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Abstract

:

Osteoporotic vertebral compression fractures are the most common manifestation of osteoporosis. Percutaneous kyphoplasty (PKP) can lead to both pain improvement and correction of kyphosis secondary to collapsed vertebral bodies. Robot-assisted (RA) PKP has been reported to provide better vertebral body fracture correction than conventional fluoroscopy-assisted (FA) PKP. The aim of this meta-analysis is to compare clinical outcomes of RA PKP versus FA PKP. The Pubmed, Embase, and MEDLINE electronic databases were searched from January 1900 to December 2022, with no language restrictions for relevant articles. We extracted the preoperative and postoperative mean pain score and standard deviation from the included studies and pooled them using an inverse variance method. Statistical analyses were performed using functions available in the metafor package in R software. The results of this meta-analysis were summarized with weighted mean differences (WMDs). Our search strategy identified 181 references from the Pubmed, Embase, and MEDLINE electronic databases. We excluded duplicates and irrelevant references, after screening titles and abstracts. The remaining 12 studies were retrieved for full-text review, and, finally, we included five retrospective cohort studies from 2015 to 2021, comprising 223 patients undergoing RA PKP and 246 patients undergoing FA PKP. No difference was found in subgroup analysis based on the timing of postoperative pain assessment, despite the overall estimate of postoperative pain indicating a significant difference between the RA PKP and FA PKP groups (WMD, −0.22; 95% CI, −0.39 to −0.05). The long-term pain assessment revealed a significantly lower VAS in the RA PKP group than the FA PKP group at six months postoperatively (WMD, −0.15; 95% CI, −0.30 to −0.01), but no difference between the subgroups at three (WMD, 0.06; 95% CI, −0.41 to −0.54) and twelve months (WMD, −0.10; 95% CI, −0.50 to 0.30) postoperatively. Our meta-analysis revealed no significant difference in postoperative pain between RA PKP and FA PKP. Patients undergoing RA PKP had better pain improvement compared to FA PKP at 6 months postoperatively. However, further studies focusing on long-term outcomes in patients undergoing RA PKP are warranted to clarify its benefit, given the small number of included studies.
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1. Introduction


Osteoporotic vertebral compression fractures (OCVFs) are the most common manifestation of osteoporosis, affecting millions of people worldwide, especially postmenopausal women and elderly individuals. OCVFs result from the deterioration of the bone structure, which leads to a weakened vertebral body and an increased risk of fracture, even from minor trauma or loading. These fractures can cause significant morbidity and can result in chronic back pain, height loss, spinal deformity, and impaired quality of life. Additionally, OCVFs are associated with an increased risk of future vertebral and non-vertebral fractures, leading to higher healthcare costs and increased mortality rates. Despite the high prevalence and impact of OCVFs, they are often underdiagnosed and undertreated, and many patients do not receive appropriate care, including pain management, fracture prevention, and rehabilitation. Therefore, there is a need for better understanding, prevention, and management of OCVFs to improve patients’ outcomes, reduce healthcare costs, and enhance the quality of life of individuals with osteoporosis [1].



Vertebral fractures of the thoracic and lumbar spine are a significant public health concern, accounting for approximately 700,000 of the 1.5 million osteoporotic fractures occurring annually in the United States alone [2]. These fractures can lead to chronic pain, decreased mobility, kyphosis, and an overall reduction in quality of life. Furthermore, they can lead to increased morbidity and mortality, particularly in elderly patients. In addition to the physical impact, vertebral fractures also have significant economic implications, with estimates of direct and indirect costs related to osteoporotic fractures exceeding USD 19 billion annually in the United States alone. Given the significant burden of osteoporotic vertebral fractures, there is a critical need to develop effective treatment and management strategies to reduce their incidence and impact. The increased incidence of OCVFs worldwide, paired with increased life expectancy, especially in those aged over 65 years, highlights the need for effective prevention and treatment strategies to address this growing health issue [3].



