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Abstract


Vertebral augmentation techniques have advanced significantly, offering improved outcomes in the treatment of vertebral compression fractures. This review explores third-generation devices such as the SpineJack®, Vertebral Body Stenting System® (VBS), and OsseoFix®, which offer enhanced vertebral height restoration, stability, and reduced complications. These devices have been shown to outperform traditional methods like vertebroplasty and balloon kyphoplasty, particularly in reducing the risk of cement leakage and ensuring long-term vertebral stability. Biomechanical studies confirm the efficacy of these systems in promoting spinal recovery. Many of these studies have utilized indirect parameters, such as the Beck Index and kyphotic angles (α and γ) measured by the Cobb method, to evaluate improvements in vertebral deformity. Furthermore, preclinical studies indicate that third-generation devices like SpineJack® enhance vertebral height restoration and stability, with performance influenced by bone quality and implant positioning, and have demonstrated superior initial and sustained height maintenance compared to kyphoplasty. While the higher costs of third-generation systems could be justified by reduced revision rates and better patient outcomes, further research is needed to optimize patient selection and assess long-term benefits. Overall, these devices could represent a significant advancement in vertebral fracture treatment, improving clinical outcomes and biomechanical stability.
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1. Introduction


Vertebral augmentation procedures are efficient, offering the benefit of being minimally invasive and performed under local anesthesia. Introduced by Galibert et al. in 1987, vertebroplasty (VP) is the first percutaneous vertebral augmentation system (PVAS) [1]. It involves injecting low viscosity polymethyl methacrylate (PMMA) bone cement at high pressure into the collapsed vertebra, which has been shown to restore vertebral strength and help prevent further kyphotic deformities. Although VP effectively relieves pain, it does not restore vertebral height and carries a risk of cement leakage into surrounding tissues, including intervertebral disks, and, in rare cases, the spinal canal [2].



The challenges of first-generation PVASs led to the development of balloon kyphoplasty [3]. In this second-generation technique, a balloon is inflated inside the collapsed vertebra to regain its height, followed by the stabilization of the fracture using bone cement, which can be injected a at lower pressure, reducing the risk of leakage [3,4]. However, vertebral height recovery may be temporary, as partial or complete collapse can occur after balloon deflation [5].



The challenges with height restoration led to the development of third-generation PVAS devices, which use mechanical kyphoplasty without traditional balloons to provide long-term vertebral body height restoration [6]. These spinal implants consist of expandable titanium mesh cages, designed for the reduction and stabilization of vertebral fractures. The cage’s expansion mechanism allows for compression of the trabecular bone, restoring vertebral height and correcting kyphosis. The internal cavity of the cage is filled with PMMA bone cement, which promotes interaction with the host bone, contributing to the healing process and structural integrity of the implant [7].



The most commonly used devices include the Vertebral Body Stenting System®, SpineJack®, and OsseoFix Spinal Fracture Reduction System® [8]. While these systems serve similar purposes, they differ in their technical specifications. The aim of this review is to evaluate and compare the efficacy, safety, and technical advancements of third-generation PVASs, with a particular focus on their ability to restore vertebral height, minimize cement leakage, and provide long-term stabilization in patients with vertebral compression fractures. Additionally, the rationale of this review is to provide a critical synthesis of the most recent developments in the context of the existing literature, analyzing the effectiveness and biomechanical impact of third-generation devices, and any potential combined treatments, and how these may influence future clinical practice.




2. Methodology and Literature Search Strategy


This review was conducted through a comprehensive literature search utilizing established academic databases, including PubMed, Scopus, and Web of Science, to identify relevant studies. The search employed combinations of keywords such as “vertebral augmentation devices”, “vertebroplasty”, “kyphoplasty”, “vertebral compression fracture”, “cement leakage”, and “biomechanical stability”. The timeframe included all articles published in English up to November 2024. The search strategy was specifically designed to capture both preclinical and clinical studies, ensuring a thorough evaluation of the biomechanical impact and clinical outcomes associated with third-generation vertebral augmentation systems such as the SpineJack®, Vertebral Body Stenting System® (VBS), and OsseoFix®. Relevant data on clinical and radiological outcomes were qualitatively synthesized to provide a comprehensive analysis of the advancements and limitations of these technologies. Studies were excluded if they were not published in English or lacked sufficient methodological detail.




