF-BCAAS group: (4.17 ± 1.07) days, OLIF-PIFPS group: (4.64 ± 0.76) days, p = 0.087, Table 2].
In the OLIF-BCAAS group, the mean VAS-lower back and VAS-leg scores decreased significantly from preoperative levels of (6.74 ± 0.96) and (6.09 ± 0.85) to (2.43 ± 0.73) and (2.70 ± 0.93) at 3 months postoperatively (p < 0.05), with a slight further decrease observed at 6 and 12 months postoperatively. The comparable trends in the VAS-lower back and VAS-leg scores were also noted in the OLIF-PIFPS group. Significant differences in the VAS-lower back score were found at 3 months and 12 months postoperatively (p < 0.05, Table 3), with a trend towards statistical difference at 6 months postoperatively among the two groups (p = 0.054, Table 3).
TABLE 3 | Clinical evaluation of the patients in two groups.
[image: Table 3]The mean JOA score of the OLIF-BCAAS group improved significantly from (13.52 ± 2.00) preoperatively to (20.13 ± 1.89) at 3 months postoperatively, and continued to improve gradually to (22.78 ± 1.88) at 6 months postoperatively and (24.39 ± 2.17) at 12 months postoperatively. A similar trend was also observed in the OLIF-PIFPS group. There were no significant differences in JOA scores preoperatively, postoperatively, or improvement rates between the two groups (p > 0.05, Table 3).
Two authors (X.P.M. and X.D.W.) independently measured/evaluated the radiological images. Inter-observer variability was counted among them for DH, CS and fusion status. The excellent agreement was observed for CS (ICC value: 0.86) and CS (ICC value: 0.81). The substantial agreement between two authors on DH (ICC value: 0.73).
The preoperative mean DH in group OLIF-BCAAS was (8.40 ± 0.90) mm, (8.38 ± 1.01) mm in group OLIF-PIFPS, with no significant difference between the two groups (p > 0.05). DH in both groups significantly increased 1 day postoperatively, followed by varying degrees of reduction at 6 and 12 months postoperatively. However, the decrease in DH at 12 months postoperatively was more significant in the OLIF-PIFPS group compared to the OLIF-BCAAS group (p < 0.05, Table 4). No significant difference in the change of DH from postoperative 1 day to preoperatively (△DH Pre- Post 1 day) was detected among the groups. However, △DH Post 1 day-12 m of the OLIF-BCAAS group was statistically lower than that of the OLIF-PIFPS group (p < 0.05, Table 4).
TABLE 4 | Radiographic evaluation of the patients in two groups.
[image: Table 4]In the OLIF-BCAAS group, five cases (5/23, 21.74%) of CS were detected, with 4 out of 23 cases (17.39%) considered as mild CS. In contrast, the amount of CS was 12 cases (12/25, 48%) in the OLIF-PIFPS group, which included 3 cases of severe CS. There was a trend towards statistical difference in CS between the two groups (p = 0.057, Table 4). However, no significant differences were found in fusion rate at 6 months and 12 months postoperatively among the groups (p > 0.05, Table 4). Figures 2, 3 show the radiological images of the OLIF-BCAAS and OLIF-PIFPS typical cases.
[image: Figure 2]FIGURE 2 | The radiological images of OLIF-BCAAS typical case. (A1,A2) Preoperative A−P, lateral X-ray film; (B1,B2) Preoperative sagittal and axial MR images; (C1,C2) Preoperative and postoperative coronal CT; (D1,D2) A−P and lateral X-ray film at 1 day postoperatively; (E1,E2) A−P, lateral X-ray film at last follow-up postoperatively.
[image: Figure 3]FIGURE 3 | The radiological images of OLIF-PIFPS typical case. (A1,A2) Preoperative dynamic X-ray films; (B1,B2) Preoperative sagittal and axial MR images; (C1,C2) A−P, lateral X-ray film at 1 day postoperatively; (D1,D2) Sagittal and coronal CT images at 12 months postoperatively; (E1,E2) A−P, lateral X-ray film at 12 months postoperatively.