The most commonly seen symptom of OCVF is back pain [1]. In addition to the symptoms mentioned, OCVFs can also lead to an increased risk of falls, which can result in further fractures and other injuries. Moreover, untreated OCVFs can cause significant physical and emotional stress, as individuals may experience decreased mobility, increased dependence on others, and a reduced ability to participate in daily activities [1,3]. It is essential to promptly diagnose and manage OCVFs to minimize the impact on patients’ quality of life and to prevent potential complications. Therefore, early recognition and appropriate management of OCVFs are crucial to reduce morbidity, mortality, and healthcare costs associated with this condition. Further intervention for persistent back pain is indicated for those with OCVFs exhibiting a poor response to conservative medical treatment, including analgesia, antiosteoporosis treatment, and bed rest [1].



The two mainstay interventions for OCVFs are percutaneous vertebroplasty (PVP) and percutaneous kyphoplasty (PKP) [4]. PVP is performed by injecting bone cement into a fractured vertebral body, and evidence showed postoperative pain improvement following PVP [4]. PKP, compared to PVP, is performed by inserting an expandable device into the fracture vertebral body, and the cavity created by the device is injected with bone cement [4]. PKP can lead to both pain improvement and correction of kyphosis secondary to collapsed vertebral bodies [5]. In recent years, there has been ongoing debate about the effectiveness of PVP and PKP in the treatment of OCVFs, with some studies showing conflicting results. While both procedures have been found to be effective in reducing pain and restoring vertebral body height, their long-term outcomes are still a topic of discussion. Some researchers have suggested that PKP may provide superior results in terms of pain relief and restoration of vertebral body height, while others argue that the difference between the two procedures is negligible. It is also important to note that both PVP and PKP carry a risk of complications, including cement leakage, pulmonary embolism, and infection, and these risks should be carefully considered when deciding which is the most appropriate intervention for a given patient. Overall, further research is needed to determine the optimal management approach for OCVFs and to develop more effective and safer treatment options for this condition.



PKP is a minimally invasive procedure, but as with any medical intervention, it is not entirely without risk [6]. Puncture injury can occur during the procedure, particularly if the needle used to access the vertebral body inadvertently punctures adjacent structures, such as nerves or blood vessels. Another potential complication is bone cement leakage, which can occur when the cement used to stabilize the vertebral body leaks into the surrounding tissues, leading to nerve irritation or compression, pulmonary embolism, or other adverse events [6,7]. While the incidence of these complications is generally low, clinicians should be vigilant in monitoring patients for signs of complications after PKP and take appropriate steps to manage any adverse events that may arise. Traditionally, surgeons use a fluoroscopy-based device during the procedure to guide and assist PKP surgery [4]. Robots have been emerging to assist spine surgeries [8], and robot-assisted (RA) PKP reduces radiation exposure of the surgeon and the operating room staff [9] and provides better vertebral body fracture correction than conventional fluoroscopy-assisted (FA) PKP [10]. Several studies compared the radiographic outcomes and procedure times between RA PKP and FA PKP [11,12,13]. Additionally, studies investigated pain improvement following RA PKP [10,12], which is the most important outcome, because patients opt for PKP due to refractory pain. This study aimed to perform a systematic review and meta-analysis of the summarized current literature on the clinical outcomes of RA PKP versus FA PKP. By synthesizing and analyzing the available evidence from published studies, this study aimed to provide clinicians with reliable and up-to-date information to assist in clinical decision making regarding the selection of the most effective and safe treatment option for OCVFs. Ultimately, the goal of this study was to improve patient outcomes and quality of life by providing evidence-based recommendations for the management of OCVFs.




2. Methods


The systematic review and meta-analysis were conducted based on the Cochrane Handbook for Systematic Reviews and Interventions [14], and results were reported following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (eMethod 1 in the Supplementary Materials).



2.1. Study Selection


The Pubmed, Embase, and MEDLINE electronic databases were searched from January 1900 to December 2022, with no language restrictions for relevant articles. The reference lists of all the included studies were also screened for potentially relevant articles that were not identified in the electronic search. The selection process for inclusion of studies was conducted in two stages: a title and abstract screening, followed by a full-text review. The details of the search process, including the search terms and search strings, are presented in eMethod2, which can be found in the Supplementary Materials. Two investigators (Y.C. and K.-Y.C.) independently performed the search to identify relevant studies for inclusion, with discrepancies resolved by either reaching a consensus or consulting a senior reviewer (C.-M.C.).