3. Specific Devices


3.1. SpineJack®


The SpineJack® is a mechanical kyphoplasty device made of titanium, designed for restoring vertebral body height in osteoporotic vertebral fractures, bone tumors (primary or secondary), and some traumatic fractures [9]. It is inserted through a bilateral transpedicular approach from T10 to L5 and gradually expanded, reducing the fracture by distracting the vertebra, particularly affecting the anterior longitudinal ligament. Once the vertebra is restored and stabilized in 3D, PMMA is injected to secure the reduction and support axial compression [10]. The use of two devices symmetrically positioned within the vertebral body ensures even distribution of PMMA, reducing the risk of cement leakage [9,10,11]. The device’s expansion directs the flow of PMMA in a controlled manner, and the interlocking of the cement creates a broad contact area that provides stability to the vertebral body. This system also lowers the risk of leakage into the intervertebral disk space, decreasing the chances of fractures in adjacent vertebrae. Additionally, the device is equipped with a self-locking mechanism that halts further expansion under excessive load forces, significantly reducing the risk of vertebral endplate fractures [10,11]. By allowing for controlled reduction of the superior endplate, the system enhances the functional recovery of the injured disk. Studies have shown that the SpineJack® is a safe and effective method for treating vertebral fractures.



The SpineJack® is not only effective for treating osteoporotic vertebral fractures, but also for addressing traumatic fractures and primary or secondary bone tumors. The system generates substantial elevation force, making it suitable for reducing older vertebral fractures, known as inveterate collapses, where bone marrow edema is still visible on MRI scans. The SpineJack® stands out as the only third-generation PVAS device capable of treating such fractures. In conclusion, this device provides a safer and more efficient restoration of vertebral body height compared to conventional balloon kyphoplasty [8,10].



In the case shown in Figure 1, Figure 2 and Figure 3, a patient with collapse of the L1 vertebral body due to suspected metastasis in a case of non-Hodgkin lymphoma, with no evidence of peripheral neurological deficits, is presented (Figure 1). The patient was subsequently subjected to a vertebral biopsy, which did not show any disease localization. The patient then underwent a vertebral reconstruction procedure of the L1 vertebral body with the placement of a SpineJack, followed by vertebroplasty of the D12 vertebral body. Following a bi-pedicular approach to L1, and after a preliminary needle biopsy, the procedure began with the preparation of bone tunnels for pre-implantation, followed by the implantation of 5 mm SpineJack devices. This allowed for partial recovery of the height of the collapsed superior endplate and realignment of the posterior wall displacement. The procedure was completed with vertebroplasty of the D12 vertebral body via a left-sided monopedicular approach (Figure 2). At follow-up imaging approximately two weeks after the procedure, MRI and X-ray confirmed the successful outcome of the recent treatment, showing stability of the treated vertebral segments, partial recovery of vertebral height, and realignment of the posterior wall at L1. No cement leakage was detected on the final CBCT scan. The postoperative course was smooth, with the patient reporting a good recovery of functionality (Figure 3).




3.2. Vertebral Body Stenting System®


The Vertebral Body Stenting System® (VBS) is a titanium device designed for percutaneous vertebral augmentation. It aims to relieve pain and restore the height of fractured vertebrae, helping to correct spinal curvature [12]. The system uses a balloon, similar to standard kyphoplasty, which can expand up to 400% within the vertebral body. By employing ligamentotaxis, the fracture is reduced, restoring vertebral height and creating space for the injection of highly viscous PMMA. After expansion, the balloon is deflated and removed, while the stent remains in place to prevent height loss [13].



VBS is indicated for treating osteoporotic vertebral compression fractures from T10 to L5, particularly in cases without posterior vertebral edge involvement. It is suitable for Genant grade 2 and 3 fractures with kyphotic angulation greater than 15°, as well as fractures classified as A1.1, A1.2, A1.3, and A3.1 under the AO classification [11,14]. Contraindications include fracture types A2, A3.3, B1.1, B2.1, B3, and C.