In this work, we conducted a statistical power analysis to assess inter-group and intra-group differences in VAS scores using G*Power software (version 3.1, Heinrich-Heine-Universität Düsseldorf, Germany). This was done to confirm that the sample size was sufficient to detect the target effect. The statistical analysis revealed that the power for detecting differences in VAS scores at 12 months postoperative was 85%, suggesting that the current sample size is adequate to detect a medium-to-large effect (Cohen’s d = 0.776). Based on conclusions from previous studies, we set the correlation coefficient (r) at 0.60 (Nakajima et al., 2025) and considered a reduction of 2.0 points in the VAS score as the Minimal Clinically Important Difference (MCID) (Fishbain et al., 2015). The intra-group VAS scores at 12 months postoperative showed a significant decrease compared to preoperative values, with an extremely large effect size (Cohen’s d > 5) and statistical power approaching 100%. These findings indicate that the observed pain relief after treatment has both strong statistical and clinical significance.
FEM analysis
Segmental L3/4 ROM
The surgical segment for undergoing lumbar fusion and internal fixation was determined to be L3/4 in the current study; hence, we only investigated the ROM of L3/4 for the intact lumbar and both OLIF surgical models. The ROM of the L3/4 segment in the intact lumbar model and both OLIF surgical models under six motion modes are shown in Figure 4. Compared to the intact lumbar model, both OLIF surgical models significantly reduced the ROM of L3/4. Relative to the intact lumbar model, the L3/4 ROM of the OLIF-BCAAS model decreased by 54.72%, 32.12%, 52.17%, 55.52%, 60.00%, and 49.24% in flexion, extension, left bending, right bending, left axial rotation, and right axial rotation, respectively. Similarly, the OLIF-PIFPS model exhibited reductions of 80.84%, 79.61%, 67.07%, 69.66%, 67.17%, and 71.37% in the six motions mentioned above modes. Furthermore, compared to the OLIF-BCAAS model, the reduction of the L3/4 ROM in the OLIF-PIFPS model was more pronounced in flexion, extension, left and right bending, and left and right axial rotation, indicating that lumbar levels underwent OLIF-PIFPS have less mobility.
[image: Figure 4]FIGURE 4 | The ROM of the L3/4 segment in the intact lumbar model and both OLIF surgical models under six motion modes.
Stress on L3 inferior and L4 superior endplates
Figure 5 shows the stress distribution on the L3 inferior and L4 superior endplates for the intact lumbar model and two OLIF surgical models under six motion modes. In all motion modes, the stress on the L4 superior endplate was higher than that on the L3 interior endplate, predominantly concentrating at the edges of the endplates (Figure 6). Moreover, except for extension motion, both OLIF surgical models exhibited significantly higher stress on the L3 inferior and L4 superior endplates than the intact lumbar model in the other five motion modes. However, no significant differences in the stress on the L3 inferior and L4 superior endplates were documented in the two OLIF surgical models under six motion modes.
[image: Figure 5]FIGURE 5 | Line graph of the stress distribution on the L3 inferior and L4 superior endplates for the intact lumbar model and two OLIF surgical models under six motion modes.
[image: Figure 6]FIGURE 6 | Endplates stress distribution for the intact lumbar FE model and two OLIF surgical FE models under six motion modes. (A1,A2) Stress distributions of the L3 inferior and L4 superior endplates for the intact lumbar model; (B1,B2) Stress distributions of the L3 inferior and L4 superior endplates for the OLIF-BCAAS model; (C1,C2) Stress distributions of the L3 inferior and L4 superior endplates for the OLIF-PIFPS model.
Cage and supplemental fixation stress
Figure 7 illustrates the stress on the cage and supplemental fixation systems of the two OLIF surgical models. The stress on the cage in both OLIF surgical models was predominantly concentrated at the edges of the cage under six motion modes. During flexion, extension, and lateral bending, the cage stress was notably higher in the OLIF-BCAAS model compared to the OLIF-PIFPS model. However, the cage stress in the OLIF-PIFPS model surpassed that in the OLIF-BCAAS model under rotational motion (Figure 8A). Compared to the OLIF-PIFPS model, the supplemental fixation system of the OLIF-BCAAS model exhibited lower stress under all six motion modes (Figure 8B).
[image: Figure 7]FIGURE 7 | Stress distributions of cage and supplemental fixation system for the two OLIF surgical models. (A1) Stress distributions of cage for OLIF-BCAAS; (A2) Stress distributions of cage for OLIF-PIFPS; (B1) Stress distributions of supplemental fixation system for OLIF-BCAAS; (B2) Stress distributions of supplemental fixation system for OLIF-PIFPS. L, left; R, right.
[image: Figure 8]FIGURE 8 | Hostogram of the stress on the cage (A) and supplementary fixation systems (B) of the two OLIF surgical models.