2.2. Eligibility Criteria


Articles meeting the following criteria were included: (1) randomized controlled trials, prospective and/or retrospective cohort and case-control studies (case reports, editorials, letters to the editor, review articles, and conference abstracts were excluded); (2) studies of adults undergoing PKP for vertebral body fractures; and (3) studies reporting comparative clinical outcomes (pain severity) of RA PKP versus FA PKP. In order to avoid duplication and ensure the highest quality of data in our meta-analysis, we only included the most complete reports of studies with an accumulated number of patients or increased follow-up durations.




2.3. Data Extraction


Two investigators (Y.C. and W.-C.C.) independently extracted the following data from eligible studies: first author’s last name, publication year, inclusion period, patient number, preoperative and postoperative pain score, and rate of cement leakage. The extracted data were entered into a pre-designed data extraction form in a standardized manner. Any discrepancies in the extracted data were resolved by discussion between the two investigators or by consulting a senior reviewer (C.-M.C.).




2.4. Quality Assessment


Critical appraisal of the included studies was performed to evaluate the quality of evidence and to determine the strength of the recommendations. The Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I) [15] tool was chosen for critical appraisal of the included studies because it is a validated and widely accepted tool that provides a comprehensive evaluation of the risk of bias in non-randomized studies. The tool assesses bias across seven domains: confounding, selection of participants, classification of interventions, deviations from intended interventions, missing data, measurement of outcomes, and selection of the reported result. Two investigators (Y.C. and W.-C.C.) who independently assessed the studies were trained in the use of the ROBINS-I tool, and any disagreements between them were resolved by discussion or by consulting with a third investigator who had extensive experience in systematic reviews and meta-analyses (K.-Y.C.).




2.5. Statistical Analysis


Statistical analyses were performed using functions available in the metafor package in R software (eMethod 3). The metafor package includes various methods for estimating effect sizes, pooling effect sizes across studies, assessing heterogeneity, and performing sensitivity analyses to assess the robustness of the results. The package also provides options for generating forest plots, funnel plots, and other graphical representations of the data, which can aid in the interpretation and communication of the results [16]. The clinical outcomes of interest are back pain severity and improvement after PKP. We extracted the preoperative and postoperative mean pain score and standard deviation from the included studies and pooled them using an inverse variance method. The results were summarized with the weighted mean difference (WMD). The restricted maximum likelihood method [17] was used as a heterogeneity estimator to conduct random-effect meta-analyses because between-trial variance was inevitable. Effect sizes were presented with their corresponding 95% confidence intervals (CIs) with Hartung–Knapp–Sidik–Jonkman adjustment [18]. The assessment of heterogeneity is critical in meta-analysis because it affects the choice of statistical models and the interpretation of the results. Heterogeneity was assessed using I2 statistics proposed by Higgins and Thompson. It measures the percentage of total variation across studies due to heterogeneity rather than chance. An I2 value of less than 25% indicates low heterogeneity, which suggests that the studies are relatively consistent in their results. A value between 25% and 50% indicates moderate heterogeneity, which suggests that the studies have some degree of variability in their results. An I2 value of greater than 50% indicates high heterogeneity, which suggests that the studies are significantly different from each other [19].





3. Results


3.1. Study Selection


Our search strategy identified 181 references from the Pubmed, Embase, and MEDLINE electronic databases. We excluded duplicates (n = 24) and irrelevant references (n = 145) after screening titles and abstracts. The remaining 12 studies were retrieved for full-text review, 5 [10,11,12,13,20] of which were included in the review (Figure 1).




3.2. Study Characteristics


As shown in Table 1, five retrospective cohort studies [10,11,12,13,20] were included from 2015 to 2021, comprising 223 patients undergoing RA PKP and 246 patients undergoing FA PKP. Four studies [11,12,13,20] included patients receiving PKP due to OCVFs and the other one included patients with traumatic vertebral body fractures [10]. The rate of cement leakage ranged from 1.23% to 46.2% in the RA PKP group and ranged from 1.53% to 90.6% in the FA PKP group.




