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Objective: The purpose of this study is to assess the association between the presence and severity of flatfoot and symptoms of knee OA.



Methods: 95 participants with knee OA were recruited from a patient cohort at a regional hospital. Symptoms of knee OA, including knee degeneration, femorotibial alignment, pain, stiffness and dysfunction were assessed using the Kellgren-Lawrence (K-L) grading system, femoral-tibial angle (FTA), and Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC). Participants were divided into groups with flatfoot (mild, moderate and severe) and without flatfoot based on the Clarke's angle. Linear regression and ordinal logistic regression were used for statistical analysis, as appropriate.



Results: Having flatfoot was associated with a significantly increased risk of having a higher K-L grade (OR: 20.03; 95% CI, 5.88, 68.27; p < 0.001), smaller FTA (Beta: −2.96; 95% CI, −4.41, −1.50; p < 0.001), higher pain score (Beta: 0.47; 95% CI, 0.24, 0.69; p < 0.001) and greater loss of function (Beta: 0.25; 95% CI, 0.02, 0.48; p = 0.03). Severe grades of flat feet were associated with a higher K-L grade (OR: 0.19; 95% CI, 0.08, 0.44; p < 0.001), smaller FTA (Beta: 1.51; 95% CI, 0.66, 2.35; p = 0.001), higher pain score (Beta: −0.25; 95% CI, −0.39, −0.11; p = 0.001), greater stiffness (Beta: −0.24; 95% CI, −0.38, −0.09; p = 0.002) and greater loss of function (Beta: −0.27; 95% CI, −0.41, −0.14; p < 0.001).



Conclusion: The results indicated that the severity of flattening is significantly associated with symptoms of knee OA. For the conservative management of knee OA, both flatfoot and its severity should be carefully considered.



Keywords: knee osteoarthritis, flatfoot, K-L grade, FTA, knee pain, knee function, knee stiffness





INTRODUCTION

Knee osteoarthritis (OA) is a debilitating joint disease that results in structural damage to articular cartilage and bone. Abnormal mechanical loading of lower limbs has been reported to be associated with symptoms of knee OA (1). The foot plays an important role in sculpting the pattern of postural alignment throughout the lower extremity, absorbing ground reaction forces, and maintaining normal joint motion (2). The motion of the foot and knee are coupled in a closed kinematic chain during weight-bearing activities, which can cause excessive knee rotation in people with flatfoot (3). Due to this interdependent relationship, abnormal foot posture can lead to some knee pathologies, such as knee OA.

People with flatfoot often complain of knee pain (4) and suffer knee degeneration (5). Studies have shown that knee pain in flatfooted people with knee OA can be relieved by taking steps to correct the flatfoot (6). Despite the known biomechanical link between flatfoot and mechanical stress in the knee, previous studies only considered the relationship between the presence of flatfoot and knee pain or knee degeneration (3, 5, 7). The association between the severity of flatfoot and knee OA is still unclear. In addition to knee pain and degeneration (8), knee malalignment (9), stiffness, and dysfunction (10) are also key factors for physicians when diagnosing knee OA. Thus, assessing the relationship between the characteristics of the knee and foot can help with accurate diagnosis and with devising a suitable correction plan.

This study aimed to systematically assess the correlation between the severity of flatfoot and the symptoms of knee OA, including knee degeneration, lower limb alignment, knee pain, stiffness, and function. This study hypothesized that not only the presence of flatfoot but also the severity of flatfoot is associated with the stated knee symptoms.



MATERIALS AND METHODS


Study Population

Patients were recruited from the orthopedic clinic of a well-known orthopaedic hospital in Chongqing, China. Invitation letters were issued to all patients (n = 146) diagnosed in August 2019 as having knee osteoarthritis according to the American College of Rheumatology Clinical Criteria. The inclusion criteria were an ability to walk independently, the presence of knee pain, no severe foot deformity other than flatfoot, and no foot lesions. Exclusion criteria were a history of knee injury or surgery, rheumatoid osteoarthritis, and mental disorders. A total of 120 patients provided positive responses, but insufficient data were available for 25 of these patients. Of the 95 patients included in the study, 84 patients exhibited bilateral knee OA, and 11 patients suffered unilateral knee OA. To minimize bias, only one knee from each patient was selected. For patients with bilateral knee OA, the more painful knee was evaluated (10). Characteristics of all patients are shown in Table 1.


TABLE 1 | Demographic characteristics, participant-level characteristics, and foot posture of the research population.

[image: Table 1]



Foot Posture Assessment

Footprints have been widely used in the diagnosis of flatfoot and could draw a consistent conclusion with that by using radiological data, which is an effective method to measure the degree of arch collapse and diagnose flatfoot (11, 12). Static footprints were obtained by having each patient stand on a foot printer (Mingscan Footprinter, Vers Tech Science Co. Ltd., Taiwan) in a relaxed bipedal stance with their toes pointed forward. The Clarke's angle (CA) (α) referred to the angle formed by the intersection of line ab and line ac (14) on a footprint (Figure 1) and was used to diagnose flatfoot in this study. The CA was measured three times in each footprint by using PicPick (version 5.0.7, Korea) (accuracy: 0.01°), and the average value was taken as the value for that foot. Clarke's angle is not only highly accurate in diagnosing flatfoot, but also widely used in the assessment of the severity of flatfoot (13–15). Patients in this study were characterized as having flatfoot when CA ≤ 42°. The severity of the flatfoot was classified as mild if 42° ≥ CA > 35°, moderate if 35° ≥ CA > 30°, or severe if 30° ≥ CA (16). The intra-interclass correlation coefficient of CA was 0.993, indicating good reliability (17).


[image: Figure 1]
FIGURE 1 | Clarke's angle measurement method using footprints. (A) the most medial point of the sole; (B) the most medial point of the heel; (C) the most concave point on the foot profile; α: the Clarke's angle.




Evaluation of OA-Related Knee Symptoms

Each patient was invited to have a weight-bearing anteroposterior radiograph with their legs fully extended and the patella facing forward. The same machine (uDR 770i, United Imaging Healthcare Co., Ltd., China) in our medical imaging department was used for all patients by the same operator. Knee OA symptoms including knee degeneration, knee malalignment, knee dysfunction, stiffness, and knee pain were assessed. The K-L grading system was used to evaluate knee degeneration based on subchondral bone sclerosis, osteophytes, articular cartilage, and other symptoms using a scale of 0 to 4 (18). Knee malalignment was assessed by the femoral-tibial angle (FTA) using the method recommended by Moyer et al. (19). The FTA (θ) was measured as the angle formed by the intersection of the femoral and tibial axes using PicPick software (accuracy: 0.01°) (Figure 2). The femoral axis was plotted perpendicular to a line tangent to the base of the femoral condyles, and the tibial axis connected the centers of the tibial shaft at points 1 cm and 10 cm distal to the tibial plateau. The FTA of each knee was measured three times, with the average being considered as the value for that knee. The Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) scale is often used in clinical settings to assess the severity of knee OA regarding knee physical function, stiffness, and pain (20). This questionnaire assesses 3 parameters (physical function, stiffness, and pain) that include 24 separate items for consideration. Each item follows a 5-point Likert rating scale with a range of 0 to 4. The score for each parameter was calculated as the sum of scores of all constituent items divided by the number of items assessed, with a higher score being considered more severe. The intra-interclass correlation coefficient of the K-L grade, FTA, knee function, stiffness, and pain were all over 0.9, indicating good reliability (17).


[image: Figure 2]
FIGURE 2 | Measurement of femorotibial alignment with a short knee radiograph.




Statistical Analysis

Two assessments were performed in this study. In the first assessment, the patients were divided into with flatfoot group and without flatfoot group. The aim was to investigate the association between the presence of flatfoot and the knee OA symptoms (knee degeneration, femorotibial alignment, knee pain, stiffness, and dysfunction). In the other assessment, the patients with flatfoot were further classified as having mild, moderate, or severe flatfoot. This assessment aimed to investigate the association between the severity of flatfoot and knee OA symptoms (knee degeneration, femorotibial alignment, knee pain, stiffness, and dysfunction). Sample sizes were assessed using a priori power analysis with a significance level of 0.05 (type - I error) and an expected power of 0.9 (21). K-L was a categorical variable, and thus the comparison of K-L grade between groups (with or without flatfoot) was performed using a Chi-square test. Determining a suitable statistical tool for continuous variables, such as FTA, knee pain score, knee stiffness, and function, depends on the normality of the data. The physical functional scores were found to conform to a normal distribution, but the FTA, knee pain scores, and stiffness did not. Thus, the difference in function between the patients with and without flatfoot was compared using a t-test for normal continuous variables, and the differences in FTA, pain scores, and stiffness were compared using a Mann-Whitney U test for non-parametric continuous variables. The assessment of the severity of flatfoot (mild, moderate, or severe) showed that FTA conformed to a normal distribution, but the pain, stiffness, and physical function scores did not. Therefore, the difference in FTA was compared using a one-way ANOVA test, and differences in pain, stiffness, and physical function were compared by a Kruskal-Wallis test.

Linear regression analysis (10) was used to assess how the presence (with or without flatfoot) and severity (mild, moderate, and severe) of flatfoot affect the continuous dependent variables FTA, knee pain, stiffness, and function. An ordinal logistic regression analysis was used to evaluate how the presence or severity affects ordered dependent variables, which was the K-L grade in this study. The parameters of knee OA were assigned as dependent variables and the presence and severity of flatfoot were designated as independent variables in the regression analyses. Because the relationship to gender, age, and BMI were widely reported for both knee OA and flatfoot (22, 23), these parameters were used as covariates to adjust the regression model (10) to reduce the effect on the outcome. All statistical analyses were performed using SPSS 22.0 (SPSS, IBM, USA) with a significance level of p < 0.05.



Ethics and Potential Conflicts of Interests

Approval was obtained from the institutional medical ethics committee of Beihang University biological science and medical engineering review board (No.: BM20200096). All patients provided written informed consent prior to participation after being briefed on the study’s purpose and protocol. The dataset that is necessary to replicate the main findings can be obtained from the authors upon reasonable request.




RESULTS

Figure 3 shows the characteristics of patients included in this study. 73 of the 95 patients with knee OA also had ipsilateral flatfoot. Among those, 12 had mild flatfoot, 16 had moderate flatfoot and 45 had severe flatfoot.


[image: Figure 3]
FIGURE 3 | Flow chart showing the distribution of study participants.


In comparison to the subjects without flatfoot, the subjects with ipsilateral flatfoot had a smaller FTA (−7.77 (IQR: −9.88, −6.28) vs. −6.35 (IQR: −7.28, −4.24), (p < 0.001)), higher knee pain score (1.97 (IQR: 1.78, 2.28) vs. 1.60 (IQR: 1.28, 1.77), p < 0.001), more severe dysfunction (1.97 (IQR: 1.78, 2.28) vs. 1.60 (IQR: 1.28, 1.77), p < 0.001) and more severe knee degeneration (K-L) (p < 0.001) (Table 2). However, there were no statistical differences in the knee stiffness between the subjects with flatfoot and those without flatfoot.


TABLE 2 | Participant -level characteristics of the research knees based on the presence of flatfoot (n = 95 patients).

[image: Table 2]

This study also compared differences between mild, moderate and severe flatfoot and found significant differences in KL grade (p < 0.001), FTA (p = 0.003), pain score (p = 0.002), knee stiffness (p = 0.007) and physical function (p = 0.001), with more severe flatfoot accompanied by greater knee degeneration, knee malalignment, knee pain, stiffness and functional impairment (Table 3).


TABLE 3 | Participant-level characteristics of the research population based on the severity of flatfoot (n = 76).

[image: Table 3]

The results of the regression analysis in Tables 4, 5 show that having flatfoot was associated with an increased risk of having a higher K-L grade (proportional odds ratio (OR): 20.03; 95% CI, 5.88, 68.27; p < 0.001), smaller FTA (beta: −2.96; 95% CI, −4.41, −1.50; p < 0.001), higher pain score (beta: 0.47; 95% CI, 0.24, 0.69; p < 0.001) and greater dysfunction (beta: 0.25; 95% CI, 0.02, 0.48; p = 0.03). The presence of flatfoot was not associated with joint stiffness (p = 0.89). The results also demonstrate that more severe flatfoot, from mild to severe, was associated with a higher K-L grade (OR:0.19; 95% CI, 0.08, 0.44; p < 0.001), smaller FTA (beta: 1.51; 95% CI, 0.66, 2.35; p = 0.001), higher pain score (beta: −0.25; 95% CI, −0.39, −0.11; p = 0.001) higher stiffness score (beta: −0.24; 95% CI, −0.38, −0.09; p = 0.002) and greater dysfunction (beta: −0.27; 95% CI, −0.41, −0.14; p < 0.001).


TABLE 4 | Regression analyses on the risk of K-L grade according to the presence of flatfoot and the severity of flatfoot.

[image: Table 4]


TABLE 5 | Regression analyses on the risk of FTA, pain, stiffness and physical function according to the presence of flatfoot and the severity of flatfoot.

[image: Table 5]



DISCUSSION

This study assessed the association between flatfoot (presence and severity) and OA-related knee symptoms. The results showed that the presence of flatfoot was significantly associated with more severe OA-related knee symptoms. Additionally, more severe flatfoot was significantly associated with a greater risk of more severe OA symptoms. These findings may be helpful for the treatment and prevention of knee OA in the elderly.

This research investigated 95 patients with knee OA and found that 76.8% had flatfoot. This value is within the range of the prevalence of flatfoot reported in other studies on patients with knee OA when using the same assessment methods (49.5%–95.3%) (2, 10, 16).

It was found that patients with flatfoot had a higher K-L grade, indicating that the presence of flatfoot may be correlated with more severe knee degeneration. This result was consistent with findings reported by Gross et al. (7), in which subjects with flatfoot were significantly more likely to suffer medial cartilage damage than normal subjects (1.4 times). In addition, the K-L grade tended to be higher as the flatfoot degenerated, meaning that having a severe flatfoot tended to be associated with more severe cartilage damage or knee deformities. Therefore, the determination of knee degeneration needs to consider not only the presence of flatfoot but also the severity.

This study showed that femorotibial alignment was not only significantly correlated with the presence of flatfoot but also associated with the severity of flatting. Abnormal foot structure and foot alignment may induce a compensatory mechanism, such as varus knee (24). Foot orthoses are a commonly used conservative treatment that adjusts the FTA by correcting foot posture, therefore balancing the loading on the knee (25). Foot orthoses can reduce the knee adduction moment and improve knee varus by shifting the center of pressure of the foot (26). Once the varus alignment is corrected, high-pressure zones are dispersed, resulting in significant improvements in knee pain and other symptoms of knee OA. This study clarified the association between knee alignment and the presence of flatfoot and found that the FTA was associated with different degrees of flatfoot. Therefore, when assessing joint alignment, it is important to consider how effective the treatment method is for people with different degrees of flatfoot.