Extensive mechanical testing has demonstrated VBS’s ability to minimize height loss after balloon deflation, performing better than balloon kyphoplasty [15]. VBS maintains pre-fracture vertebral height and shows improved clinical outcomes, with significant reductions in pain (VAS down by 6.4 points) and disability (ODI decreased by 41.7%) at 12 months. Additionally, vertebral body height improved by 15.3%, and kyphotic correction reached 4.5°. The risk of adjacent vertebral fractures was around 9%, similar to or slightly lower than balloon kyphoplasty rates. Overall, VBS is a safe and effective technique for treating vertebral fractures, with a low incidence of adverse events [12,15].




3.3. OsseoFix®


The OsseoFix® Spine Fracture Reduction System (AlphaTec Spine Inc., Carlsbad, CA, USA) is an expandable titanium device predominantly used in the treatment of symptomatic osteoporotic vertebral stable compression fractures. It consists of a titanium mesh that expands within the vertebral body, helping to reduce fractures and correct kyphotic deformities by compacting the surrounding trabecular bone, as seen in Figure 4 [16,17]. OsseoFix® is suitable for treating vertebral compression fractures from T6 to L5, particularly in stable fractures classified as A1.1 to A1.3 or A3.1 according to the AO classification. It is also effective in managing acute, stable traumatic vertebral fractures of the same type in younger patients. Contraindications include vertebral fractures with retropulsed fragments, dural sac or spinal cord compression, previous treatment at the same level, systemic or local infections, anaphylactic reactions to iodine-based compounds, cancer, irreversible coagulopathies, pre-existing calcium disorders, renal failure, or psychiatric disorders [17,18].



Its technical success, particularly with regard to the extremely low rate of complications and cement leakage, has been documented in several studies, including one by Gandham et al., who evaluated the treatment of multi-level vertebral compression fractures caused by multiple myeloma and found no clinically significant cement leakages among the 152 implants used, resulting in a 0% leakage rate [19]. In fact, OsseoFix® and similar expandable titanium implants require significantly less cement for vertebral reinforcement. Despite using less cement, they offer comparable biomechanical strength to kyphoplasty, reducing the risk of cement leakage into surrounding tissues in vertebrae with compromised posterior walls, as highlighted also by Upasani et al. [20]. Thus, the subsequently inserted PMMA interdigitates with the titanium mesh and surrounding bone, enhancing system stability [21].



The main characteristics of third-generation vertebral augmentation devices are summarized in Table 1.





4. Discussion


The biomechanical impact of vertebral augmentation techniques continues to evolve with the introduction of newer devices and methods. Our review highlights the significant advantages and limitations for vertebral compression fractures of various third-generation PVAS devices, like the SpineJack®, Vertebral Body Stenting System® (VBS), and OsseoFix®. These devices, compared to traditional balloon kyphoplasty and vertebroplasty, offer improved vertebral height restoration, stability, and reduced rates of complications, such as cement leakage, which is a common concern in the use of earlier techniques.



4.1. Biomechanical Impact


In the literature, nearly all studies available demonstrate an improvement in spinal stability following the implantation of third-generation PVAS devices. For the assessment of biomechanical functional recovery of the spine, many studies have relied on indirect parameters to evaluate vertebral deformity improvement, particularly focusing on the “Beck Index” (the ratio of anterior to posterior vertebral height) [22], and the vertebral kyphotic angle and the regional kyphotic angle (α-angle and γ-angle, respectively), as determined by the Cobb method [23]. For example, in a study conducted by Ender et al. which examined the use of titanium mesh cages (OsseoFix®) for unstable osteoporotic thoracolumbar burst fractures in 15 patients, the average kyphotic angle, measured using the Cobb method, significantly decreased from 9 degrees preoperatively to 8 degrees after 12 months (p < 0.05) [21]. Furthermore, Upasani et al. conducted a biomechanical comparison between OsseoFix® and the kyphoplasty balloon, finding that the titanium mesh implant provided superior height restoration while requiring a smaller volume of injected cement [20]. On the other hand, Ghofrani et al. conducted an in vitro biomechanical study using human cadaveric vertebrae to compare kyphoplasty with third-generation PVAS implants, both with and without cement. Their findings revealed that the titanium mesh, regardless of cement usage, exhibited comparable biomechanical properties to balloon kyphoplasty [24]. Additionally, in a prospective study involving 32 patients with symptomatic osteoporotic or tumorous fractures, OsseoFix® demonstrated significant improvements in kyphotic angle and was effective in controlling pain and reducing the Oswestry Disability Index score [19]. For Eschler et al., in a study that addressed unstable thoracolumbar burst fractures in elderly patients using percutaneously applied titanium mesh cages and a transpedicular fixation system with expandable screws, the postoperative kyphotic angle and Cobb angle showed significant improvements, with the kyphotic angle decreasing from 13.7° to 7.4° (p < 0.001) and the Cobb angle from 9.6° to 6.0° (p < 0.002) [25].