L3 maximum displacement with respect to L4
The maximum intervertebral displacement of the superior vertebra body relative to the inferior vertebra body indirectly evaluated the stability of the internal fixation system and the surgical segment. Although the reliability of the relative displacement was not as robust as that of ROM, it still served as an adjunct criterion for evaluating lumbar stability (Eskandari et al., 2019). Theoretically, smaller relative displacements indicated more excellent stability of the internal fixation system. Compared to the intact lumbar model, both OLIF surgical models demonstrated significantly reduced L3 maximum displacement under the six motion models. However, the reduction was more pronounced in the OLIF-PIFPS model than in the OLIF-BCAAS model (Figure 9).
[image: Figure 9]FIGURE 9 | The L3 maximum displacement with respect to L4 for the two OLIF surgical models under six motion modes.
DISCUSSION
As the population ages, there is an increasing trend in patients with LDD complicated by osteoporosis seeking lumbar fusion surgery. However, standardized strategies among the minimally invasive surgical procedures for such populations still need to be improved in clinical practice. Currently, few studies are exploring the innovative combination of OLIF with bone cement augmentation technique in the clinical management of LDD associated with osteoporosis. To our knowledge, this is the first study that integrates clinical and biomechanical approaches to investigate and demonstrate the effectiveness and safety of OLIF-BCAAS in patients with LDD complicated by osteoporosis.
The main findings of the current study are as follows: 1) OLIF-BCAAS exhibited shorter surgical times, reduced blood loss, and lower levels of back pain within 1 year postoperatively compared to OLIF-PIFPS. 2) Both OLIF surgical techniques showed significant improvements in DH postoperatively; however, the reduction in DH at 12 months after surgery was more pronounced in the OLIF-PIFPS group than in the OLIF-BCAAS group. 3) Both procedures achieved good fusion postoperatively, although the incidence of CS appeared to be lower or slight in the OLIF-BCAAS group. 4) The results of FE model analysis demonstrated that both OLIF surgical models exhibited significant reductions in local L3/4 ROM and L3 maximum displacement with respect to L4 under six motion patterns when compared to a complete lumbar model, with the OLIF-PIFPS model showing a more pronounced decline. 5) In the OLIF-BCAAS model, the stress on the endplates and cages was primarily concentrated in the surrounding regions and was higher than that in the OLIF-PIFPS model; however, the stress on the supplemental fixation devices was significantly lower than that observed in the OLIF-PIFPS model.
OLIF is a minimally invasive surgical technique that entails the resection of the intervertebral disc through an oblique anterior incision, followed by the insertion of a large cage to restore intervertebral height, thereby facilitating indirect decompression (Hung et al., 2021). This procedure is further enhanced by anterolateral or posterior screw fixation to reconstruct lumbar stability. In the general population, the postoperative incidence of CS varies between 8.8% and 46.7% (Kotheeranurak et al., 2023). Previous clinical study (Ma et al., 2023) and biomechanical research (Bereczki et al., 2021) have demonstrated that the combination of OLIF with posterior pedicle screw fixation can effectively mitigate the occurrence of CS. However, the intraoperative changes between the lateral and prone positions undoubtedly prolong surgical and anesthesia times (Li Z. et al., 2023). Furthermore, the damage to the posterior structures of the lumbar spine caused by the implantation of the posterior screw-rod system may account for the significantly greater improvement in back pain observed in the OLIF-BCAAS group compared to the OLIF-PIFPS group within 1 year postoperatively in this study.
The integrity of the endplates and their capacity to withstand mechanical stress are critical determinants of postoperative reductions in DH and the incidence of CS (Park et al., 2019). Furthermore, supplemental internal fixation can prevent CS by improving segment stability and alleviating stress on the cage (Fan et al., 2023). The FE analysis conducted in the present study demonstrated that both OLIF surgical models exhibited commendable internal fixation performance; however, the OLIF-PIFPS model showed superior fixation strength. Theoretically, when more stress is applied to the supplemental internal fixation device, the stress experienced by the endplates and cages of the lumbar segment decreases accordingly. This observation may account for the higher stresses recorded in the endplates and cages of the OLIF-BCAAS model group compared to the OLIF-PIFPS model, despite significantly lower stress levels on the supplemental fixation device in the OLIF-PIFPS model. Consequently, one might reasonably assume that the incidence of postoperative CS would be greater in the OLIF-BCAAS group. Contrarily, the findings from our clinical part indicated that patients undergoing the OLIF-BCAAS experienced a lower incidence of CS. We speculate that: 1) OLIF-BCAAS transforms the traditional stress transfer pattern between the vertebral body and screw at two interfaces into a three-interface system involving the vertebral body, screw, and bone cement, thus more effectively enhancing local stability in the lumbar region; and 2) the reinforced endplates with bone cement possess better stress-bearing capacity, effectively counteracting the cutting effects of the cage on the endplates. Furthermore, the application of a modest amount of well-dispersed bone cement does not negatively impact the fusion rate associated with this procedure (Peng et al., 2024).