Both the presence and the severity of flatfoot were found to be significantly associated with knee pain. Gross et al. (7) found that the patients with flatfoot were at a higher risk of knee pain than those without flatfoot. The relationship between knee pain and flatfoot was examined in a cohort of patients with bilateral flatfoot (10). Knee pain mainly stems from pressure on the knee. Flatfoot not only exhibits a collapse of the arch, but maybe also accompanied by damage of soft tissues in the foot (27) (i.e. the posterior tibial tendon, spring ligament, plantar fascia, and so on). It could be the damage of soft tissues that results in a decline of the shock absorption capacity of the foot (28), and then cause an increase of the force on the knee joint, and knee pain. The results of this current study showed that treating patients individually based on the severity of the flatfoot may better relieve knee pain.

Stiffness of the knee joint was significantly associated with the severity of flatfoot, with higher stiffness scores being reported in the more severe flatfoot group. In a study on patients with bilateral flatfoot, Iijima et al. (10) reported a relationship between flatfoot and knee stiffness. The low number of subjects with unilateral flatfoot in this current study and the limited assessment of knee stiffness with the WOMAC system (29) may limit the interpretation of the association between the presence of flatfoot and knee stiffness.

Guler et al. (2) reported that coexisting flatfoot increased the disability level in patients with knee OA, which supports the finding of this study on the connection between flatfoot and knee function. Symptomatic knee OA is well known to present with functional impairment, and the presence and severity of flatfoot are correlated with the severity of functional impairment. Abnormal lower extremity alignment and knee pain due to a poor arch formation may explain why the patients with flatfoot report more severe physical dysfunction than those without flatfoot.

The relationship between flatfoot and knee OA-induced symptoms in our research suggests that knee OA can be alleviated by taking steps to correct the flatfoot, for example through surgery or orthoses. In addition, this study also documented a significant association between the severity of flatfoot and knee OA, and the severity of flatfoot should be considered when determining a suitable conservative management plan for knee OA.

There are some limitations to this study. First, all participants were diagnosed with knee OA, therefore, there is a high percentage of older (mean age 58 years) and female subjects in the sample pool, who more commonly develop knee OA (30). Thus, the results may not be appropriate for a younger population. Second, the sample size in this study is limited, more research subjects may be more helpful to generalize the results. Third, this study did not consider other influential factors such as ipsilateral foot pain and physical performance when assessing the correlation between flatfoot and knee OA. We cannot preclude the possibility that pain in other joints may contribute to the relationship between flatfoot and knee pain and physical function. Future studies on other possible influential factors are warranted to confirm the negative effect of the severity of flatfoot on knee pain and function. Forth, the results of this study only documented that the presence and the severity of flatfoot were associated with symptoms of knee OA, and the biomechanical mechanism between foot posture and knee OA needs to be further studied in future work. Finally, the cross-sectional design of the study limited our ability to infer a causal relationship between flatfoot and knee OA. The etiology of knee osteoarthritis is multifactorial. The results of this study demonstrated a strong association between flatfoot and knee osteoarthritis, which prompted us to assess the role of flatfoot in knee OA.



CONCLUSIONS

This study systematically investigated whether the presence and the severity of flatfoot are associated with symptoms of knee OA, including knee degeneration, femorotibial alignment, knee pain, stiffness, and dysfunction. The results indicated that both having flatfoot and the severity of flattening were significantly associated with the aforementioned symptoms. For the conservative management of knee OA, both the presence and severity of flatfoot should be carefully considered. These findings provide a base for conservative treatment options for knee OA by modifying foot morphology.
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Purpose: This meta-analysis aimed to determine whether patients treated with robot-assisted kyphoplasty for vertebral compression fractures have superior clinical and radiographic improvement than those treated with fluoroscopy.



Methods: A comprehensive search of the PubMed, Embase, Cochrane Library, Science Direct, and CNKI (China National Knowledge Infrastructure) databases was conducted to find randomized control trials (RCTs) or observational cohort studies that compared robotic-assisted kyphoplasty (RA-kyphoplasty) with fluoroscopy-assisted kyphoplasty (FA-kyphoplasty) in treating vertebral compression fractures. Preoperative, postoperative, and final follow-up data on vertebral height (VH), vertebral kyphosis angle (VKA), visual analog scale (VAS) for back pain, and cement leakage rate were collected from eligible studies for meta-analysis. Patients were divided into RA and FA groups depending on whether the operation was robotically or fluoroscopically guided.



Results: We included 6 cohort studies with 491 patients and 633 vertebrae. The results of the meta-analysis showed that the RA group had a higher VH than the FA group at both postoperation (p < 0.001) and final follow-up (p < 0.001); the VKA in the RA group was lower than that in the FA group at postoperation (p < 0.001) and final follow-up (p < 0.001); the back pain VAS score was lower in the RA group than in the FA group at postoperation (p = 0.01) and final follow-up (p = 0.03); and the cement leakage rate in the RA group was lower than those in the FA group (p < 0.001).



Conclusion: This meta-analysis demonstrated that RA-kyphoplasty outperformed FA-kyphoplasty in vertebral height restoration, kyphosis angle correction, VAS score reduction for back pain, and lower cement leakage rate in the treatment of vertebral compression fractures.



Keywords: Robotic-assisted, fluoroscopy-assisted, kyphoplasty, vertebral compression fractures, vertebral height, vertebral kyphosis angle, cement leakage rates





INTRODUCTION

Kyphoplasty is commonly applied in the treatment of OVFs, with the advantages of rapid pain relief and correction of vertebral height and kyphosis (1, 2). This is essential for improving the quality of life and maintaining the sagittal balance of the spine for patients (3, 4). However, the correction of vertebral height and kyphosis with this technique is often not thorough enough to completely correct the sagittal imbalance of the spine, so that patients have to compensate for the anterior shift of the body through lumbar extension or pelvic inversion (5). This non-physiological compensation will lead to chronic persistent low back pain (6) and increase the risk of vertebral refracture (7). In addition, both surgeons and patients may be at risk for dermatitis, cataracts, and cancer due to the high radiation exposure caused by repeated fluoroscopy (8, 9).

Robotic assistance enables three-dimensional planning of the K-wire's position, potentially allowing precise placement of vertebral implants. Advantages of the robot over fluoroscopic techniques also include prevention of tremors, avoidance of instability caused by manual manipulation, and further reduction of damage to the pedicle and posterior wall of the vertebral body, thereby reducing the risk of cement leakage (10, 11).

This meta-analysis aimed to evaluate whether patients treated with robot-assisted kyphoplasty for vertebral compression fractures have superior clinical and radiographic improvement than patients treated with fluoroscopy-assisted kyphoplasty.



METHODS

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (12) was used as guidance for our systematic review and meta-analysis (see Supplementary file for PRISMA checklist).The protocol for this review was registered on the International Platform of Registered Systematic Review and Meta-analysis Protocols database with the registration number INPLASY202250106 and DOI number 10.37766/inplasy2022.5.0106.


Search Strategy and Study Selection

The following databases were extensively searched: PubMed, EMBASE, ScienceDirect, the Cochrane Library, and CNKI. We identified relevant articles published up to 1 May 2022 without language limitations. Studies were found using the following keywords: “spinal robot”, “robot-assisted”, “vertebral compression fracture”, and “kyphoplasty”. Two independent investigators screened eligible studies and reviewed references of included studies to identify additional articles. A third reviewer was consulted when the two reviewers could not reach a consensus.



Selection Strategy

The inclusion and exclusion criteria of studies followed PICOS principles. (1) Participants: Patients with osteoporotic vertebral compression fractures or traumatic vertebral compression fractures (Magerl type A), who need to be treated with kyphoplasty. (2) Interventions: Kyphoplasty was performed under robotic guidance. (3) Comparisons: Kyphoplasty was performed under conventional fluoroscopic guidance (4) Outcomes: studies should include at least one of the following data: preoperative, postoperative and final follow-up vertebral height and kyphosis angle and VAS score for back pain; cement leakage rate. (5) Study design: Observational studies and randomized control trials were eligible. Case reports, case series, commentaries, practice guidelines, systematic reviews and meta analysis were excluded. In addition, duplicate studies with the same cohort or studies considered by consensus to be of low quality were excluded.



Data Extraction

Data were extracted from the included studies as follows: (1) study design: first author, publication region, publication time, and study type; (2) sample demographics: number of patients and vertebrae, follow-up time, age, sex, and disease diagnosis; (3) surgery details: robot type, operation time, X-ray exposure frequency and doses; and (4) analysis variables: preoperative, postoperative and final follow-up vertebral height and kyphosis angle and VAS score for back pain and cement leakage rate. The results could not be meta-analyzed for the operation time, radiation exposure frequency, and doses due to the significant heterogeneity among the reported outcomes across all studies.



Assessment of Risk of Bias

Two reviewers evaluated bias risk in the cohort studies using the Newcastle–Ottawa scale (13). Sensitivity analysis was performed by excluding a single study of each study in turn and reanalyzing the data. Publication bias was analyzed qualitatively by funnel plot.



Statistical Analysis

The continuous variables were estimated by weighted mean difference (WMD), and dichotomous variables were estimated by using odds ratios (ORs) with 95% confidence intervals (CIs). The statistical heterogeneity of the pooled results was determined using the I2 statistic. For this meta-analysis, we used the fixed-effect model when I2 was greater than 50%, and if I2 was less than 50%, a random-effect model was applied. The meta-analysis results were considered statistically significant when the p value was <0.05. The meta-analysis was performed using Review Manager 5.4 (Revman, The Cochrane Collaboration, Oxford, The UK).




RESULTS


Search Results

A total of 86 articles from PubMed, EMBASE, the Cochrane Library, ScienceDirect, and CNKI were initially identified. The exact number of articles identified in each database is as follows: PubMed (n = 65), EMBASE (n = 17), ScienceDirect (n = 3), Cochrane library (n = 0), CNKI (n = 1). Twelve articles were excluded because of duplication, and 62 articles were excluded by screening the titles and abstracts individually. There remained 12 articles that underwent a comprehensive full-text analysis. Finally, 5 articles (14–18) met the inclusion and exclusion criteria. Because the article by Yuan (18) contains two cohort studies, a single-segment cohort (S) and a double-segment cohort (D), 6 studies were included in the final meta-analysis. The flow chart used for the new systematic review according to PRISMA 2020 is shown in Figure 1.


[image: Figure 1]
FIGURE 1 | PRISMA flowchart.




Study Characteristics and Risk of Bias

A total of 491 patients and 633 vertebrae were involved in the 6 studies. The RA group included 232 patients and 311 vertebrae, and the FA group included 259 patients and 322 vertebrae. The characteristics of the included studies are presented in Table 1. All 6 cohort studies were evaluated by the Newcastle–Ottawa scale (NOS). The evaluation results are shown in Table 2.


TABLE 1 | Demographics and characteristics of included studies.

[image: Table 1]


TABLE 2 | Newcastle-Ottawa scale for observational studies.

[image: Table 2]



Meta-Analysis Results

The summary of the results of RA-kyphoplasty versus FA-kyphoplasty are shown in Table 3.


TABLE 3 | Summarized results of robotic-assisted kyphoplasty versus fluoroscopy-assisted kyphoplasty.

[image: Table 3]


Vertebral Height

A total of 3 studies (15, 18) reported the preoperative, postoperative, and final follow-up vertebral height in 345 vertebrae (160 vertebrae in the RA group and 185 vertebrae in the FA group). No significant statistical heterogeneity was detected(I2 = 0% in each subgroup). The outcomes indicated that although the degree of preoperative vertebral body compression in the RA group was slightly lower than that in the FA group, the restored height of the vertebrae tended to be significantly greater in the RA group than that in the FA group following the operation. Slightly statistically difference in the preoperative vertebral height (WMD = 0.93, 95% CI:(0.007,1.79), p = 0.03), significant statistically differences in vertebral height were observed at postoperation (WMD = 2.89, 95% CI:(1.72,4.06), p < 0.001) and final follow-up (WMD = 2.94, 95% CI:(1.93, 3.94), p < 0.001). (Figure 2).


[image: Figure 2]
FIGURE 2 | Forest plot depicting WMDs of the vertebral height.




Vertebral Kyphosis Angle

A total of 6 studies (14–18) reported preoperative, postoperative, and final follow-up kyphosis angles in 633 vertebrae (311 vertebrae in the RA group and 322 vertebrae in the FA group). Because minor statistical heterogeneity was detected (I2 = 25%, 65%, 54%, respectively), the random-effect model was used to analyze the merged variables. The outcomes indicated that the preoperative vertebral kyphosis angle was not significantly different between the groups (WMD = 0.02, 95% CI: (−0.88, 0.92), p = 0.97), while the kyphosis angles were significantly different between the groups postoperatively (WMD = −1.99, 95% CI: (−2.93, −1.05), p < 0.001) and at the final follow-up (WMD = −2.19, 95% CI: (−3.27, −1.10), p < 0.001) (Figure 3). According to the findings, robot-assisted kyphoplasty is more effective for correcting kyphotic deformities caused by vertebral compression.


[image: Figure 3]
FIGURE 3 | Forest plot depicting WMDs of the vertebral kyphosis angle.




VAS Score for Back Pain

Six studies (14–18) compared the preoperative, postoperative, and final follow-up VAS scores of the RA and FA groups (232 patients in the RA group and 259 patients in the FA group). No significant statistical heterogeneity was found (I2 = 0% in each subgroup). There was no statistically detectable difference between the RA group and the FA group in preoperative VAS score (WMD = −0.01, 95% CI: (−0.28, 0.26), p = 0.94). However, there was a statistically significant difference between patients undergoing RA-kyphoplasty versus those undergoing FA-kyphoplasty regarding postoperative back pain VAS score (WMD = −0.23, 95% CI:(−0.41, 0.06), p = 0.01) and final follow-up back pain VAS score (WMD = −0.14, 95% CI:(−0.28, 0.01), p = 0.03) (Figure 4).


[image: Figure 4]
FIGURE 4 | Forest plot depicting WMDs of the VAS scores for back pain.




Cement Leakage Rate

Six studies (14–18) compared the cement leakage rate between the RA group and the FA group (311 vertebrae in the RA group and 322 vertebrae in the FA group). The meta-analysis was conducted using a fixed-effect model with I2 = 0%. The outcomes indicated that cement leakage rate was lower in the RA group than in the FA group (OR  = 0.29, 95% CI: (0.17, 0.49), p < 0.001). (Figure 5).


[image: Figure 5]
FIGURE 5 | Forest plot depicting the OR of the cement leakage rates.




Sensitivity Analyses and Publication Bias

Sensitivity analyses did not provide different results in terms of vertebral height, vertebral kyphosis angle, VAS score for back pain and cement leakage rate, by reanalyzing the data after sequential single elimination of each studies. Publication bias was not evident based on funnel plots as shown in Figures 6–9.


[image: Figure 6]
FIGURE 6 | Funnel plot of vertebral height.



[image: Figure 7]
FIGURE 7 | Funnel plot of the vertebral kyphosis angle.