Regarding osteoporotic vertebral compression fractures, a preclinical study investigated the relationship between applied forces and the kinematics of a deployable implant for percutaneous vertebral augmentation. Using ex vivo and cadaveric models equipped with strain gauges and sensors for precise measurements, the researchers found a proportional relationship between the actuator force and the implant deployment. The study also highlighted how bone condition (normal vs. osteoporotic) and implant positioning significantly affect the force required [26]. Furthermore, according to Krüger et al., in an analysis of 36 human cadaveric vertebrae, the SpineJack®, demonstrated superior performance compared to kyphoplasty in restoring and maintaining vertebral height. It achieved higher anterior and central height restoration (up to 96.20% and 101.13%, respectively) and maintained better results after cyclic loading, surpassing kyphoplasty in both initial and long-term outcomes [27].



One of the potential advantages of the SpineJack device is its ability to direct the force required for fracture reduction along the craniocaudal axis. In contrast, during balloon kyphoplasty, the direction of the force is determined by the patient’s specific anatomy and the balloon itself. In this regard, a pre-clinical study by Krüger et al. investigated the biomechanical performance and height restoration achieved with the SpineJack device in comparison to balloon kyphoplasty using cadaveric models. The study found that the SpineJack device achieved greater restoration of anterior, central, and posterior height compared to balloon kyphoplasty (p < 0.05) [11]. In another study conducted by Noriega et al., comparing balloon kyphoplasty with the SpineJack, the latter demonstrated a shorter procedure time, similar improvements in pain relief and function, and a substantial increase in vertebral height and vertebral body angle [28]. So far, biomechanical and clinical comparative studies versus percutaneous kyphoplasty or vertebroplasty have reported non-inferiority of spine implants with a reduced volume of injected cement [29].



Instead, concerning preclinical studies on the biomechanical impact of these devices in traumatic vertebral compression fractures, a study conducted on 28 cadaveric spine segments with induced burst fractures demonstrated that the combination of an intravertebral reduction device, with or without cement augmentation, was more effective in restoring central endplates and reducing spinal canal narrowing compared to dorsal instrumentation alone [30]. Additionally, Rotter et al. demonstrated that in a study involving 36 fresh cadaveric vertebrae, the SpineJack system was more effective than balloon kyphoplasty in maintaining vertebral height after reducing traumatic wedge fractures. The study showed that with the SpineJack, it is possible to reduce the cement volume to 10% of the vertebral body volume without compromising height restoration, unlike kyphoplasty, which requires a 30% cement volume to achieve similar results. Moreover, the SpineJack better preserved intraoperative height gain, with an average loss of 1% compared to 16% with kyphoplasty [31].