3.3. Quality Assessment of the Included Studies


In this study, we assessed the quality of the included studies using the ROBINS-I tool. Our assessment revealed that two of the five studies had a critical risk of bias, mainly due to measurement of outcome, while the other three studies had a moderate risk of bias (Table 2).




3.4. Clinical Outcomes of RA PKP versus FA PKP


Our meta-analysis revealed no significant difference in preoperative VAS between the RA PKP and FA PKP groups (WMD, 0.24; 95% CI, −0.32 to 0.81) (Figure 2).



Three studies recorded postoperative day 1 VAS, which is a clinically relevant endpoint for assessing early postoperative pain. However, the other two studies did not have a clear definition of timing for postoperative pain assessment, which may have introduced some variability in the results. No difference was found in subgroup analysis based on the timing of postoperative pain assessment, despite the overall estimate of postoperative pain indicating a significant difference between the RA PKP and FA PKP groups (WMD, −0.22; 95% CI, −0.39 to −0.05) (Figure 3). The long-term pain assessment revealed a significantly lower VAS in the RA PKP group than the FA PKP group at six months postoperatively (WMD, −0.15; 95% CI, −0.30 to −0.01) but no difference between the subgroups at three (WMD, 0.06; 95% CI, −0.41 to −0.54) and twelve months (WMD, −0.10; 95% CI, −0.50 to 0.30) postoperatively (Figure 4).





4. Discussion


This systematic review aimed to compare the clinical outcomes of RA PKP and FA PKP procedures. Through a robust meta-analysis that employed a heterogeneity estimator and CI adjustment, no significant difference was found between the two groups in terms of postoperative pain. However, it is important to note that the benefit of long-term pain relief after RA PKP was observed only at six months postoperatively. On the other hand, a recently published systematic review [21] showed that RA PKP produced better results than FA PKP in terms of vertebral height and kyphosis angle. Despite this finding, our study found little difference in the postoperative pain improvement between the two groups. One possible explanation for this is the study by Feltes et al., which found that postoperative vertebral height did not interfere with pain improvement [22]. However, the methodological quality and patient characteristics of the studies included in our meta-analysis varied, which underscores the need for caution when interpreting our results. Larger sample sizes and more standardized methodologies are required to provide more definitive conclusions about the comparative effectiveness of these procedures. Despite the limitations, our study provides valuable insights into the clinical outcomes of RA PKP and FA PKP procedures and highlights the importance of considering factors, such as vertebral height and kyphosis angle, when assessing a patient’s overall improvement. Further research is needed to confirm our findings and improve the comparability of outcome measures across studies. Overall, our study contributes to the growing body of evidence on the effectiveness of different surgical techniques for the treatment of spinal conditions.



Compared to FA PKP, the higher precision of cement injection in RA PKP would be associated with a lower risk of leakage. In our review, we found a higher risk of cement leakage in the FA PKP group in all of the included studies. Theoretically, the expandable devices can be accurately positioned near the midline or fracture line during RA PKP, allowing the cement to be diffusely distributed along the midline of the vertebral body or fractured area, which can provide better pain relief [12]. Conversely, using traditional techniques for pedicle puncture, RA PKP often requires repeated adjustments to the puncture angle to ensure the correct trajectory. This can lead to increased damage to the surrounding muscles, fascia, and other soft tissues, ultimately resulting in insufficient pain relief after the operation [23]. However, postoperative pain is multifactorial and can be influenced by procedure time, the extent of the operation, and postoperative management [24]. Additionally, two studies did not report the timing of postoperative pain, which may also hinder an accurate assessment.



Our meta-analysis revealed no significant difference in preoperative VAS scores between the RA PKP and FA PKP group. It is important to note that preoperative pain levels can be affected by various factors, such as the duration of symptoms, the severity of the fracture, and the presence of comorbidities. The results of our meta-analysis for long-term pain improvement should be interpreted with caution because only four studies reported long-term outcomes with different follow-up times. The significant pain relief in the RA PKP group was only observed at six months postoperatively, while Lin et al. [12] revealed no difference twelve months postoperatively. Hence, further studies focusing on long-term outcomes in patients undergoing RA PKP are warranted to clarify its possible benefit.