[image: Figure 8]
FIGURE 8 | Funnel plot of VAS scores for back pain.



[image: Figure 9]
FIGURE 9 | Funnel plot of cement leakage rates.






DISCUSSION

This meta-analysis investigated the effects of robot use on postoperative clinical and radiological outcomes for patients undergoing kyphoplasty surgery. The results showed that RA-kyphoplasty produced better results than FA-kyphoplasty with regard to vertebral height, vertebral kyphosis angle, VAS score for back pain, and cement leakage rates postoperatively and also at the final follow-up.

Correction of vertebral height and kyphosis angle appears to be important factors in a patient's overall improvement. It is necessary to reestablish the sagittal balance of the spine after vertebral compression fractures, which may be particularly problematic in younger patients (19, 20). However, the correction of the sagittal balance of the spine is often inadequate, as the range of motion of a fluoroscopy-guided needle is often limited, especially when accompanied by scoliosis or slipped deformity (21), because fluoroscopy-assisted pedicle puncture relies on anatomical landmarks for positioning. In addition, for the upper thoracic vertebrae (T1–T4), the pedicles are small and obstructed by the humeral head and scapula, making it difficult to identify clearly by intraoperative fluoroscopy. Therefore, one of the limitations of fluoroscopic pedicle puncture is that the balloon or other implant cannot be placed in the most severely collapsed vertebral body. Robot-assisted technology can theoretically solve the above problems and is valuable for the optimal positioning of the implants. The entry point, orientation, and final position of the implant can be planned preoperatively. The position of the implants in the vertebral body can be continuously optimized through 3D visualization. This function allows the implants to be placed precisely according to the surgeon’s plan. For example, the implant can be placed at the point of the lowest collapse in the vertebral body, which not only allows for better restoration of vertebral height but also reduces damage to the wall of the vertebral body and pedicle during the implantation process. In addition, the robot can eliminate the errors caused by surgeon's fatigue or tremors during manual operation, which also helps obtain the optimal position of the implants.

Several previous studies (22–24) have shown that the distribution of bone cement is related to residual pain after kyphoplasty. With RA-kyphoplasty, the implants can be accurately positioned near the midline or fracture line, allowing the cement to be diffusely distributed along the midline of the vertebral body or fractured area, which can provide better pain relief. In addition, traditional fluoroscopy-assisted pedicle puncture often requires repeated adjustment of the puncture angle to ensure that the puncture needle does not violate the wall of the pedicle. This will inevitably aggravate the damage to muscles, fascia, and other soft tissues, resulting in inadequate postoperative pain relief. In contrast, RA-kyphoplasty is free of these problems. Our meta-analysis showed that the RA group experienced more adequate pain relief than the FA group, and this advantage persisted at the final follow-up, which may be related to the more adequate correction of vertebral kyphosis in the robot group (25, 26).

Cement leakage after kyphoplasty is a problem to be solved, and specific morbidity has been reported in the literature (27). Our meta-analysis showed a marked difference in cement leakage rate between the RA group and the FA group (10.3% vs. 19.9%, p < 0.001). Undoubtedly, the precision of the robot-assisted puncture can prevent damages to the wall of the pedicle and vertebral body, thereby reducing the risk of cement leakage. However, cement leakage can still be caused by a variety of factors, such as the amount of cement injected, fracture severity, and intravertebral fissures (28, 29). Additional reasons for the reduction of cement leakage with RA-kyphoplasty need to be further explored in randomized controlled trials with larger sample sizes.

Frequency and doses of radiation exposure and operative time are important parameters for evaluating the merits of robot-assisted surgery. Unfortunately, those data could not be pooled for analysis because of the large heterogeneity among the included studies. The differences in frequency and doses of radiation exposure were due to differences in the registration design of different robots. The “Mazor” (“SpineAssist”, “Renaissance”) robotic system plans the puncture path through three-dimensional images from computed tomography (CT) before surgery and performs the registration procedure only through the anterior-posterior and lateral position images from the C-arm during surgery. However, the “Rosa” and “TiRobot” robotic systems require automatic registration through intraoperative three-dimensional C-arm scanning. Although intraoperative three-dimensional C-arm scanning significantly increases the patient’s radiation exposure doses during surgery, it can reduce the total radiation exposure doses during hospitalization because three-dimensional C-arm scanning at the end of surgery can replace routine postoperative CT scanning (14). We favor this approach because the radiation doses from CT scanning are much greater than those from intraoperative three-dimensional C-arm scanning. The operation time varies depending on the type of robot, proficiency level of the operator, and location and number of fractured segments. Critics believe that RA-kyphoplasty is complex and time-consuming; for example, Yuan (18) used the “TiRobot” robot to perform single-segment kyphoplasty, which required 45.4 ± 6.1 min, and this was higher than that of the FA-kyphoplasty (36.1 ± 5.7 min). He believed that the main reason for the longer operation duration was the additional preparation time required by the robot. Jin (15) also used the “TiRobot” robot to perform single-segment kyphoplasty, and the procedure time was 37.33 ± 4.81 min, which was shorter than that of the FA-kyphoplasty (47.21 ± 6.10 min). We believe that the pre-surgical preparation of the robot could be carried out by a skilled radiographer, and surgeons work methodically with other operating room staff so that the preparation of the robot does not become a waste of time.

Most clinical studies focus on the accuracy of robotic-assisted pedicle screw fixation in spine surgery (30, 31). However, the potential value of robot-assisted kyphoplasty in improving the reliability and quality of vertebral height restoration has not been evaluated. The results of this meta-analysis may play a role in the exploration of spinal robotics from assisting pedicle screw placement to assisting different surgical approaches for various types of spinal disorders, such as robot-assisted kyphoplasty.


Limitations

First, there were no randomized controlled trials in any of the included studies. However, funnel plots indicated minimal to no bias for observational studies, as shown in Figures. 6–9. Second, although all samples were patients with vertebral compression fractures, different causes of fractures may potentially affect outcomes. Third, radiation exposure frequency and doses and operation time could not be pooled for analysis due to the substantial heterogeneity between the included studies. Fourth, randomized controlled trials or observational studies with longer follow-ups are needed to supplement the existing conclusions.




CONCLUSIONS

This meta-analysis demonstrated that RA-kyphoplasty outperformed FA-kyphoplasty concerning vertebral height restoration, kyphosis angle correction, VAS score reduction for back pain, and reduction of cement leakage in the treatment of vertebral compression fractures.
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Background: Ossification of the posterior longitudinal ligament (OPLL) and that of ligamentum flavum (OLF) are the main types of the ossification of spinal ligaments (OSL) that cause the thoracic myelopathy. Although several studies have investigated the relationship of body mass index (BMI) with the onset or severity of OSL, it remains unverified due to the contradictory results of existing evidence. A systematic review and meta-analysis were performed in this work to determine the relationship of BMI with the onset and severity of OSL.



Methods: PubMed, EMBASE, Web of Science, and Cochrane Library were comprehensively searched online for relevant studies focusing on the relationship of BMI with the onset or severity of the OSL. The difference in BMI of OSL (or severe OSL group) and non-OSL (or nonsevere OSL group) groups was evaluated using the mean difference (MD) with a corresponding 95% confidence interval (CI).



Results: Fifteen studies were included in this systematic review and meta-analysis. The BMI of the OSL group was significantly higher than that of the non-OSL group (MD = 1.70 kg/m2, 95% CI = 1.02–2.39 kg/m2, and P < 0.01). Similar results were observed in the subgroup analysis of female (P < 0.01), OPLL (P < 0.01), and OLF (P < 0.01) populations. Three studies reported a significant association of BMI with the ossification index of OSL and the standardized regression coefficient ranging from 0.11 to 0.43 (P < 0.05). Moreover, a significantly higher BMI was observed in the severe OSL group compared with that in the nonsevere OSL group (MD = 3.09, 95% CI, 0.22–5.97 kg/m2, and P = 0.04).



Conclusion: The significant association of high BMI with the onset and severity of OSL may provide new evidence and insights into the mechanism research and management of OSL.



Keywords: ossification of the ligamentum flavum, ossification of the posterior longitudinal ligament, body mass index, onset, severity, systematic review, meta-analysis





INTRODUCTION

Ossification of spinal ligaments (OSL) is a characterized heterotopic disease that can lead to severe myelopathy by compressing the spinal cord (1). Ossification of the posterior longitudinal ligament (OPLL) and ossification of the ligamentum flavum (OLF) are common and clinically significant types of OSL that generally progress and easily result in spinal injury; meanwhile, patients diagnosed with OPLL or OLF often complain of the local neck or thoracic pain and stiffness, difficulty in walking, limb weakness, and even incontinence (2, 3).

The precise pathogenesis of OSL remains unclear, and OSL is widely thought to be due to a mix of genetic and environmental factors (2–4). OSL typically occurs in Asians, especially the East Asian population, thereby indicating that genetic factors may play a vital role in its onset; however, many environmental factors, such as mechanical stress, metabolic disorders, gender, and age, may also contribute to the occurrence of OSL (5, 6). A few researchers have recently begun to focus on the relationship of obesity or body mass index (BMI) with the onset or severity of OSL because the clinical practice has presented the susceptibility of OSL in the obese population, although the results of existing studies are contradictory (6–20). Kobashi et al. (6) showed that the BMI of the OPLL group is significantly higher than that of the non-OPLL group in both male (25.8 kg/m2 vs. 23.3 kg/m2, P < 0.05) and female (25.9 kg/m2 vs. 23.4 kg/m2, P < 0.05) individuals. Similarly, Mori et al. (15) observed a significantly higher BMI in the OPLL group compared with that in the non-OPLL group (24 kg/m2 vs. 22 kg/m2, P < 0.05). However, Shirakura et al. (18) demonstrated that the BMI difference between OSL and non-OSL groups is nonsignificant (P > 0.05). Meanwhile, Feng et al. (12) also failed to observe the distinct difference in the BMI between OPLL and non-OPLL groups in both male (P > 0.05) and female (P > 0.05) individuals. Hirai et al. (10) observed a positive relationship between the BMI and ossification index in OPLL patients (P < 0.05) with consideration for the severity of OSL, thereby indicating that high BMI may increase the severity of OPLL. Similarly, Endo et al. (9) demonstrated there was a significantly higher BMI in patients with multilevel OLF compared with that in patients with localized OLF (P < 0.05). By contrast, Ikeda et al. (11) showed there was no significant difference in BMI between OPLL limited at the cervical spine and cervical OPLL extended to the thoracic or lumbar spine (P > 0.05). Therefore, the role of BMI in the onset and severity of OSL remains unverified. BMI is a typical measurement for the assessment of obesity, which is a very common metabolic disease that can be successfully managed with diet control and exercise (21). Obesity is associated with several human diseases, such as tumors, diabetes, and osteoarthritis (22–24). However, studies on the definite character of obesity in OSL are lacking. Hence, determining the role of BMI in the pathogenesis of OSL is essential in the prevention and treatment of this disease.

We performed a systematic review and meta-analysis in this study to determine the relationship of BMI with the onset and severity of OSL by integrating existing evidence. We speculated that high BMI could increase the risk of onset and severity of OSL.



MATERIALS AND METHODS

This systematic review and meta-analysis was strictly conducted according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (25) and registered in PROSPERO (https://www.crd.york.ac.uk/prospero/) (CRD42021289323). This study has been approved by the Ethics Committee of Peking University Third Hospital. The written informed consent was not necessary because all data were extracted from published studies.


Eligibility Criteria for Study Selection

Original investigations were eligible for inclusion if they reported data on the association of BMI with the onset or severity of OSL regardless of their study design. The following studies were directly excluded from this research: cadaver experiments, case reports, reviews, animal or cell experiments, non-English reports, and investigations containing duplicate patients for statistical analysis.



Information Source, Literature Search, and Study Selection

PubMed, EMBASE, Web of Science, and Cochrane Library were searched online on June 1, 2022 using the following keywords: “ossification of yellow ligament,” “ossification of ligamentum flavum,” “ossification of posterior longitudinal ligament,” “OPLL,” “ossification of the spinal ligament,” “BMI,” “body mass index,” and “obesity.” Details on the literature search in the PubMed database are listed in Supplementary Table S1. Eligible studies were then independently selected by two authors according to the eligibility criteria, and any disagreement was resolved by group discussion.



Data Collection

The following items were extracted from all included studies that met the inclusion criteria: authors' name, published year, country, research center, sample size, gender and age of patients, types of OSL, location of OSL, recruitment time of patients, and relevant data regarding the relationship of BMI with the onset or severity of OSL.



Risk of Bias in Individual Studies

The Newcastle–Ottawa scale (NOS), an assessment tool for cohort and case–control studies, was utilized in this work to evaluate the risk of bias in included studies (26). The NOS contains three main categories with a maximum of nine points, including the selection, comparability, and ascertainment of outcomes. NOS scores with 0–3, 4–6, and 7–9 stars were defined as high risk, moderate risk, and low risk, respectively (26).



Statistical Analysis

All analyses were performed using Review Manager 5.3 (Cochrane Collaboration, London, UK) and Stata 12.0 (StataCorp, College Station, TX). The difference in BMI between OSL (severe OSL group) and non-OSL (nonsevere OSL group) groups was evaluated using the mean difference (MD) with a confidence interval (CI) of 95%. Heterogeneity across the included studies was assessed using the chi-squared test, and a random-effects model was applied for the evident heterogeneity (P < 0.10, I2 ≥ 50%). Otherwise, a fixed-effect model should be used. Subgroup analyses stratified by gender and types of OSL were also performed to determine the association between BMI and onset of OSL further. Sensitivity analysis was conducted to check the stability of the pooled results. Publication bias among the included studies was assessed using Begg's and Egger's tests. A P value less than 0.05 indicated that the difference is statistically significant.




RESULTS


Characteristics of the Included Studies

A total of 362 records were retrieved from PubMed, EMBASE, Web of Science, and Cochrane Library, and 15 studies were finally included in the systematic review and meta-analysis of this study (Figure 1) (6–20). Characteristics of the included studies are listed in Table 1. Ten studies focused on the OPLL (6, 7, 9–12, 14–17) and four studies focused on the OLF (9, 13, 19, 20) with respect to the types of OSL. Twelve studies containing 24,710 individuals explored the association between the BMI and onset of OSL (6, 9, 11–20), and five studies on 797 OSL patients explored the association between the BMI and severity of OSL (7–11). Notably, Ikeda et al. (11) and Endo et al. (9) both simultaneously analyzed the relationship of BMI with the onset and severity of OSL. Five studies with a NOS score of 7 were considered low risk (8, 10, 12, 13, 20) and ten studies with a NOS score of 6 were considered moderate risk (6, 7, 9, 11, 14–19) in terms of the risk of bias. The NOS details for each study are listed in Supplementary Table S2.


[image: Figure 1]
FIGURE 1 | Flow diagram of literature search and selection.