4.2. PVAS Devices in Tumoral Vertebral Compression Fractures


In recent years, some studies have evaluated the outcomes of using PVAS devices in vertebral compression fractures caused by malignant pathologies, such as multiple myeloma (MM). MM is a clonal disorder of B-cells characterized by the proliferation and accumulation of B-lymphocytes and plasma cells within bone marrow. The spine is particularly affected, because vertebrae, with their high hematopoietic marrow content, are a preferred site for plasma cell neoplasms to infiltrate and grow [32]. Osteoclast activation disrupts bone remodeling, leading to localized osteoporosis and increasing the risk of vertebral compression fractures which are further exacerbated by high-dose steroids [33,34]. For MM vertebral fractures, pharmacological options consist of bisphosphonates, denosumab, teriparatide, and estrogen therapy. Non-invasive approaches to vertebral fractures involve the use of bracing, physical therapy, and pain management strategies. Interventional radiology is crucial in managing this condition, particularly for alleviating pain caused by secondary vertebral fractures. The primary techniques used are percutaneous kyphoplasty and VP, as recommended by the 2017 CIRSE guidelines [35,36]. Vertebral deformity and adjacent level fractures are significant long-term complications associated with vertebroplasty and kyphoplasty in osteoporotic patients. While VP effectively reduces pain in the short and long term, it often fails to fully restore vertebral height or correct the kyphotic angle, leading to deformities and an increased risk of adjacent fractures. To address these issues, various percutaneous implant techniques were developed. These techniques aim to minimize the secondary loss of vertebral height after balloon deflation during kyphoplasty and to maintain vertebral height and kyphotic angle restoration. SpineJack® use in patients with multiple myeloma was reported by Pusceddu et al., who retrospectively evaluated its feasibility and effectiveness for treating and stabilizing painful vertebral compression fractures. In their study, 39 patients with 49 fractures underwent vertebroplasty with SpineJack® implants. Results showed a 100% technical success rate, with no major complications. Pain significantly decreased by 96.3% (VAS score), and functional mobility improved by 47.8% over a 6-month follow-up. The procedure proved safe and effective, offering long-term pain relief and vertebral height restoration without major complications or new fractures [37]. They also noted that the combined CT–Fluoroscopy technique is especially beneficial for patients with significant pre-existing spinal deformities. This approach, in fact, allowed for more accurate implant positioning and provided easier access to the vertebra through CT guidance.




4.3. Pain Relief and Complication Rate


Nearly all studies on third-generation PVAS devices report significant reduction in pain scores and disability, predominantly measured through the Visual Analog Scale (VAS) and the Oswestry Disability Index (ODI), as well as improvements in quality of life and lower postoperative complication rates. Ender et al., for example, demonstrated a significant reduction in pain intensity (VAS), dropping from a preoperative score of 8.0 to 1.6 after, along with significant improvement in activity level (ODI) from a preoperative 79.0 to 30.5% after 12 months [21]. Eschler et al. treated unstable thoracolumbar burst fractures in elderly patients using titanium mesh cages combined with a transpedicular fixation system with expandable screws, resulting in significant pain reduction, maintained fracture alignment, and a low complication rate [25]. In most of the studies reviewed, follow-up imaging confirmed partial recovery of the vertebral height and stability of the treated segments, reinforcing the notion that third-generation devices provide lasting biomechanical support.



Although the current literature indicates that third-generation VPAS are associated with a lower overall complication rate, certain issues remain. Cement leakage, while less common than in earlier techniques, can still occur, particularly in cases involving compromised vertebral endplates or suboptimal implant positioning. Adjacent vertebral fractures, likely due to altered biomechanical forces post-procedure, have also been observed, albeit at low rates. Furthermore, the success of these devices heavily depends on accurate positioning. Improper placement can result in uneven height restoration, inadequate fracture reduction, or suboptimal biomechanical outcomes.




4.4. Combined Treatments


In another study conducted by Pusceddu et al., a novel technique for treating pathological vertebral compression fractures was assessed, combining microwave ablation (MWA), bilateral expandable titanium SpineJack® implants, and vertebroplasty. The retrospective study included 28 patients with vertebral metastases, all of whom had a history of primary tumors. The procedure achieved a 100% technical success rate with no major complications. Vertebral height was restored in 58% of the treated vertebrae, and pain levels showed a significant reduction, with the VAS score dropping by 93.65% at the 6-month follow-up. Imaging studies (CT and MRI) conducted post-procedure confirmed no implant displacement, local recurrence, or new fractures. This innovative combination of MWA, SpineJack® implants, and vertebroplasty proved to be a safe and effective method for treating pathological vertebral fractures, offering long-term pain relief, enhanced mobility, and effective tumor control [38].




4.5. Cost and Justification, Limitations and Future Directions


The costs of third-generation PVAS devices are significantly higher compared to traditional methods such as vertebroplasty and balloon kyphoplasty. This increased cost is primarily attributed to the advanced materials (e.g., titanium components) and the sophisticated engineering of these devices. These factors can be a barrier to widespread adoption, especially in resource-limited settings. Furthermore, their deployment often requires advanced technical expertise, and operator inexperience may increase the risk of complications or diminish the effectiveness of the intervention.