Despite the promising findings of our meta-analysis, there were several limitations that should be taken into consideration when interpreting the results. First, the small number of included studies limits the generalizability of our findings and the statistical power of the analysis. Additionally, the retrospective design of the included studies increases the risk of bias due to confounding factors, such as differences in patient characteristics, treatment protocols, and outcome assessment methods. Second, the heterogeneity of the included studies in terms of patient baseline conditions, surgical techniques, and outcome measures may also have contributed to the variability in results across studies. This highlights the need for more standardized methodologies and larger-scale studies to enable more accurate comparisons between treatment options. Third, the timing of pain assessment varied across the included studies, which may have contributed to heterogeneity and limited the comparability of the results. Future studies should consider using consistent and standardized outcome measures and timing of assessments to enable more accurate comparisons between treatment options. Finally, most of the studies included in our meta-analysis were conducted in China, with only one study conducted in France. Therefore, our findings may not be generalizable to other populations, and further research is needed to explore the effectiveness of these procedures in other geographic regions and patient populations. Overall, while our meta-analysis provides some valuable insights into the comparative effectiveness of different surgical techniques for the treatment of certain conditions, further research is needed to address the limitations of our study and to provide more definitive conclusions.




5. Conclusions


The present meta-analysis provides valuable insights into the comparative clinical outcomes of RA PKP and FA PKP for the treatment of OCVFs. The finding of no significant difference in postoperative pain between the two procedures indicates that both techniques are similarly effective in relieving pain caused by OCVFs. However, our study shows that RA PKP may offer a benefit in terms of long-term pain relief at 6 months postoperatively, compared to FA PKP. While this finding is encouraging, it is important to note that the number of studies included in our analysis is relatively small, and further studies with larger sample sizes and longer follow-up periods are necessary to confirm these results. Additionally, future research should explore other important clinical outcomes, such as quality of life, functional status, and overall patient satisfaction, to better understand the comparative effectiveness of these procedures. Nonetheless, the results of this study provide clinicians and patients with valuable information regarding the potential benefits of RA PKP over FA PKP for the treatment of OCVFs.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/medicina59040662/s1, eMethod 1: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 checklist; eMethod 2: Search strategy; eMethod 3: Data synthesis.





Author Contributions


Conceptualization, Y.C. and C.-M.C.; methodology, W.-C.C.; software, K.-Y.C.; validation, Y.C., W.-C.C. and C.-M.C.; formal analysis, K.-Y.C.; investigation, W.-C.C.; resources, A.P.-H.H.; data curation, L.-W.S.; writing—original draft preparation, Y.C.; writing—review and editing, Y.C. and W.-C.C.; visualization, S.-W.J.; supervision: A.P.-H.H. and L.-W.S.; project administration, C.-M.C.; funding acquisition, C.-M.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The detailed data of this study are available from the corresponding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Patel, D.; Liu, J.; Ebraheim, N.A. Managements of osteoporotic vertebral compression fractures: A narrative review. World J. Orthop. 2022, 13, 564–573. [Google Scholar] [CrossRef] [PubMed]

	



Ensrud, K.E.; Schousboe, J.T. Clinical practice. Vertebral fractures. N. Engl. J. Med. 2011, 364, 1634–1642. [Google Scholar] [CrossRef] [PubMed]

	



Ballane, G.; Cauley, J.A.; Luckey, M.M.; El-Hajj Fuleihan, G. Worldwide prevalence and incidence of osteoporotic vertebral fractures. Osteoporos. Int. 2017, 28, 1531–1542. [Google Scholar] [CrossRef] [PubMed]

	



McGirt, M.J.; Parker, S.L.; Wolinsky, J.P.; Witham, T.F.; Bydon, A.; Gokaslan, Z.L. Vertebroplasty and kyphoplasty for the treatment of vertebral compression fractures: An evidenced-based review of the literature. Spine J. 2009, 9, 501–508. [Google Scholar] [CrossRef]

	