TABLE 1 | Characteristics of included studies about the relationship of BMI with the onset of OSL.
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Relationship of BMI with the Onset of OSL

Nine studies containing 17 case–control pairs that compared the BMI between OSL and non-OSL groups were included in the meta-analysis (6, 9, 11–15, 18, 20). The results showed that patients in the OSL group demonstrated a significantly higher BMI compared with those in the non-OSL group (P < 0.01), with an MD of 1.70 kg/m2 (95% CI and 1.02–2.39 kg/m2) (Figure 2). Subgroup analyses according to the gender and types of OSL were subsequently performed. The BMI of the OSL group was significantly higher than that of the non-OSL group in female individuals (MD = 1.58, 95% CI, 0.54–2.63 kg/m2, and P < 0.01) but nonsignificant in male individuals (MD = 0.98, 95% CI, −0.46–2.42 kg/m2, and P = 0.18) (Figure 3). The subgroup analysis based on types of OSL showed there was a significantly higher BMI is observed in both OPLL (MD = 1.68, 95% CI, 0.91–2.46 kg/m2, and P < 0.01) and OLF (MD = 2.20, 95% CI, 0.77–3.62 kg/m2, and P < 0.01) groups compared with that in the non-OSL group (Figure 4). Moreover, the results of the meta-analysis were considered stable according to the sensitivity analysis (Figure 5) and without evident publication bias among included studies based on Begg's (P = 0.20) and Egger's (P = 0.60) tests (Figure 6).


[image: Figure 2]
FIGURE 2 | Meta-analysis of the relationship of BMI with the onset of OSL.



[image: Figure 3]
FIGURE 3 | Subgroup analysis stratified by the gender for the relationship of BMI with the onset of OSL (top, males; bottom, females).



[image: Figure 4]
FIGURE 4 | Subgroup analysis stratified by the type of OSL for the relationship of BMI with the onset of OSL (top, OPLL; bottom, OLF).



[image: Figure 5]
FIGURE 5 | Sensitivity analysis for the relationship of BMI with the onset of OSL.



[image: Figure 6]
FIGURE 6 | Publication bias across included studies (left, Begg's test; right, Egger's test).


Three studies were excluded from this meta-analysis because of the different forms of data (16, 17, 19). Shingyouchi et al. (17) observed a significantly higher incidence of OPLL in the obesity group (BMI ≥ 25 kg/m2) compared with that in the nonobesity group (BMI < 25 kg/m2) (6.0% vs. 3.2%, P < 0.01). Tang et al. (19) also showed that new OLF typically occurs in obese (BMI ≥ 25 kg/m2) (55.8%) and overweight (23 ≤ BMI < 25 kg/m2) (52.8%) individuals compared with that in normal BMI (18.5 ≤ BMI < 23 kg/m2) (42.7%) and underweight (BMI < 18.5 kg/m2) (30.8%) (P = 0.02) individuals. Oshima et al. (16) reported that the BMI of OPLL individuals is significantly higher than that of non-OPLL individuals (24.8 kg/m2 vs. 23.6 kg/m2, P < 0.01).



Relationship of BMI with the Severity of OSL

Five studies investigated the association between BMI and severity of OSL (7–11) (Table 2). Three studies assessed the relationship of BMI with the ossification index of OSL (7, 9, 10), which was calculated using the number of vertebral bodies and intervertebral disc level affected by the ossification site (27); meanwhile, the positive association of BMI with the ossification index of OPLL was observed using a standardized regression coefficient ranging from 0.11 to 0.43 in multiple regression analysis (P < 0.05) (7, 9, 10).


TABLE 2 | Characteristics of included studies about the relationship of BMI with the severity of OSL.
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Three studies comparing the BMI between severe OSL and nonsevere OSL groups were included in the meta-analysis (9–11). The results showed that the BMI in the severe OSL group is significantly higher than that in the nonsevere OSL group (MD = 3.09, 95% CI, 0.22–5.97 kg/m2, and P = 0.04) (Figure 7). Ando et al. (8) also revealed that the BMI of patients treated with surgical therapy for severe myelopathy is significantly higher than that of patients treated with observation therapy for the absence of or mild myelopathy (33.6 kg/m2 vs. 27.2 kg/m2, P = 0.02); however, this study was excluded from the meta-analysis due to the lack of standard deviation of BMI.


[image: Figure 7]
FIGURE 7 | Meta-analysis for the relationship of BMI with the severity of OSL.





DISCUSSION

OSL is a characterized heterotopic ossification disease with multiple potential risk factors likely associated with its pathogenesis (2, 3). Although several studies have explored the relationship between BMI and OSL, the results are conflicting and no definite conclusions have been obtained (6–20). Our study integrated the existing evidence and revealed that the BMI of the OSL group was higher than that of the non-OSL group (P < 0.01), thereby indicating that a high BMI may increase the risk of OSL. Moreover, a significant relationship existed between BMI and the ossification index of OPLL in three studies (P < 0.05), and the severe OSL group presents a higher BMI than the nonsevere OSL group (P = 0.04), thereby suggesting that a high BMI may aggravate the severity of OSL. Hence, our results showed that a high BMI would likely increase the onset and severity of OSL. To the best of our knowledge, this was the first study to perform a systematic review and meta-analysis to determine the relationship between BMI and the onset and severity of OSL.

We discovered that the significantly higher BMI of OSL individuals compared with that of non-OSL individuals might play an important role in the pathogenesis of this disease. Although previous studies indicated that a high BMI or obesity is involved in the pathology of several human diseases, such as tumors, diabetes, and cardiovascular diseases (28, 29), the underlying mechanism of a high BMI or obesity contributing to the pathogenesis of OSL remains unclear to date (12, 30). Leptin is secreted by adipose tissue and elevated in patients with OPLL and can promote the osteogenesis of OPLL cells via the ERK1/2, p38 MAPK, and/or JNK signaling pathways (12). Hyperleptinemia is a common characteristic of obese patients, and serum leptin is significantly increased in OPLL females compared to non-OPLL female controls (11). Similarly, hyperleptinemia was also observed in OLF patients, and the leptin-induced osteogenic effect in thoracic OLF cells may be associated with the activation of STAT3, JNK, and ERK1/2 (30). Furthermore, obesity is associated with a low-grade inflammation status, and adipose tissue can secrete several proinflammatory factors, such as C-reactive protein, tumor necrosis factor-α, and interleukin-6, which may exert crucial functions in the pathogenesis of OPLL or OLF (31, 32). It should be noted that although the OSL group typically exhibited a higher BMI than the non-OSL group in male individuals, this statistically nonsignificant difference requires further investigation. The following hypotheses are formed from these results: First, evident heterogeneity was observed across the included studies, and a random effect model may reduce the accuracy of the results. Second, the mean BMI of male individuals in the OSL group was low at 23.50 kg/m2, which may be insufficient to increase the risk of OSL. Additional studies should be conducted to determine the role of high BMI or obesity in the pathogenesis of OSL further.

We also explored the association of BMI with the severity of OSL, and three studies showed a positive association between BMI and the ossification index (P < 0.05), thereby indicating that high BMI likely promotes the severity of OSL (7, 9, 10). The results of our meta-analysis also presented that a high BMI is significantly associated with the severity of OSL. The association of high BMI with the severity of OSL may be interpreted by some published research studies (33, 34). Endo et al. (33) revealed the occurrence of a higher BMI in the early-onset OPLL group compared with that in the common OPLL group (34.2 kg/m2 vs. 25.6 kg/m2, P < 0.05). Katsumi et al. (34) reported that a high BMI is a potential risk factor for the annual rate of lesion increase in OPLL patients (P = 0.03); therefore, the higher severity of OSL in patients with higher BMI may be due to the earlier onset and faster progression of OSL compared with patients with lower BMI. Meanwhile, Tang et al. (19) presented that 22.8% (68/298 segments) of OLF spontaneously disappeared and the BMI of these patients reduced from 23.7 kg/m2 to 23.4 kg/m2 within the 5-year follow-up findings (P < 0.01); hence, OSL will likely instinctively improve and even disappear in nonobese patients. Notably, only one study assessed the severity of OSL based on the clinical symptoms instead of radiological data (8); however, previous studies have shown that evident symptoms are absent in a specific proportion of OSL cases (35). Therefore, future studies can focus on determining whether a high BMI can affect the severity of clinical symptoms in OSL.

The strengths of this systematic review and meta-analysis include the novelty of this topic, large population, strict methodology, and comprehensive subgroups. However, the current study also presents the following limitations. First, the majority of included studies were case–control types without a prospectively designed algorithm; hence, selection bias of individuals was unavoidable. Second, the characteristics of non-OSL individuals differed significantly across all studies. For instance, non-OSL individuals were patients with lumbar spondylosis instead of healthy patients in Chang et al. (20). As a result, the lenient selection of participants may affect the results of the current study. Third, high heterogeneity among the included studies and the use of a random-effects model for the meta-analysis may have affected the accuracy of the results. Fourth, the applicability of our conclusion to other races may be limited because all studies were performed on Asian populations. However, it should be noted that real-world data indicated that OSL frequently occurs in Asian populations, especially in the East Asian context (3). Fifth, the majority of the included studies explored the association of the BMI value instead of obesity or nonobesity with the onset or severity of OSL; as a result, an optimal cutoff value of the BMI remains unknown for the prediction of onset and severity of OSL. Finally, a selection bias may be induced because all the included studies were published in English.



CONCLUSION

High BMI values might be significantly associated with the onset and severity of OSL. The results of this study can provide new evidence and insights into the prevention and treatment of OSL. Future studies can focus on further exploring the underlying mechanism of a high BMI value in the pathogenesis and severity of OSL, the effect of high BMI on the onset of OSL in other races and male individuals, the relationship of BMI with the severity of clinical symptoms of OSL, and the optional cutoff value of BMI to predict the onset and severity of OSL.
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Objective: Both bone forearm fractures are common in children and rare in adults. The main surgical treatment is open reduction and internal fixation (ORIF) with plate, while the hybrid fixation of elastic-stable intramedullary nailing (ESIN) and the plate has been rarely reported before.



Case report: We report a case of a 29-year-old male patient with both bone forearm fractures. Temporarily closed reduction and plaster external fixation were performed in the emergency room, and the patient was admitted to the orthopedic trauma ward for surgery. The patient underwent open reduction and plate fixation of the ulna and closed reduction and ESIN fixation of the radius. The fractures healing was satisfactory and the internal fixation was removed 12 months postoperatively.



Conclusion: The hybrid fixation of ESIN and plate is an effective option for both bone forearm fractures in adults.
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Introduction

Both bone forearm fractures are technically challenging for orthopedic surgeons (1). The peak incidence rate is mainly for children and adolescents (2, 3), while the incidence rate of adults is low. At present, elastic-stable intramedullary nailing (ESIN) is the main treatment option for both bone forearm fractures in children and adolescents with the advantages of minimal invasion and less damage to fracture blood supply (3). However, ESIN is not stable fixation and patients need to be assisted with plaster external fixation after the operation, resulting in low postoperative comfort and inability to exercise early (4). The main treatment for both bone forearm fractures in adults is open reduction and internal plate fixation (5). There are some problems associated with internal plate fixation, such as soft tissue injury, fracture nonunion, secondary fracture after plate removal and so on. Therefore, we used hybrid fixation in the treatment of both bone forearm fractures in an adult in our hospital. We report a 29-year-old patient who presented with both bone forearm fractures and underwent open reduction and internal plate fixation of the ulna and closed reduction and internal ESIN fixation of the radius.



Case presentation

A 29-year-old male patient fell and suffered trauma to his left forearm while riding a bicycle. He was unable to move his left arm immediately because of extreme pain and was sent to the emergency department. The patient had no family history of osteoporosis or pathological fractures. He had no history of consuming alcohol, smoking, or using drugs. He was 182 cm in height and 95 kg in weight (the body mass index was 28.7 kg/m2). Swelling and deformity of the left forearm were found, and the range of motion was restricted. Considering the possibility of both bone forearm fractures, the emergency doctor suggested the patient to take x-ray examinations (Figures 1A,B). X-ray examinations showed both bone forearm fractures on the left forearm. According to AO-OTA classification, the fracture classification of this patient was 2R2A2 and 2U2A2. Indications for surgery were clear and temporary plaster external fixation was performed in emergency. The characteristics of both bone forearm fractures were assessed by three-dimensional reconstructive CT scans (Figures 2A–D). We checked the nerves and artery vessels of the patient at different time points, including when the patient went to the emergency department, after admission, and before surgery, to confirm that the patient had no clear artery injury and clinical manifestations of nerve injury. The patient underwent open reduction and internal plate fixation of ulna and closed reduction and internal ESIN fixation of radius (Figures 3A,B), with no plaster fixation after the operation. The fracture healed 4 months later (Figures 3C,D). The internal fixation was removed 12 months postoperatively (Figures 3E,F). Disability of arm shoulder and hand (DASH) score was assessed at three-time points after surgery. According to the DASH score, 25 points in the 1st month, 13.7 points in the 4th month, and 6.7 points in the 12th-month. During the 12th month follow-up period, the range of supination and pronation was 88° and 85°, which was 92% and 90% of the contralateral rotation, respectively. (Figures 4A–D).


[image: Figure 1]
FIGURE 1 | X-ray images (A,B) of the left forearm showed both bone forearm fractures with marrow edema.
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FIGURE 2 | Preoperative three-dimensional reconstructive CT images (A–D) of the left forearm.



[image: Figure 3]
FIGURE 3 | (A,B) Postoperative x-ray films of the left forearm. (C,D) X-ray films of the patient at 1 month after surgery. (E,F) X-ray films of the patient after removal of the internal fixation at 12 months after surgery.



[image: Figure 4]
FIGURE 4 | Follow-up after 12 months of surgery of the patient. (A) The flexion and (B) extension functions of the elbow joint. (C) The supination and (D) pronation of the forearm.




Discussion

The peak incidence rate of both bone forearm fractures is found in children and adolescents (6). The incidence rate of both bone forearm fractures in adults is relatively low. The low incidence rate of adult fractures leads to few epidemiological studies. The treatment of both bone forearm fractures in children is mainly conservative (7, 8). For cases with obvious fracture displacement, surgical treatment is usually used. Minimally invasive ESIN is the main surgical treatment, while open reduction and internal fixation (ORIF) is rarely used (9). Both bone forearm fractures in adult are usually caused by high energy trauma, and are usually displaced significantly, which often require surgical treatment. At present, the main surgical treatment is open reduction and internal plate fixation, and a few patients were treated with intramedullary nail fixation (10). Hybrid fixation of ESIN and plate has been attempted in the treatment of both bone forearm fractures in children and adolescents, and satisfactory results have been obtained (11, 12). For both bone forearm fractures in adults, hybrid fixation has been rarely reported before. In our case, we tried to apply the hybrid fixation of ESIN and plate to the surgical treatment of both bone forearm fractures in an adult and achieved satisfactory results.