Osteoporosis is recognized as a significant contributor to the decline in vertebral strength and the diminished capacity of the endplates to endure mechanical stress, both of which are established as critical risk factors for CS following lumbar fusion surgery (Kotheeranurak et al., 2023; Pu et al., 2023). While a certain degree of DH reduction may facilitate fusion by increasing the contact area between the cage and the endplates, the cage invasion into the vertebral body caused by CS frequently leads to persistent low back pain (Hou and Yuan, 2012). The development of OLIF-BCAAS signifies an innovative integration of the OLIF technique with bone cement augmentation. The present work indicated that OLIF-BCAAS not only inherited the minimally invasive natures of the OLIF technique (Emami et al., 2023), but also leveraged the advantages of bone cement augmentation in reducing the incidence of postoperative CS in patients with osteoporosis (Deml et al., 2022). Recently, two retrospective studies by Zeng et al. (Li Z. et al., 2023; Peng et al., 2024) sought to explore the safety and efficacy of OLIF combined with stress endplate augmentation and anterolateral screw fixation for degenerative lumbar spinal stenosis with osteoporosis, revealing clinical and radiological findings consistent with those of the present study. However, it is essential to note that patients in their control group underwent OLIF in conjunction with anterolateral screw fixation, which is not advisable for patients with osteoporosis due to its association with elevated rates of CS and symptom recurrence postoperatively.
Currently, there is no consensus on the choice of internal fixation for patients with osteoporosis. The selection of various internal fixations largely depends on the clinical experience of the surgeons and their preferences for specific techniques. The use of cement-augmented screws has been shown to significantly improve the stability of the screws (Mo et al., 2019). A recent study (Kim J. H. et al., 2020) compared the clinical application of hollow and traditional cemented pedicle screws in osteoporotic populations and reported a lower incidence of postoperative screw loosening. Moreover, previous study (Liu et al., 2013) have reported that expensive pedicle screws provide better stability than cemented pedicle screws. Although these adjunctive fixation devices can make screws more stable and secure, complications and the associated technical complexity limit their widespread clinical application.
This study has certain limitations. Firstly, the nature of the retrospective study inherently resulted in a lower evidence level for the conclusions drawn compared to prospective randomized controlled trials (RCTs). However, it is worth noting that our institutional ethics committee has approved the study protocol of an RCT on this topic and is currently in the participant recruitment phase. Secondly, the clinical part of the present work was constrained by a relatively small sample size and a limited follow-up period. Furthermore, ODI score is the importance in evaluating the effectiveness of lumbar surgery, particularly its irreplaceable value in the comprehensive assessment of patients’ functional status and quality of life. VAS score objectively quantifies the degree of pain relief and is a core dimension in assessing surgical outcomes. The JOA score, which evaluates improvements in motor, sensory, and bladder function, partially overlaps with the ODI score in functional assessment. However, this study was a retrospective analysis, and data collection was limited by the content of the original medical records. Although the present study incorporated internationally recognized VAS and JOA scores as core metrics, ODI score was not systematically recorded in clinical practice, which has led us to exercise caution in interpreting the clinical outcomes of this work. Moreover, our FE model analysis did not reconstruct the paravertebral soft tissue to assess the impact of muscles on spinal biomechanical function, which is a common issue in such analyses. Nonetheless, we employed a more rigorous methodology than previous studies to validate the FE model and to simulate various scenarios under consistent experimental conditions. Therefore, our model effectively evaluated the biomechanical performance of the two OLIF surgical techniques.
CONCLUSION
The current study demonstrates that both OLIF surgical techniques for treating LDD combined with osteoporosis can achieve favorable clinical outcomes. However, OLIF-BCAAS exhibits more significant advantages over OLIF-PIFPS by maximizing the benefits of minimally invasive surgery, which include reduced trauma, decreased bleeding, and shorter operation times. Moreover, OLIF-BCAAS is associated with lower levels of postoperative back pain and a reduced incidence of postoperative CS.
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