Deng, L.; Lv, N.; Hu, X.; Guan, Y.; Hua, X.; Pan, Z.; Zhou, Q.; Wang, C.; Li, B.; Qian, Z. Comparison of efficacy of percutane vertebroplasty versus percutaneous kyphoplasty in the treatment of osteoporotic vertebral asymmetric compression fracture. World Neurosurg. 2022, 167, e1225–e1230. [Google Scholar] [CrossRef]

	



Zhan, Y.; Jiang, J.; Liao, H.; Tan, H.; Yang, K. Risk factors for cement leakage after vertebroplasty or kyphoplasty: A meta-analysis of published evidence. World Neurosurg. 2017, 101, 633–642. [Google Scholar] [CrossRef]

	



Chung, H.J.; Chung, K.J.; Yoon, H.S.; Kwon, I.H. Comparative study of balloon kyphoplasty with unilateral versus bilateral approach in osteoporotic vertebral compression fractures. Int. Orthop. 2008, 32, 817–820. [Google Scholar] [CrossRef]

	



McKenzie, D.M.; Westrup, A.M.; O’Neal, C.M.; Lee, B.J.; Shi, H.H.; Dunn, I.F.; Snyder, L.A.; Smith, Z.A. Robotics in spine surgery: A systematic review. J. Clin. Neurosci. 2021, 89, 1–7. [Google Scholar] [CrossRef]

	



Barzilay, Y.; Schroeder, J.E.; Hiller, N.; Singer, G.; Hasharoni, A.; Safran, O.; Liebergall, M.; Itshayek, E.; Kaplan, L. Robot-assisted vertebral body augmentation: A radiation reduction tool. Spine 2014, 39, 153–157. [Google Scholar] [CrossRef]

	



Alsalmi, S.; Capel, C.; Chenin, L.; Peltier, J.; Lefranc, M. Robot-assisted intravertebral augmentation corrects local kyphosis more effectively than a conventional fluoroscopy-guided technique. J. Neurosurg. Spine 2018, 30, 289–295. [Google Scholar] [CrossRef]

	



Jin, M.; Ge, M.; Lei, L.; Li, F.; Wu, M.; Zhang, G.; Pei, S.; Zheng, B. Clinical and radiologic outcomes of robot-assisted kyphoplasty versus fluoroscopy-assisted kyphoplasty in the treatment of osteoporotic vertebral compression fractures: A retrospective comparative study. World Neurosurg. 2022, 158, e1–e9. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.; Tang, L.Y.; Wang, F.; Yuan, X.W.; Hu, J.; Liang, W.M. TiRobot-assisted percutaneous kyphoplasty in the management of multilevel (more than three levels) osteoporotic vertebral compression fracture. Int. Orthop. 2022, 47, 319–327. [Google Scholar] [CrossRef]

	



Yuan, W.; Meng, X.; Cao, W.; Zhu, Y. Robot-assisted versus fluoroscopy-assisted kyphoplasty in the treatment of osteoporotic vertebral compression fracture: A retrospective study. Glob. Spine J. 2022, 12, 1151–1157. [Google Scholar] [CrossRef] [PubMed]

	



Higgins, J.P.T.T.J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.J.; Welch, V.A. Cochrane Handbook for Systematic Reviews of Interventions Version 6.0. Cochrane. Available online: www.training.cochrane.org/handbook (accessed on 1 December 2022).

	



Sterne, J.A.; Hernán, M.A.; Reeves, B.C.; Savovi’c, J.; Berkman, N.D.; Viswanathan, M.; Henry, D.; Altman, D.G.; Ansari, M.T.; Boutron, I.; et al. Robins-I: A tool for assessing risk of bias in non-randomised studies of interventions. BMJ 2016, 355, i4919. [Google Scholar] [CrossRef] [PubMed]

	



Viechtbauer, W. Conducting meta-analyses in R with the metafor package. J. Stat. Softw. 2010, 36, 1–48. [Google Scholar] [CrossRef]

	



Harville, D.A. Maximum likelihood approaches to variance component estimation and to related problems. J. Am. Stat. Assoc. 1977, 72, 320–338. [Google Scholar] [CrossRef]