The common mechanism of this fracture pertains to the axial load on the extended hand or the direct impact on the forearm (13). In addition, poor bone quality, caused by osteoporosis, is an important inducement (14). Patients with both bone forearm fractures often show obvious deformities in the appearance of their forearms. Special attention should be paid to whether there is a risk of an open fracture or potential open fracture during physical examination (15). At the same time, we should focus on the potential forearm nerve injury and evaluate the motor and sensory defects of the anterior interosseous nerve, posterior interosseous nerve, and ulnar nerve (16, 17). Meanwhile, an evaluation of blood supply should include the palpation of the radial artery and ulnar artery pulsation and an evaluation of the capillary filling of the fingers, and this should be evaluated several times at different time points. The consequences of the compartment syndrome of the forearm can be disastrous, so we should always be vigilant, even if its incidence is not high (18). In children and adolescents, both bone forearm fractures are often treated non-surgically, which usually helps to achieve good clinical results. However, there are a few successful cases or studies of conservative treatment of both bone forearm fractures in adults (19). The reduction and fixation should be carried out as soon as possible in the emergency department to create conditions for the surgery that follows. Thorough flushing and debridement should also be carried out, and antibiotics should be used to prevent infection in patients with severe open fractures. The wrist joint and elbow joint should be included in plaster fixation to effectively prevent the rotation of the forearm, and the forearm should remain in a neutral or mild supination position, subject to the patient's tolerance levels of pain and comfort levels.

The surgical treatment of both bone forearm fractures in adults includes open reduction and internal plate fixation and intramedullary nail. Open reduction and internal plate fixation are considered to be the gold standard of treatment. For oblique or transverse fractures, the compression plate can achieve the compression at the fracture site and promote primary fracture healing. In long oblique or spiral fractures, the inter block screw compression technology can achieve the satisfactory clinical curative effect through the neutralization plate. Some studies have shown that the combination of radial plate fixation and ulnar intramedullary nail fixation proved to be a better method, which had good rotation stability and restored the radial arch effectively, and achieved satisfactory clinical results (20). Intramedullary nail fixation can shorten operation time and reduce surgical scar (21). However, it should be noted that the intramedullary nails used in abovementioned studies were straight interlocking intramedullary nails, which could not restore the radial arch or the rotation function of the forearm when fixing the radius. The ESIN used in this case was with the prebending design of the radial arch. The radial arch could be effectively restored by three-point contact fixation, so as to recover the rotation stability of the forearm. During the operation, the placement of the radial ESIN could be completed through a surgical incision just about 2 cm in length. The reduction process completed by manual close reduction or percutaneous poking reduction with Kirschner wires was minimally invasive, compared with traditional open reduction. The forearm rotation axis practically intersected the center of the radial head and the base of the ulnar styloid process, at the center of the ulnar head cylinder (22). During forearm rotation, there was a statistically significant difference in ulnar variance between the pronation and neutral views and between the pronation and supination views; nonetheless, rotating the forearm from neutral to supination did not significantly change the measurement of ulnar variance (23). Anterior forearm rotation could be restored only when the axis was effectively stabilized, and ESIN fixation of the radius allowed local micro motion, which could promote callus growth and fracture healing. In addition, this hybrid fixation method could effectively reduce the risk of secondary fracture after internal fixation removal.



Conclusion

The hybrid fixation method may be an effective option for treating both bone forearm fractures in adults. For the surgical treatment of these fractures, orthopedic surgeons should follow the principle of minimally invasive and individualized treatment to achieve satisfactory clinical results.
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Background: To investigate the relationship between paraspinal lean muscle mass and adjacent vertebral compression fracture (AVCF) after percutaneous kyphoplasty (PKP) for osteoporotic vertebral compression fracture (OVCF).



Methods: The data of 272 patients who underwent two consecutive single-level PKP in our hospital from January 2017 to December 2019 were collected. 42 patients who met the inclusion and exclusion criteria were selected as AVCF group, and 42 propensity score-matched patients were selected as control group. There were 10 males and 32 females in each group; the ages were 75.55 ± 5.76 years and 75.60 ± 5.87 years, respectively. All patients underwent preoperative lumbar MRI. The total cross-sectional area (CSA), functional cross-sectional area (FCSA), cross-sectional area of vertebra index (CSA-VI), functional cross-sectional area of vertebra index (FCSA-VI) of the multifidus (MF), erector spinae (ES), psoas (PS), and paravertebral muscles (PVM) were measured. Other related parameters included preoperative bone mineral density (BMD), kyphotic angle (KA), anterior-to-posterior body height ratio (AP ratio), vertebral height restoration, and cement leakage into the disc. Logistic regression analysis was performed to find independent risk factors for AVCF using the parameters that were statistically significant in univariate analysis.



Results: At L3 and L4 levels, the mean CSA, FCSA, and FCSA-VI of MF, ES, PVM and PS were significantly lower in the AVCF group. DeLong test indicated that the AUC of ES (0.806 vs. 0.900) and PVM (0.861 vs. 0.941) of FCSA-VI at L4 level were significantly greater than L3 level. In the AVCF group, patients had a significantly lower BMD (93.55 ± 14.99 HU vs. 106.31 ± 10.95 HU), a greater preoperative KA (16.02° ± 17.36° vs. 12.87° ± 6.58°), and a greater vertebral height restoration rate (20.4% ± 8.1% vs. 16.4% ± 10.0%, p = 0.026). Logistic regression analysis showed that PVM with lower FCSA-VI at L4 level (OR 0.830; 95% CI 0.760–0.906) and lower BMD (OR 0.928; 95% CI 0.891–0.966) were independent risk factors for AVCF after PKP.



Conclusions: Low paraspinal lean muscle mass is an independent risk factor for AVCF after PKP. Surgeons should pay attention to evaluate the status of paraspinal muscle preoperatively. Postoperative reasonable nutrition, standardized anti-osteoporosis treatment, and back muscle exercise could reduce the incidence of AVCF.
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Introduction

With prolonged life expectancy, the increase of the aging population imposes a burden on the healthcare system. Osteoporosis is considered a main feature of the aging process, and osteoporotic compression fractures (OVCFs) have become a major cause of back pain, reduced daily activities, and increased bedridden time (1). Percutaneous kyphoplasty (PKP) is an effective, safe, and minimally invasive procedure that is widely used in the treatment of OVCFs (2). However, some patients complain of the recurrence of back pain after the primary surgery due to new vertebral fractures at other levels. Among vertebral refractures after kyphoplasty, the frequencies of adjacent vertebral fractures (AVCFs) remain high (41%–67%), seriously affecting the quality of life of elderly patients (3).

Sarcopenia is another age-related change in body composition that is defined as a progressive decline in muscle mass and strength (4). Spinal sarcopenia indicates the loss of paraspinal lean muscle mass and function, and is associated with low back pain, spinal imbalance, a high risk of OVCFs, adjacent segment disease, and an inferior prognosis after spinal surgery (5).

A close relationship between sarcopenia and osteoporosis has been conclusively reported (6, 7). Muscle and bone not only interweave spatially and functionally but also have similar cytobiological properties (8). Therefore, the loss of muscle mass and strength could lead to osteoporosis, while low bone density would also aggravate sarcopenia. As a result, a vicious cycle named “osteo-sarcopenia” is created, which is the most important risk factor for fragile fractures in the aging population (9).

Previous studies have reported that osteoporosis is a predictor of AVCFs (10, 11). Due to the sparse trabecula, the cancellous bone could not withstand the adjacent load shift from the cemented vertebra, leading to the collapse of adjacent vertebras (12). Spinal sarcopenia, which is commonly referred as low paraspinal lean muscle mass, is an early clinical manifestation of sarcopenia (4). As the paraspinal muscle are not only correlated with the bone density of the vertebra but also play an important role in compensating for the compression load and biomechanical changes in the spine, we hypothesized that the low paraspinal lean muscle mass was also associated with AVCFs after kyphoplasty.

Although previous studies have reported various predictors of AVCFs, data related to paraspinal muscle factors is scarce (13–15). Considering that magnetic resonance imaging (MRI) is adequate and accurate in evaluating the paraspinal muscle mass, the purpose of this study was to confirm the relationship between AVCFs and paraspinal lean muscle mass, as well as other possible factors.



Materials and methods


Matching patients and the control group using the propensity score

From January 2017 to December 2019, 312 consecutive patients who underwent single-level kyphoplasty twice at our hospital were recruited for this retrospective study. The inclusion criteria were as follows: (i) age from 65 to 85 years old; (ii) available preoperative radiography, computed tomography (CT), and MRI; (iii) acute or subacute single-level OVCFs treated with kyphoplasty; (iv) diagnosed with osteoporosis by T-score ≤ −2.5 measured on dual-energy x-ray absorptiometry (DXA) or Hounsfield unit (HU) values of L5 ≤ 110 HU measured on sagittal reconstruction CT images (16); (v) anti-osteoporotic medications throughout a minimal 1-year follow-up; (vi) another single-level vertebral compression fracture adjacent to the cemented vertebra during the follow-up; and (vii) another kyphoplasty for the adjacent vertebral fracture. The exclusion criteria included: (i) high-energy trauma; (ii) pathological fracture; (iii) kyphoplasty with posterior instrumentation; (vi) not meeting the criteria of osteoporosis; (v) multiple vertebral fractures; (vi) remote vertebral fractures, and (vii) no ambulatory capacity.

A total of 272 patients were eligible in our study, and 42 patients who met the inclusion and exclusion criteria were selected as the adjacent vertebral compression fracture (AVCF) group. A control group of 42 propensity score-matched patients who underwent kyphoplasty for single-level OVCFs without further adjacent vertebral fractures were selected. Each patient in the AVCF group was matched with a patient in the control group based on age, sex, BMI, and treatment level of the first kyphoplasty (Figure 1).


[image: Figure 1]
FIGURE 1
Study design flowchart.


There were no significant differences in age, sex, BMI, or the initial treatment level between the AVCF group and the control group. The demographic and clinical characteristics of the patients are summarized in Table 1.


TABLE 1 Demographic and clinical characteristics of both groups.
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Lumbar spine MRI analysis

Preoperative lumbar spine MRI was performed. The slicing plane was parallel to the vertebral endplates. Axial T2-weighted MR images obtained at the L3 and L4 lower endplate levels were exported as DICOM data and analyzed using ImageJ software (Version 1.52k, National Institutes of Health, USA). To evaluate the muscle mass and strength, the total cross-sectional area (CSA) and functional cross-sectional area (FCSA) of the multifidus (MF), erector spinae (ES), psoas (PS), and paravertebral muscle (PVM), which indicated the combination of MF and ES, were measured using the method reported by Xie et al (Figure 2) (17). The total FCSA indicated the CSA of fat-free lean muscle tissue.


[image: Figure 2]
FIGURE 2
Schematic diagram of MRI horizontal paraspinal muscle measurement: multifidus (multifidus, MF), erector spinae (ES), psoas (psoas, PS) and paravertebral muscle (PVM).


To decrease bias caused by the stature of the patients, we also evaluated the standardized muscle mass using the muscle-vertebra index (-VI) (18). The value of the total CSA or FCSA of each muscle divided by the CSA of the vertebral body at the same axial level was calculated, and this value multiplied by 100 was the ultimate value of the muscle-vertebra index used in the statistical analysis.



Possible factors

Preoperative bone mineral density (BMD) was obtained by measuring the HU values of L5 on sagittal reconstruction CT images (Figure 3) (16). Parameters related to the fractured vertebra were measured on radiography, including preoperative kyphotic angle (KA), preoperative anterior-to-posterior body height ratio (AP ratio), anterior vertebral height restoration rate, and cement leakage into the disc. The method reported by Kuklo et al. was used to measure the KA (19). The vertebral height restoration rate was calculated using the method by Kim et al (20).


[image: Figure 3]
FIGURE 3
Schematic diagram of bone mineral density measurement of the vertebral body: obtained by measuring the HU value of L5 on the sagittal reconstructed CT image.




Statistical analysis

The continuous data falling in a normal distribution are presented as the mean ± standard deviation. Continuous and categorical data were compared between the AVCF group and the control group by using independent-sample t tests and Pearson chi-square tests, respectively.

ROC curves were constructed using the CSA, FCSA, CSA-VI, and FCSA-VI of each muscle. The area under the curve (AUC) of each MRI parameter was calculated, and the DeLong test was applied to compare the AUC of each MRI parameter between the L3 and L4 level.

To minimize the effects of the confounders in multivariate analysis, the most effective predictor among the MRI parameters was selected based on the AUC results. Then, this parameter and other possible factors with significant differences in the univariate analysis were analyzed in binary logistic regression to determine independent predictors for the development of AVCFs. SPSS for Mac 25.0 (Chicago, IL) and MedCalc for Win 19.1.3 (MedCalc, Ostend, Belgium) were used for all the statistical analyses. Differences were considered statistically significant when p < 0.05.




Results


MRI measurement

The mean CSA and FCSA of the MF, ES, PVM, and PS were significantly smaller in the AVCF group than in the control group at the L3 and L4 levels (Table 2).


TABLE 2 Comparison of CSA and FCSA of each muscle between groups.

[image: Table 2]

After normalizing the CSA and FCSA using the muscle-vertebra index, the mean CSA-VI of MF, ES, PVM, and PS on L3 and L4 were not statistically different between the AVCF group and the control group (p > 0.05). However, the FCSA-VI of MF, ES, PVM, and PS on L3 and L4 were significantly smaller in the AVCF group than in the control group (Table 3).


TABLE 3 Comparison of CSA-VI and FCSA-VI of each muscle between groups.
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ROC curve analysis

ROC curve analysis was performed to identify the most effective predictor of AVCFs among the various MRI parameters. Based on the results of the DeLong test, there were no significant differences in the AUCs of CSA, FCSA, and CSA-VI of each muscle between the L3 and L4 levels. However, the AUC of FCSA-VI of ES (0.806 vs. 0.900, p = 0.027) and PVM (0.861 vs. 0.941, p = 0.034) was significantly greater at the L4 level. The detailed results of the DeLong test are presented in Table 4.


TABLE 4 Comparison of AUC of each MRI parameters between L3 and L4 level.

[image: Table 4]

The performance of the FCSA-VI of ES and PVM on the L4 level is demonstrated in Table 5. Although there was no significant difference (p = 0.068), a greater AUC was observed for the FCSA-VI of PVM. The AUC of this MRI parameter was 0.941 (p < 0.001), and the cutoff value was 119.55. When this cutoff value was used for predicting the development of AVCFs, the sensitivity and specificity were 90.5% and 90.5%, respectively. Therefore, the FCSA-VI of PVM on L4 was selected as a potential predictor of AVCFs and was analyzed with the other possible factors in binary logistic regression.