However, the higher costs of these systems can be justified by their long-term benefits. Third-generation devices have been shown to reduce revision rates, lower the risk of re-fractures and adjacent vertebral fractures, and improve patient outcomes overall. Additionally, their use in complex cases, such as those involving multiple myeloma or older fractures with marrow edema, expands the range of treatable conditions, further supporting their adoption in clinical practice.



Despite the clear advantages, there remain areas for improvement. One key issue is patient selection, as not all fractures may benefit equally from the same device. Future studies should focus on refining criteria for selecting the most appropriate device based on fracture type, patient age, and comorbidities. Furthermore, long-term studies comparing the efficacy of these devices in preventing adjacent fractures and maintaining height restoration are needed to fully assess their impact on patient outcomes.





5. Conclusions


Third-generation PVAS devices, such as the SpineJack®, Vertebral Body Stenting System®, and OsseoFix®, have demonstrated significant advancements in the treatment of vertebral compression fractures. These devices offer improved restoration of vertebral height and correction of kyphotic angles, thereby enhancing biomechanical stability, while also reducing the risk of complications such as cement leakage. Each device presents unique advantages depending on the type of fracture and patient characteristics. However, the studies currently available in the literature involve relatively small patient cohorts, highlighting the need for larger, more comprehensive trials to further refine patient selection criteria and optimize long-term outcomes.
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	VP
	Vertebroplasty



	PVAS
	Percutaneous vertebral augmentation system



	MM
	Multiple myeloma



	RT
	Radiotherapy



	PMMA
	polymethyl methacrylate



	VAS
	Visual Analog Scale



	ODI
	Oswestry Disability Index
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Figure 1. Patient with non-metastatic collapse of the L1 vertebral body in a case of non-Hodgkin lymphoma, with no evidence of peripheral neurological deficits. Image showing TSE sequences obtained with a 1.5 Tesla magnet in the sagittal plane of the lumbosacral spine of the patient, before treatment: (A) T2-weighted sequence, (B) T1-weighted sequence, and (C) Short Tau Inversion Recovery sequence. 
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Figure 2. Images depicting the stages of a vertebral reconstruction procedure in which the patient underwent vertebral body reconstruction of L1 with the placement of a SpineJack and vertebroplasty of the D12 vertebral body. (A) Transpedicular approach to L1. (B) Drilling of bone tunnels for pre-implantation. (C) Insertion of the SpineJack device into the vertebral body. (D) Positioning and adjustment of the devices for optimal height recovery and realignment. (E) Partial recovery of the height of the collapsed superior endplate and realignment of the posterior wall displacement. Completion of the procedure with vertebroplasty of the D12 vertebral body via a left-sided monopedicular approach. (F) Left-sided approach to the D12 vertebral body. (G) Needle insertion into the D12 body for vertebroplasty. (H) Distribution of cement material within the vertebral body of D12. (I) Final image showing the successful filling of the D12 vertebral body with cement, securing structural stability. 
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Figure 3. Follow-up imaging approximately two weeks after the procedure, obtained with a 1.5 Tesla magnet and TSE sequences: (A) T2-weighted sagittal MRI, (B) T1-weighted sagittal MRI, and (C) T2-weighted fat-saturated (fat sat) sagittal MRI. (D) Laterolateral projection X-ray of the lumbar spine. 
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Figure 4. Osseofix™ implant is inserted, compacting the trabecular bone and improving cement interdigitation for enhanced stability. Reprinted from Gandham et al. [19]. 
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Table 1. Characteristics of Third-Generation Vertebral Augmentation Devices.
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	Main Use
	Material
	Operating Principle





	Kyphon
	Treatment of recent fractures, osteoporosis, and metastasis
	Elastomer
	Balloon-based



	SpineJack®
	Manages both recent and older fractures, osteoporosis, metastasis
	Titanium
	Deformable metallic structure



	Vertebral Body Stenting® (VBS)
	Recent fractures, osteoporosis, metastasis
	Titanium
	Balloon combined with a deformable metallic component



	OsseoFix®
	Osteoporotic vertebral collapse
	Titanium
	Deformable metallic structure
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