	



Hartung, J.; Knapp, G. A refined method for the meta-analysis of controlled clinical trials with binary outcome. Stat. Med. 2001, 20, 3875–3889. [Google Scholar] [CrossRef]

	



Higgins, J.P.; Thompson, S.G.; Deeks, J.J.; Altman, D.G. Measuring inconsistency in meta-analyses. BMJ 2003, 327, 557–560. [Google Scholar] [CrossRef]

	



Li, Q.; Wu, C.; Huang, Z.; Cao, J.; Chang, J.; Yin, G.; Yu, L.; Cao, X.; Sui, T. A comparison of robot-assisted and fluoroscopy-assisted kyphoplasty in the treatment of multi-segmental osteoporotic vertebral compression fractures. J. Biomed. Res. 2022, 36, 208–214. [Google Scholar] [CrossRef]

	



Yu, H.; Luo, G.; Yu, B.; Sun, T.; Tang, Q.; Jia, Y. Robot-assisted kyphoplasty improves clinical and radiological features better than fluoroscopy-assisted kyphoplasty in the treatment of vertebral compression fractures: A meta-analysis. Front. Surg. 2022, 9, 955966. [Google Scholar] [CrossRef]

	



Feltes, C.; Fountas, K.N.; Machinis, T.; Nikolakakos, L.G.; Dimopoulos, V.; Davydov, R.; Kassam, M.; Johnston, K.W.; Robinson, J.S. Immediate and early postoperative pain relief after kyphoplasty without significant restoration of vertebral body height in acute osteoporotic vertebral fractures. Neurosurg. Focus 2005, 18, e5. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Cao, J.; Chang, J.; Yin, G.; Cai, W.; Li, Q.; Huang, Z.; Yu, L.; Cao, X. Effectiveness of Tirobot-assisted vertebroplasty in treating thoracolumbar osteoporotic compression fracture. J. Orthop. Surg. Res. 2021, 16, 65. [Google Scholar] [CrossRef] [PubMed]

	



Terracina, S.; Robba, C.; Prete, A.; Sergi, P.G.; Bilotta, F. Prevention and treatment of postoperative pain after lumbar spine procedures: A systematic review. Pain Pract. 2018, 18, 925–945. [Google Scholar] [CrossRef] [PubMed]








[image: Medicina 59 00662 g001 550] 





Figure 1. PRISMA flowchart diagram. We initially extracted 181 potential references. Screening the titles and abstracts yielded 12 full-text articles, the eligibility of which was assessed. Eventually, 5 studies were included for qualitative and quantitative syntheses. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses. 
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Figure 2. Forest plot of preoperative VAS among patients receiving RA PKP versus FA PKP. The forest plot demonstrates preoperative VAS among the RA PKP group versus the FA PKP group. The size of squares is proportional to the weight of each study. The result is summarized using weighted mean difference with corresponding 95% confidence interval (CI). Horizontal lines indicate the 95% CI of each study; the red diamond indicates the pooled estimate with 95% CI. CI, confidence interval, FA PKP, fluoroscopy-assisted kyphoplasty, RA PKP, robot-assisted kyphoplasty, VAS, visual analog scale [10,11,12,13,20]. 
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Figure 3. Forest plot of postoperative VAS among patients receiving RA PKP versus FA PKP. The forest plot demonstrates postoperative VAS among the RA PKP group versus the FA PKP group. The size of squares is proportional to the weight of each study. The result is summarized using weighted mean difference with corresponding 95% CI. Horizontal lines indicate the 95% CI of each study; red diamonds indicate the pooled estimate with 95% CI. CI, confidence interval, FA PKP, fluoroscopy-assisted kyphoplasty, NS, not-specified, POD1, postoperative day 1, RA PKP, robot-assisted kyphoplasty, VAS, visual analog scale [10,11,12,13,20]. 
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Figure 4. Forest plot of long-term VAS among patients receiving RA PKP versus FA PKP. The forest plot demonstrates long-term VAS among the RA PKP group versus the FA PKP group. The size of squares is proportional to the weight of each study. The result is summarized using weighted mean difference with corresponding 95% confidence interval (CI). Horizontal lines indicate the 95% CI of each study; red diamond indicates the pooled estimate with 95% CI. CI, confidence interval, FA PKP, fluoroscopy-assisted kyphoplasty, RA PKP, robot-assisted kyphoplasty, VAS, visual analog scale [11,12,13,20]. 
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Table 1. Study characteristics.