TABLE 5 The results of ROC analysis for FCSA-VI of ES and PVM at L4 level.
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Univariate analysis of other possible factors

The results of univariate analysis of other possible factors are shown in Table 6. The preoperative AP ratio and the incidence of intradiscal cement leakage were not significantly different between the groups. However, patients with AVCFs had a significantly lower BMD (93.55 ± 14.99 HU vs. 106.31 ± 10.95 HU, p < 0.001), a greater preoperative KA (16.02° ± 17.36° vs. 12.87° ± 6.58°, p = 0.041), and a greater vertebral height restoration rate (20.4% ± 8.1% vs. 16.4% ± 10.0%, p = 0.026).


TABLE 6 Univariate analysis results.
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Logistic regression analysis

Based on the results of the ROC curve analysis and univariate analysis, multivariate binary logistic regression analysis was performed with FCSA-VI of PVM on L4, BMD, preoperative KA, and vertebral height restoration rate as covariates. In the multivariate model, lower FCSA-VI of PVM (OR 0.830; 95% CI 0.760–0.906, p < 0.001) and lower BMD (OR 0.928; 95% CI 0.891–0.966, p < 0.001) remained as independent predictors for AVCFs (Table 7).


TABLE 7 Logistic regression analysis.
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Discussion

With the aging of society, the number of patients with OVCFs has tended to increase due to the high prevalence of osteoporosis among the elderly (1). PKP is an effective therapeutic option for painful OVCFs. However, new AVCFs are commonly reported as a complication of this procedure (14). The incidence of new AVCFs ranges from 8.0% to 29.0%, which would place a heavy expenditure not only on the family but also on society (21, 22). Various factors, including age, sex, low BMD, intradiscal cement leakage, high preoperative kyphosis, high preoperative compression ratio, and high vertebral height restoration rate have been reported as predictors of AVCFs (13–15, 20). However, studies addressing paraspinal muscle factors are rare, and the association between the lean muscle mass and AVCFs remains unknown. To our knowledge, this research is the first MRI study to investigate the relationship between the paraspinal lean muscle mass and the development of AVCFs in patients with OVCFs after eliminating the effects of other risk factors (i.e., age, sex, BMI, and first treatment level) through propensity score matching (23).

Sarcopenia is a condition involving a loss of muscle mass and strength in the elderly population (4). Bone and skeletal muscle have an interwoven relationship, where the skeleton simply provides the attachment sites while muscles bear the load and protect the bone (24). Additionally, the muscle mass could contribute to the BMD, increase the mechanical strength of the bone, and maintain normal musculoskeletal function via muscle-bone interactions (8). Thus, a loss of muscle mass reduces its capacity as a loader and protector, and accelerates the progression of osteoporosis, increasing the risk of fragile fractures.

Spinal sarcopenia, indicating low paraspinal lean muscle mass, is an early clinical manifestation of sarcopenia (4). Paraspinal muscle, including MF, ES, PVM, and PS, is closely related to the vertebra, both spatially and functionally, and it plays an important role in trunk load sustainment and spine stabilization (5). Kyphoplasty is a kind of vertebral augmentation. However, after bone cement augmentation, a strength gradient is formed between the cemented vertebra and the vertebra adjacent to it (3). If the low paraspinal muscle mass and strength could not adequately compensate for the effects of local compression alteration, AVCFs would consequently occur (25). Wang et al. reported that sarcopenia was significantly associated with osteoporotic vertebral compression refractures (15). In their study, heterogeneous patients with adjacent vertebral fractures or remote vertebral fractures were recruited. Nevertheless, the mechanisms of refracture at adjacent and nonadjacent segments were different (26).

In the current study, we exclusively recruited patients with AVCFs and matched the study group and control group by propensity score, which would increase the homogeneity of the cohort. The results of this study suggested that the CSA-VI and FCSA-VI of the lumbar paraspinal muscle, which are usually used to evaluate lumbar muscular mass and strength, were significantly lower in OVCFs patients who further developed AVCFs. These results might indicate that spinal sarcopenia weakens the normal function of the paraspinal muscle to alleviate the pillar effect and compression loading shift caused by vertebral augmentation, leading to a high risk of new AVCFs (3, 12). This aspect was more significantly reflected in the low paraspinal lean muscle mass at the L4 level, especially the FCSA-VI of PVM, which was the most effective predictor of AVCFs in this study. We considered that L4 was located at the lower lumbar spine, and the PVM sustained the trunk load and biomechanical change; thus, patients with degeneration or atrophy of the PVM at this level might be more susceptible to various spinal disorders, including AVCFs. Additionally, the weakness of PVM could impact balance keeping and cause gait disturbances, which were closely related to falling, and indirectly increased the risk of vertebral refractures (27).

Previous studies reported that osteoporosis was the most important risk factor for AVCFs (10, 11). In the current study, we also found that patients who developed AVCFs had a lower BMD than the control group. Because certain genes coregulate bone and muscle via endocrine factors and cytokines, osteoporosis is closely associated with sarcopenia (8). Pearson analysis confirmed that there was a significantly positive correlation of BMD with the FCSA-VI of PVM (r = 0.802, p < 0.05). For patients with spinal sarcopenia preoperatively, low paraspinal lean muscle mass and strength might cause reduced daily activities and mobility, which could impact the effect of anti-osteoporotic therapy after kyphoplasty. The continuous loss of cancellous bone increased the risk of refractures, especially in the vertebra adjacent to the cemented vertebra. Consequently, patients with low paraspinal lean muscle might remain susceptible to decreased bone density and AVCFs.

Greater preoperative KA was also observed in patients with AVCFs, although this factor was not identified as an independent predictor in the current study. We believe that the more severe imbalance in the sagittal plane could be attributed to paraspinal muscle weakness. Numerous studies have reported that poor sagittal alignment is associated with spinal sarcopenia (5). Weak MF and ES cannot adequately control lumbar lordosis, leading to hyperkyphosis and increased sagittal vertical axis (23). The pain, fatigue, and disability caused by sagittal imbalance would further deteriorate muscle loss, severely increasing the risk of refractures.

This study revealed that low paraspinal lean muscle mass was an effective independent predictor of AVCFs after kyphoplasty. The evaluation of muscle mass by MRI is recommended as a routine procedure before kyphoplasty to predict potential AVCFs. In addition to anti-osteoporotic therapy, the prevention and treatment of muscle mass loss are also crucial. Hence, a combination of nutritional guidance and resistance exercise focused on back muscles should be encouraged before and after surgery (28). Exercise therapy is one of the most effective ways to increase muscle mass and strength. Appropriate resistance exercise can increase skeletal muscle protein synthesis and the cross-sectional area of skeletal muscle fibers, improving muscle mass and muscle function. Regular whole-body resistance exercise training for the elderly can overcome decreased muscle mass in the short term (29). Resistance exercise can increase satellite cells in muscle tissues, which can be transformed into skeletal muscle cells under certain conditions. The way of appropriate exercise for the elderly varies from person to person. Active and passive activities both can enhance muscle mass and strength in order to improve movement ability and balance. Electrical muscle stimulation to full-body muscle can also be used for the elderly who are not suitable for exercise (30).

Several limitations should be noted in this study. First, only the CSA or FCSA measured by MRI was involved in evaluating the paraspinal muscle. The HU values obtained by CT scan could also be used to evaluate the the density of paraspinal muscle. Second, we did not consider the muscle function or muscle strength, which is an important component in spinal mechanics. In future prospective studies, muscle strength and daily activities would be definitely assessed according to the guidance from the Asian Working Group for Sarcopenia (31). Third, we obtained BMD by CT images because this method is more accurate and reliable than DXA in evaluating the vertebral cancellous bone (32). Another reason is that the data of DXA was not available for some patients, especially those who visited the emergency department. Additionally, comorbidities including diabetes, cardiopulmonary disease, and hypoalbuminemia were not considered in this study, which might cause heterogeneity and lead to bias. We would add this factor into the propensity score-match algorithm in future studies to eliminate the effect of comorbidities and control the heterogeneity. Also, strict data collection would be performed to confirm the findings of this study. Last, although we advised the patients to do the postoperative resistance exercise when they discharged, the amount and the effect of exercise were not collected during the follow-up, which should be focused on in further studies.



Conclusion

This study confirmed that the low lumbar paraspinal lean muscle mass on L4 was an independent predictor of AVCFs in patients with OVCFs treated by PKP. Lower BMD was also a factor affecting AVCFs. For patients with spinal sarcopenia, surgeons should pay attention to pre- and postoperative nutritional guidance, anti-osteoporotic therapy, and back muscle exercises to minimize the risk of new AVCFs.
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Backgrounds: Postoperative wound complication is a major risk factor for the development of Periprosthetic joint infection. We innovatively invented a new dressing system to reduce the occurrence of postoperative wound complications and improve the quality of life of patients after total hip arthroplasty.



Methods: A total of 120 patients who underwent primary unilateral total hip arthroplasty were enrolled in this study. The data collected included the number of dressing changes, costs of the dressings, postoperative hospital stay, The Visual Analogue Scale (VAS) score, The Harris Hip Score (HHS), ASEPSIS score, The Stony Brook Scar Evaluation Scale (SBSES), wound complications, the frequency of showers and satisfaction. Data were statistically analyzed.



Results: The average number of dressing changes was 0.74 ± 0.46, while the average postoperative hospital stay was 3.67 ± 0.97 days. The average cost of the new dressings throughout a treatment cycle was 57.42 ± 15.18 dollars. The VAS score decreased from 5.63 ± 1.09 before the operation to 0.88 ± 0.54 one month after the operation. The HHS score increased from 70.18 ± 7.84 before the operation to 80.36 ± 4.08 one month after the operation. The results of the four indexes of the ASEPSIS score were all 0. The SBSES score was 3.55 ± 0.61 at two weeks after the operation, and 4.38 ± 0.71 at one month after the operation. No wound complications were recorded until one month after the operation when the satisfaction rate was 92.53 ± 3.62%.



Conclusion: In this study, we have invented a new dressing system for surgical wounds after total hip arthroplasty and confirmed its efficacy.



Chinese Clinical Trial Registry: ChiCTR2000033822, Registered 13/ June/2020
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Introduction

Total hip arthroplasty is one of the most common orthopedic procedures, and as the population ages, the incidence increases every year. Studies report that among patients undergoing total hip arthroplasty, the incidence of periprosthetic joint infection (PJI) ranges between 0.59% and 2% (1, 2). PJI is the most serious complication of joint replacement (3), which causes physical, emotional, and economic losses to patients, hospitals, and the health care system (4). Numerous risk factors for PJI are reported in the literature, including superficial wound complications (5, 6), indicating that proper wound care is essential for the prevention of PJI. Currently, the traditional dressing using aseptic gauze and plastic tape is used after orthopedic surgery. In some cases, wound complications such as erythema and blisters have been observed, resulting in an increased risk of wound pain and infection. Therefore, the traditional gauze dressing is not an ideal dressing for hip arthroplasty.

Calcium alginate dressing, as a new type of wound dressing, can effectively control exudation, thus prolonging the dressing change time (7). Besides, it forms a gel and keeps the wound moist, and can also release calcium ions to promote hemostasis and inhibit bacterial growth (8). Studies have shown that moist wounds heal faster and have less pain (9). Thus, calcium alginate dressing has good application prospects. Currently, calcium alginate dressings are often used in combination with gauze dressings. However, this cannot overcome the shortcomings of gauze dressings, and also limits the advantages of calcium alginate dressings, such as prolonging the time of dressing change.

To solve this clinical problem, we innovatively used IV3000 film and calcium alginate dressing in surgical incision management of patients undergoing hip arthroplasty. IV3000 film is a kind of dressing film for intravenous catheterization, with high moisture permeability (10), good waterproof performance, inhibits bacterial colonization (11), has good skin adhesion, no friction with the skin, and almost no pain at removal (12). The combined use of the two not only makes use of the advantages of a calcium alginate dressing, but also makes use of the characteristics of IV3000 film.

This clinical trial was designed to confirm the clinical efficacy of the new dressing system. The trial was evaluated by recording the number of postoperative dressing changes, postoperative hospitalization days and medical costs, wound complications and healing, functional recovery and quality of life of patients, the frequency of showers and self-evaluation of patients' satisfaction.



Patients and methods

The study was conducted according to the Declaration of Helsinki principles (as revised in 2013) and approved by The Medical Ethics Committee of Xiangya Hospital of Central South University and written informed consent was obtained from all the patients. The study was registered at www.chictr.org.cn (ChiCTR2000033822, Registered 13/ June/2020).

The inclusion criteria of patients were as follows: 1. Aged 18 to 85 years old, 2. osteoarthritis and osteonecrosis of the femoral head were diagnosed by physical examination and imaging data, 3. The patient was to undergo primary unilateral total hip arthroplasty. Patients who previously had joint surgery on any hip joint, have obvious scars on any hip joint, suffer from skin diseases such as psoriasis, eczema, or dermatitis, and those who cannot complete regular follow-up were excluded from the study.

Between June 20, 2020, and November 20, 2020, a total of 120 patients were enrolled in the study. There were 59 males and 61 females, with a median age of 57.17 ± 12.86 years old (range 21–75 years old). The demographic characteristics were shown in Table 1. All the operations were performed by an experienced joint surgeon. The operation was performed using a standard posterolateral approach and the prostheses were all biological.


TABLE 1 Demographic characteristics of the patients.
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Application of the new dressing system

Prophylactic antibiotic cefoxitin was routinely used 30 min before the operation. The standard three-layer continuous suture method was used in all patients during the operation. The articular capsule was sutured continuously with 2# absorbable knot-free unidirectional barb suture (Quill, Surgical Specialties Corporation, New York, USA), subcutaneous tissue was sutured with 0# absorbable knot-free bi-directional barb suture (Quill, Surgical Specialties Corporation, New York, USA), and intradermal was sutured with 3-0 absorbable knot-free bi-directional barb suture (Quill, Surgical Specialties Corporation, New York, USA). The usage of the new dressing system: 1. After the surgical incision was sutured, 10 cm of skin around the incision was thoroughly de-iodinated with 75% alcohol (Figure 1A). 2. The calcium alginate dressing (Algisite M, Smith & Nephew, London, UK) was folded into three layers in the direction of the long axis and properly cut to a length range slightly longer than the surgical incision of 1 cm at both ends (Figures 1B,C). 3. based on the length of the incision, three to four IV3000 films (Smith&Nephew, London, UK) were selected and applied in the direction from the distal end to the proximal end of the limb (Figure 1D). The two ends of the film were slightly longer than the incision by about 4 cm, and the latter film was overlapped and the previous one was about one cm (Figures 1E–G). There were no air bubbles between the films and the skin, and they stuck closely to the skin (Figure 1H). After the operation, all patients adopted the same nursing measures: routine application of prophylactic antibiotic cefoxitin for three days, and subcutaneous injection of enoxaparin sodium 4000IU to prevent deep venous thrombosis. Patients with the new dressing system did not need to change their dressings if there was no obvious large amount of exudation, no scratches, or crimps, and two weeks after the operation, the dressing would be removed. Patients were able to shower normally after the operation (Figure 1I).


[image: Figure 1]
FIGURE 1
(A) The wound was sutured and deiodized. (B) Folded calcium alginate dressing and three IV3000 films. (C) Cut the calcium alginate dressing to both ends slightly longer than the incision 1 cm. (D–H) According to the length of the incision, three IV3000 films were selected and applied in the order from the distal end to the proximal end of the limb. The two ends of the film were slightly longer than the incision about 4 cm, and the latter film was overlapped and the previous one was about 1 cm. There are no air bubbles between the films, and the skin and stick closely to the skin. (I) After the patient took a bath according to his own habits, the dressing was not affected.




Data collection

Data were collected in four parts: the number of dressing changes and cost of dressings, pain and function scores, wound scores and complications, and shower frequency and satisfaction.



The number of dressing changes and cost of dressings

Patients were discharged only when they met stringent standards, including the ability to perform independent personal care, walk at least 70 meters on crutches, get in and out of bed and get up from chairs, and were managed with oral pain relief (13). The postoperative hospital stay was also recorded and calculated as the whole day, and the part less than one day was considered as one day. After discharge, the patients were assigned to a chat group to take photos and upload and evaluate the dressing under the guidance of the medical staff. Two weeks after the operation, all patients were not covered with a dressing, the wound was wiped with 75% alcohol three times a day for three days, and the total number of dressing changes were recorded. Besides, the medical expenses incurred by patients using the new dressings were recorded to understand the average cost of the new dressings throughout the treatment cycle.



Pain and function score

The Visual Analogue Scale (VAS) score, The Harris Hip Score (HHS) were used to record the pain and function of patients, and to evaluate the perioperative changes. VAS score (14) is a one-dimensional measurement of pain intensity, which is widely used in different adult populations. The VAS score was used to record pain and is a horizontal line of fixed length, 100 mm. The end is defined as the limit of pain to be measured, from left (0) to right (10). HHS (15) was developed to evaluate the results of hip surgery and to evaluate various hip disabilities and treatments in the adult population. HHS assesses pain, function, deformity, and range of activity and each project has a unique digital scale. The highest score for HHS is 100. The higher the HHS, the less the dysfunction. The time point of the evaluation was recorded within one week before the operation, and one month after the operation.



Wound score and complications

ASEPSIS score is a commonly used wound assessment score (16), which consists of an objective wound assessment section, a section on wound treatment, and a section on the consequences of infection. The objective wound assessment part of the ASEPSIS score (17) was used in the current study because the intentions were to only evaluate the clinical appearance of the wound. SBSES score, proposed by Singer et al in 2007 (18), is a wound evaluation scale used to measure the cosmetic effect of a wound, including the width, height, color, suture marks, and overall view of the scar. The score of each index is 0 or 1, and the total score is calculated, ranging from 0 (worst) to 5 (best). The ASEPSIS score and the SBSES score were recorded at seven days and one month after the operation. Follow-up was based on the photos taken or on-site observation records. At the same time, the wound complications of the patients in each period were recorded and photographed within one month after the operation.



Shower frequency and satisfaction

A questionnaire was developed to conduct the shower frequency and satisfaction survey (Table 2). One month after the operation, the patients filled the questionnaire based on their actual situation. The questionnaire recorded patients' satisfaction based on eight parameters, including their comfort with dressings, ability to take a shower, pain treatment, doctor visits, hospital stay, number of dressing changes,hospitalization costs, and satisfaction with the overall experience. The parameters were all measured in numerical terms, with a score of 0 to 10, and a maximum score of 80.


TABLE 2 Questionnaire record table.
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Data were collected by one of the researchers who was not directly involved in either the experimental design or surgery. All quantitative data were expressed as mean ± standard deviation. A paired t-test was used to compare the two groups. P < 0.05, was considered to be statistically significant. SPSS25.0 software (SPSS, USA) was used to perform statistical analysis.




Results


The number of dressing changes and cost of dressings

The average number of dressing changes was 0.74 ± 0.46, and the average postoperative hospital stay was 3.67 ± 0.97 days. The application of the new dressing system required an average of one calcium alginate dressing and three IV3000 films, and the calculated cost of one dressing change was 33 dollars. The average cost of the new dressings throughout a treatment cycle was 57.42 ± 15.18 dollars.



Pain and function score

VAS, and HHS were used to record the pain, and function of the patients, and the evaluation time was set within seven days before the operation, and one month after the operation. The VAS score decreased from 5.63 ± 1.09 before the operation to 0.88 ± 0.54 one month after the operation. The HHS score increased from 70.18 ± 7.84 before the operation to 80.36 ± 4.08 one month after the operation (Table 3).


TABLE 3 The score results of VAS, HHS.
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Wound score and complications

During the use of the new dressing system, normal bathing did not affect the dressing, and the waterproof performance was good. The results of serous discharge, erythema, purulent discharge, and wound defect defined by the ASEPSIS score were all 0 (Table 4). The SBSES score was 3.55 ± 0.61 at two weeks after the operation and 4.38 ± 0.71 at one month after the operation (Table 4). The wound appearance gradually improved with the prolongation of recovery time. No wound complications were recorded until one month after the operation. The wounds healed well and the patients described their scars as comfortable and satisfactory in appearance (Figure 2).


[image: Figure 2]
FIGURE 2
(A) Shows wound sutured during the operation. (B) There was no obvious ecchymosis, swelling, and exudation in the wound three days after the operation. (C) The wound healed completely two weeks after the operation. (D) One month after the operation, the wound of the patient showed that the scar was smooth, consistent with the color of the surrounding skin, and the overall appearance was satisfactory.



TABLE 4 The score results of the ASEPSIS and SBSES.
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Shower frequency and satisfaction

According to the questionnaire results, the patient's shower frequency was shown in Table 5, 10 patients (8.33%) did not take showers because they were afraid of getting wound infections. Most patients (95/120, 79.17%) took showers once per day. And the satisfaction score was 73.86 ± 2.81, the full score was 80, and the satisfaction rate was 92.53 ± 3.62%.


TABLE 5 The results of the shower frequency.

[image: Table 5]




Discussion

PJI is a serious complication of joint replacement surgery and causes serious medical and economic burden to patients and society. Previous studies (5, 6, 9, 19) show that complications of the surgical wound are a major risk factor for PJI, thus, the management of surgical wounds is very important. Considering the particularity of the wound after hip arthroplasty, a combination of the gauze and adhesive tape, which is widely used in our hospital is not appropriate. First, the absorption effect of the exudate by the gauze dressing is not good, and it is easy to soak, and this increases the frequency of dressing change. These are all risk factors for wound infection. Second, gauze dressings often adhere to the wound after wetting, causing skin damage and pain during wound dressing change. Third, the surface of the gauze dressing is rough and inelastic, and multi-layer coverage can cause bloated wounds. During postoperative hip movement rehabilitation exercise, this may cause obstacles and constant friction which also causes blisters. Fourth, gauze dressings are usually not waterproof, therefore, patients are likely to experience difficulties in having a normal bath and skin cleaning after the operation.

To overcome the shortcomings of using gauze dressings, numerous new dressings have emerged. As new dressings for primary joint replacement wounds, incision negative pressure wound therapy (iNPWT) (20, 21) and silver-impregnated occlusive dressings have been widely recognized for their advantages in reducing the incidence of wound complications and peri-prosthetic infection. The literature also reported their advantages over traditional wound dressings in terms of times of dressing change, postoperative hospital stay and cost-effectiveness. In terms of the number of dressing changes, the average number of dressing changes in the iNPWT group was 2.5 (20) and that in the silver-impregnated occlusive dressings group was 1.3 (22); However, the average number of dressing changes in our new dressing system was 0.74, which significantly reduced the number of dressing changes. Some scholars (23) have reported that if the dressing is not often disturbed, the risk of infection is reduced, and the wound dressing maintains the wound near the core body temperature, which helps the healing process. The new dressing system is simple and portable, does not cause pain when changing the dressings, has a beautiful appearance, and has elastic changes with flexion and extension during postoperative exercise, which does not hinder rehabilitation activities. The studies (20, 22) reported that the average postoperative hospital stay was 3.8 days for the iNPWT, 6.3 days for the silver-impregnated occlusive dressings and 3.7 days for our new dressing system. These new dressings significantly shorten the postoperative hospital stay, which is also in line with the requirements of the concept of enhanced recovery after surgery (ERAS): short hospitalization days, quick postoperative recovery.

As for the cost of dressings that we are more concerned about, the high cost of some new dressings is a major obstacle to their wide application. In the iNPWT group, the average dressing cost in the 7-day treatment cycle was 125 pounds. The silver-impregnated occlusive dressings can cost up to 38.05 dollars for a single change (24). The average cost of our new dressing system throughout a treatment cycle was 57.42 ± 15.18 dollars, which is lower compared with that of other new dressings and is comparable to the traditional gauze dressings. More importantly, taking advantage of the waterproof and breathable properties of the IV3000 film, patients can take a shower normally after the operation, which is of great significance. This is the advantage that other dressings do not have at present. Patients are required to prepare the skin regularly and take a shower the day before the operation, which significantly reduces the risk of bacterial infection in the skin around the surgical incision. Similarly, it is also important to take a shower and wash the skin after the operation, which cannot be achieved with gauze dressing but is achieved with the new dressing system. Normal shower after the operation not only cleans the skin around the wound, reduces bacterial colonization, reduces the risk of wound infection, but also improves the quality of life of patients after the operation, and patient satisfaction.

ASEPSIS score and SBSES score were used to evaluate wound healing and possible wound complications. The results showed that there were no wound complications one month after the operation, and the wound healed well based on the objective score of the wound. The SBSES scored highly in the evaluation of the appearance of the wound, and the patients reported the satisfactory appearance of the wound scar. The satisfaction survey showed that the patients' satisfaction rate was more than 90%, indicating that the new dressing system can provide a good experience for patients.

In this study, the results confirm the clinical efficacy of the new dressing system for the wound after total hip arthroplasty. The new dressing system has various advantages, including a reduced number of dressing changes, waterproof and of low cost. However, these advantages need to be verified using a larger sample size in clinical randomized controlled trials which are underway.



Conclusion

In this study, we have invented a new dressing system for surgical wounds after total hip arthroplasty and confirmed its efficacy.
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Purpose: Complications were significantly increased 30 days after Simultaneous bilateral total knee arthroplasty (SBTKA). In this study, an individualized nomogram was established and validated to predict the complications within 30 days after SBTKA.



Methods: The general data of 861 patients (training set) who received SBTKA in The Affiliated Hospital of Qingdao University between January 1, 2012 and March 31, 2017 were retrospectively analyzed. All patients were divided into complication group (n = 96) and non-complication group (n = 765) according to the incidence of complications within 30 years after SBTKA. Independent risk factors for postoperative SBTKA complications were identified and screened by binary logistic regression analyses, and then a nomogram prediction model was constructed using R software. The area under curve (AUC), calibration curve, and decision curve analysis (DCA) were selected to evaluate the line-chart. Meanwhile, 396 patients receiving SBTKA in the Third Hospital of Hebei Medical University who met the inclusion and exclusion criteria (test set) were selected to verify the nomogram.



Results: Five independent predictors were identified by binary logistic regression analyses and a nomogram was established. The AUC of this nomogram curve is 0.851 (95% CI: 0.819–0.883) and 0.818 (95% CI: 0.735–0.900) in the training and testing sets, respectively. In the training set and test set, calibration curves show that nomogram prediction results are in good agreement with actual observation results, and DCA shows that nomogram prediction results have good clinical application value.



Conclusion: Older age, lower preoperative hemoglobin level, higher preoperative blood urea nitrogen (BUN) level, longer operation time, ASA grade ≥ III are independent predictors of SBTKA complications within 30 days after surgery. A nomogram containing these five predictors can accurately predict the risk of complications within 30 days after SBTKA.
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Introduction

Knee osteoarthritis is the most common degenerative disease of the synovial joint, and its incidence increases with age (1). Total knee arthroplasty (TKA) is an effective method for the treatment of advanced knee diseases (2). One-third of patients have bilateral knee symptoms, and about 20% of patients need bilateral total knee replacement (3). The safety and efficacy of SBTKA versus staged bilateral TKA remains controversial in current orthopedic practice for patients requiring bilateral total knee replacement.

Studies have found that after SBTKA, the infection rate and length of hospital stay of patients are reduced, but the incidence of 90-day mortality, venous thromboembolism and neurological complications is increased (4). In addition, the risk of pulmonary embolism, cerebral embolism (5), blood transfusion rate (6, 7), cardiac complications, urinary retention, and deep infection are significantly increased (8). At present, the comparative studies after SBTKA and staged bilateral TKA are relatively common, and many studies have provided a comprehensive assessment of complication incidence, clinical efficacy and mortality after SBTKA (4, 8–10). Due to the lack of established indications for SBTKA, it is always controversial to determine the age of patients, and previous studies only confirmed that patients aged 75 and above are generally not recommended to undergo SBTKA (11–13). Recent studies by scholars (14) also only confirmed that patients under 75 years of age and ASA1 grade or grade 2 received SBTKA, and the incidence of complications was no different from that of unilateral TKA. For complications after TKA, some scholars used the nomograms prediction model to predict the probability of complications within 30 days after primary TKA (15). Since the incidence of complications after bilateral TKA increased significantly during the same period, it was necessary to establish a nomogram prediction model for complications after SBTKA and identify high-risk patients as early as possible in order to reduce the risk of postoperative complications.

The purpose of this study is as follows: a retrospective study of 861 patients from The Affiliated Hospital of Qingdao University was conducted to determine the occurrence of complications 30 days after SBTKA, establish a nomogram model to predict complications 30 days after SBTKA, and include clinical information of 396 patients from the Third Hospital of Hebei Medical University for nomogram verification.



Methods

This study was designed as a retrospective cohort study. Patients who underwent SBTKA at the Affiliated Hospital of Qingdao University on January 1, 2012 and March 31, 2017 were enrolled in this study. Inclusion criteria: (1) Simultaneous bilateral total knee arthroplasty in the Affiliated Hospital of Qingdao University; (2) No history of knee joint infection: (3) The case data were complete, and all patients signed the informed consent. Exclusion criteria: (1) SBTKA performed at the same time as other operations; (2) Incomplete data or patients lost to follow-up. In addition, from March 2015 to September 2019, we enrolled 396 patients who underwent SBTKA at the Third Hospital of Hebei Medical University and met the inclusion and exclusion criteria to create the test set.

We determined 30-day postoperative complications and mortality using 30-day outpatient follow-up in an electronic clinical data system, as well as further information obtained from medical records and telephone follow-up. Consistent with the existing literature (16–18), we defined the 30-day postoperative complications as any of the following:Hemorrhage requiring transfusion of ≥4 U red blood cells within 72 h after surgery, delirium, pulmonary embolism, postoperative sepsis, septic shock, cerebral infarction, acute renal failure, cardiac disease (coronary artery disease, congestive heart failure, valvular insufficiency, arrhythmias, cardiac arrest requiring CPR), urinary tract infection, deep vein thrombosis, pneumonia, deep wound infection/interorgan infection, peripheral nerve injury, superficial wound infection, gastrointestinal ulcer or bleeding. Indications for blood transfusion at our institution were patients with Hb < 70 g/L or Hb < 80 g/L but symptoms of anemia. Finally, a total of 861 cases meeting the inclusion and exclusion criteria were included in this study. This study was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University (Approval No.: QYFYWZLL26915).