Table 1. Study characteristics.





	
Study

	
Study Design

	
Inclusion Period

	
Inclusion Criteria

	
Sample Size

	
Preoperative VAS, Mean (SD)

	
Postoperative VAS, Mean (SD)

	
Long-Term VAS, Mean (SD)

	
Cement Leaks Rate




	
RA

	
FA

	
RA

	
FA

	
RA

	
FA

	
RA

	
FA

	
RA

	
FA






	
Alsalmi 2019 [10]

	
RC

	
2015–2016

	
PKP for traumatic VBF

	
30

	
30

	
6.9 (0.88)

	
6.8 (0.88)

	
NA

	
NA

	
2.56 (1.0)

	
2.55 (1.1)

	
45.8%

	
71.9%




	
Jin 2022 [11]

	
RC

	
2020

	
PKP for OCVFs

	
81

	
131

	
6.77 (0.84)

	
5.30 (2.09)

	
1.19 (0.57)

	
1.32 (0.57)

	
1.73 (0.85)

	
2.10 (1.22)

	
1.23%

	
1.53%




	
Li 2022 [20]

	
RC

	
2019–2021

	
PKP for OCVFs

	
15

	
15

	
6.9 (0.8)

	
7.1 (0.7)

	
2.3 (0.5)

	
2.4 (0.6)

	
2.5 (0.5)

	
2.6 (0.5)

	
6.67%

	
60%




	
Lin 2022 [12]

	
RC

	
2018–2021

	
PKP for multi-segmental thoracolumbar OCVFs

	
39

	
32

	
5.99 (1.11)

	
6.07 (0.88)

	
1.65 (0.98)

	
1.58 (1.03)

	
2.71 (0.96)

	
3.05 (1.01)

	
46.2%

	
90.6




	
Yuan 2022 [13] (SS)

	
RC

	
2018–2019

	
PKP for OCVFs

	
37

	
22

	
6.9 (1.3)

	
7.1 (1.7)

	
1.3 (0.9)

	
1.6 (0.8)

	
2.0 (1.1)

	
2.2 (0.9)

	
8.1

	
27.3




	
Yuan 2022 [13] (DS)

	
RC

	
2018–2019

	
PKP for OCVFs

	
21

	
16

	
7.4 (1.5)

	
7.2 (1.9)

	
1.1 (0.7)

	
1.3 (0.8)

	
2.5(1.3)

	
2.4 (1.1)

	
9.5

	
28.1








FA, fluoroscopy-assisted, OCVF, osteoporotic vertebral compression fracture, PKP, percutaneous kyphoplasty, RA, robot-assisted, RC, retrospective cohort, SD, standard deviation, VAS, visual analogue scale, VBF, vertebral body fracture.
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Table 2. Quality assessment of included studies.






Table 2. Quality assessment of included studies.





	Study
	Bias Due to Confounding
	Bias in

Selection of

Participants
	Bias in

Classification of

Intervention
	Bias Due to

Deviation from Intended

Intervention
	Bias Due to Missing Data
	Bias in

Measurement of Outcome
	Bias in the

Selection of Selected

Results
	Overall Risk of Bias





	Alsalmi 2019 [10]
	Moderate
	Low
	Low
	Low
	Low
	Critical
	Low
	Critical



	Jin 2022 [11]
	Moderate
	Low
	Low
	Low
	Low
	Critical
	Low
	Critical



	Li 2022 [20]
	Moderate
	Low
	Low
	Low
	Low
	Moderate
	Low
	Moderate



	Lin 2022 [12]
	Moderate
	Low
	Low
	Low
	Low
	Moderate
	Low
	Moderate



	Yuan 2022 [13]
	Moderate
	Low
	Low
	Low
	Low
	Moderate
	Low
	Moderate
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