The variables collected in our study are shown in Table 1. All the data were collected from the electronic medical record system of our hospital, and a unified and standardized survey form was designed, which was collected by two joint surgeons independently, and the controversial data was discussed and determined by the third joint surgeon and the two data collecting physicians.


TABLE 1 Univariate analysis of clinical data of the two groups.

[image: Table 1]

All the operations are performed by experienced surgeons in our hospital. Both knees were done by the same surgeon. All patients underwent a median incision with a medial parapatellar approach. 412 patients received medial pivot prosthesis (Advance Medial-Pivot Knee System, Wright Medical Group, Arlington, TN) and 449 patients received posterior knee stabilization prosthesis (NexGen LPS-Flex, Zimmer, Warsaw, IN) without conventional patella trimming. After completing the surgery on one side, the contralateral tourniquet was pumped and the contralateral operation continued, as above. Negative pressure drainage tubes were placed in each knee joint of each patient after surgery, and all drainage tubes were removed within 24 h. TXA was injected intravenously half an hour before surgery to prevent bleeding. All patients received anti-thrombotic elastic socks combined with low molecular weight heparin for the prevention of deep vein thrombosis, and all patients received daily rehabilitation training with the help of professional therapists.


Statistical analysis

All statistical analyses were performed with SPSS (version 24, IBM, USA) and R software (version 3.6.1, R Foundation for Statistical Computing, Austria). Measurement data were expressed as mean and standard deviation (x ± s), while classification data were expressed as quantity (percentage). Chi-square test or Fisher's exact probability method was used to analyze the differences of classification data in different age groups. The independent sample t test was used to analyze the differences in the measurement data between the complication group and the non-complication group, and the chi-square test or Fisher's exact probability method was used to analyze the differences in the classification data between the two groups. Subsequently, the indicators with statistical significance in univariate analysis were included in multivariate Logistic regression analysis, and the indicators with statistical significance (P < 0.05) were finally screened out as predictors for inclusion in the model. A nomogram was established based on the independent predictors in R software. The area under the curve(AUC) based on the receiver operating characteristic (ROC) curve was used to evaluate the discrimination of the nomogram. Furthermore, the calibration curve was used to evaluate the calibration of the nomogram, and decision curve analysis (DCA) was used to estimate the clinical usefulness of the nomogram in the training and testing sets. In addition, the ROC curves of each independent predictor were established, and comparisons of the AUCs between the nomogram and independent risk factors was performed. Test level α = 0. 05.




Results

A total of 861 patients underwent SBTKA in the Affiliated Hospital of Qingdao University between January 1, 2012 and March 31, 2017, including 146 males and 715 females. The mean age of patients was 63.8 ± 6.65 years (range, 31–82 years), and the mean body mass index (BMI) was 27.53 ± 4.11 kg/m2 (range, 17.57–56.16 kg/m2).


Independent risk factors for complications within 30 days after SBTKA in the training set

Baseline data of 765 patients in the non-complication group and 96 patients in the complication group were analyzed by univariate analysis. The results indicated that the differences in age, hemoglobin, hematocrit, urea nitrogen, operation time and ASA grade were statistically significant (P < 0.05), other variables had no statistical significance (P > 0.05) (Table 1). The occurrence of complications was taken as the dependent variable, and the significant indicators in the baseline data were included in the multivariate Logistic regression analysis. The results indicated that older age, lower preoperative hemoglobin levels, higher preoperative BUN levels, longer operation time, and ASA grade ≥ III were independent risk factors for predicting complications after SBTKA (Table 2).


TABLE 2 Multivariate logistic regression analysis of early complications after SBTKA.
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Development of a nomogram to predict complications within 30 days after SBTKA

According to the results of multivariate Logistic regression analysis, independent risk factors predicting early complications after SBTKA were incorporated into R software to construct a nomogram model (Figure 1). The ROC of the model was plotted (Figure 2A), and the AUC was 0.851 (95% CI: 0.819–0.883), indicating that the model had a good discriminative ability. The 1,000 Bootstrap internal validation method was used to test the nomogram. Through the calibration curve, it could be seen that the nomogram predicted the risk of complications within 30 days after SBTKA and the observed probability had a good consistency (Figure 2B). The results of the DCA show that nomogram has good clinical usefulness when predicting the probability of complications within 30 days after the initial SBTKA (Figure 2C).


[image: Figure 1]
FIGURE 1
A nomogram for predicting complications within 30 days after SBTKA based on independent risk factors. BUN: Blood urea nitrogen; ASA: American Society of Anesthesiologists.



[image: Figure 2]
FIGURE 2
The receiver operating characteristic curve (A), calibration curve (B), and decision curve analysis (C) of training set. The receiver operating characteristic curve (D), calibration curve (E), and decision curve analysis (F) of testing set.


A total of 396 patients were included in the trial set, and 16 patients experienced complications after SBTKA. In the test set, the AUC of the nomogram was 0.818 (95% CI: 0.735–0.900) (Figure 2D), and the calibration curve was in good agreement for the prediction and observation of complications (Figure 2E). In addition, DCA showed that the use of nomogram to predict postoperative complications was net beneficial (Figure 2F).



Comparison of the AUCs of the nomogram and a single factor for predicting complications within 30 days after SBTKA in the training and testing sets

In the training set, the AUC of the nomogram was significantly higher than the AUC of each independent predictor in the training set (Figure 3A). In the test set, the AUC of the nomogram was also significantly higher than the AUC of each independent predictor in the test set (Figure 3B).


[image: Figure 3]
FIGURE 3
The receiver operating characteristic curves with corresponding area under the curves of nomogram and independent predictors in training set (A) and testing set (B). BUN: Blood urea nitrogen; ASA: American Society of Anesthesiologists.





Discussion

TKA has become an effective measure for the treatment of end-stage knee diseases, which can effectively improve joint function and relieve pain (1–7, 19–22). In recent years, the nomogram is a widely used prediction tool in the field of clinical medicine, which has the ability to predict the occurrence risk of adverse events individually. This study developed a comprehensive postoperative complication prediction tool based on preoperative and intraoperative variables that accurately assessed the risk of complications within 30 days after surgery, as well as internal validation and evaluation of the model. Although some predictive models have been established in previous studies, we believe that our study improves on previous work. In the field of knee replacement, the nomogram has been used to predict the survival rate of prosthesis after knee tumor prosthesis replacement (21) and the periprosthesis infection rate (23). In addition, nomogram is used to predict the occurrence of major complications after TKA (24) and blood transfusion (25). In the above prediction tools, only patients who received unilateral TKA were included, and such studies could not be fully applicable to patients with SBTKA. On the contrary, in our study, all the subjects were patients with SBTKA.

Previous studies focused on the analysis of postoperative efficacy and perioperative complications in patients of different ages after TKA (19, 20, 26). Regardless of age, the satisfaction rate of knee surgery is more than 85%, and advanced age does not affect the efficacy of TKA (19). Other scholars have found that 70 years old is the best age for TKA (20). There was no difference in the incidence of complications among patients younger than 75 years of age who received unilateral TKA or staged bilateral TKA (14).

We collected a large number of candidate predictors, and for the screening of predictive indicators, this study comprehensively considered the statistical significance and professional significance. In the risk factor analysis, older age, lower preoperative hemoglobin levels, higher preoperative BUN levels, longer operation time, and ASA grade ≥ III were significantly associated with the incidence of complications within 30 days after surgery. These indicators were included in the prediction model of the nomogram. More importantly, four of these indicators were identifiable preoperatively, and their association with post-TKA complications has been widely reported in previous studies. Therefore, clinicians can accurately predict the risk of complications within 30 days after SBTKA preoperatively, which is crucial for early management.

The effect of advanced age on post-TKA complications has also been confirmed in previous studies (11–15). The complication rate after TKA increases with age (27–29). According to the survey, the hospital stay of elderly patients after TKA increased by 0.6–3.1 days, and the perioperative mortality rate ranged from 1.09% to 1.54% (27). Recently, however, different findings have been reported that in studies evaluating the effect of comorbidities and age on the incidence of postoperative complications after TKA, comorbidities themselves, rather than age, are the cause of increased postoperative morbidity (30). In addition, we found that preoperative lower hemoglobin was an independent risk factor for complications in patients with SBTKA within 30 days after surgery. Interestingly, a recent study found that lower preoperative hemoglobin levels were identified as an independent predictor of blood transfusion in patients after TKA (26). In this study, severe postoperative anemia was the most common complication, which well explained the influence of preoperative hemoglobin level on postoperative complications.

The results of this study suggest that longer operative time is an independent risk factor for complications within 30 days after SBTKA. Prolonged operative time can lead to increased intraoperative bleeding. In addition, prolonged exposure to the air in the operative area increases the risk of infection. At the same time, prolonged use of tourniquets increases the risk of vascular and nerve damage. It has been proved that prolonged operation time increases the incidence of postoperative complications in patients with TKA (31, 32). It has been reported in the literature that the risk of requiring blood transfusion and hospital readmission increased by 9% and 5% for each 15 min increase in the duration of TKA (33). In percutaneous kyphoplasty, operative time is an independent risk factor for hidden blood loss (34), and the findings of the above studies are consistent with the results of this study. It has been reported that the American Society of Anesthesiologists (ASA) classification has a good correlation with the incidence of complications after TKA surgery (35–38). This study also found that ASA grade ≥ III was an independent risk factor for complications within 30 days after SBTKA. The findings were consistent with previous literature that increased risk of complications after surgery was associated with an ASA score of 3 or 4 (39, 40). Interestingly, in a rigorous statistical analysis, the results showed that higher preoperative BUN levels were a risk factor for complications within 30 days after SBTKA, a finding that has rarely been reported in previous studies. The underlying mechanism between BUN levels and complications remains unclear. A possible explanation for this phenomenon is that kidney is an important organ for maintaining water, electrolytes and acid-base balance in the body, and renal insufficiency and dialysis are risk factors for infection and revision after artificial joint replacement (41, 42).

The prediction model established in this study has certain potential in clinical application, because the model has good discriminative ability and calibration degree, and the indicators included in the prediction model can be easily obtained through clinical examination at the early stage of admission, and the acquisition cost is relatively low. In this study, for the convenience of clinical application, a nomogram was developed based on the constructed prediction model, through which clinicians could quickly predict the occurrence of complications within 30 days of SBTKA and provide reference for identifying high-risk patients.

This study has some limitations. First, this study was a retrospective study, and the number of cases included was small. However, we have some clinical value by strictly validating the model through two centers. In addition, in this study, transfusion of ≥4 U red blood cells was used as one of the complications after SBTKA, and there were differences in transfusion between countries and regions. Further prospective studies are therefore needed to further validate our nomogram.



Conclusion

Lower preoperative hemoglobin levels, higher preoperative BUN levels, longer operation time, and ASA grade ≥ III were independent risk factors for complications within 30 days after SBTKA. At the same time, a nomogram based on the above five risk factors was also developed and verified in the study.
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Background: Spinopelvic motion, the cornerstone of the sagittal balance of the human body, is pivotal in patient-specific total hip arthroplasty.



Purpose: This study aims to develop a novel model using back propagation neural network (BPNN) to predict pelvic changes when one sits down, based on standing lateral spinopelvic radiographs.



Methods: Young healthy volunteers were included in the study, 18 spinopelvic parameters were taken, such as pelvic incidence (PI) and so on. First, standing parameters correlated with sitting pelvic tilt (PT) and sacral slope (SS) were identified via Pearson correlation. Then, with these parameters as inputs and sitting PT and SS as outputs, the BPNN prediction network was established. Finally, the prediction results were evaluated by relative error (RE), prediction accuracy (PA), and normalized root mean squared error (NRMSE).



Results: The study included 145 volunteers of 23.1 ± 2.3 years old (M:F = 51:94). Pearson analysis revealed sitting PT was correlated with six standing measurements and sitting SS with five. The best BPNN model achieved 78.48% and 77.54% accuracy in predicting PT and SS, respectively; As for PI, a constant for pelvic morphology, it was 95.99%.



Discussion: In this study, the BPNN model yielded desirable accuracy in predicting sitting spinopelvic parameters, which provides new insights and tools for characterizing spinopelvic changes throughout the motion cycle.



KEYWORDS
spinopelvic motion, sagittal plane, standing and sitting, total hip arthroplasty, Pearson correlation analysis





Introduction

As shown in Figure 1, the spinopelvic coordination maintains the sagittal balance of body posture. It enables straightened lumbar spine and posterior pelvic tilt in the sitting position to accommodate flexion and internal rotation of the femur and prevent anterior impingement and posterior dislocation in normal physiology. In the standing posture, in contrast, it allows increased lumbar lordosis and anterior pelvic tilt to increase acetabular coverage, thus preventing posterior impingement and anterior dislocation (1).


[image: Figure 1]
FIGURE 1
As the body posture changes from standing to sitting, the spinopelvic coordination maintains the sagittal balance of the body posture. See the “Parameter measurement” section for the description of spinopelvic parameters (PI, PT, SS, TK, LL, LT, TLK, TPA, and T1PA).


The traditional safe zone for cup position in total hip arthroplasty (THA), definitive treatment for advanced hip arthritis, has been based on a vertically oriented anterior pelvic plane (2). Therefore, it does not account for the spinopelvic balance of each individual or the change of pelvic tilt in various body postures (3). As a result, some patients may engage in more aggressive hip motions to maintain sagittal balance when they change position from sitting to standing. This abnormality may lead to secondary dislocation and impingement, and the resulting edge loading compromises prosthesis survivorship. This condition becomes more severe with concomitant lumbar spine diseases (4). Thus, surgeons should consider the sagittal spinopelvic balance when planning for THA (5). Unfortunately, although it is an increasingly accepted concept, studies on solutions are scanty (6).

Artificial neural network (ANN), investigating correlation among subjects, has been attempted in prognostication and drug discovery with demonstrated accuracy and robustness (7). Composed of musculoskeletal and ligament structures and controlled by neuromuscular interaction, the spinopelvic system engages in coordinated sagittal motion with the essential correlation of spinopelvic features between standing and sitting positions. Using the back propagation neural network (BPNN) and standing lateral spinopelvic radiographs of healthy volunteers, this study aims to predict how the pelvic tilts when the human body changes position from standing to sitting. The results of this study will pave the way for characterizing the dynamics of the spinopelvic system at various positions along the motion cycle.



Materials and methods


Study type

This prospective study has been approved by the Ethics Committee of our institution (project number IRB00006761–2012066). All volunteers provided written informed consent.



Eligibility criteria

The inclusion criterion was participants should be between 18 and 30 years old. The exclusion criteria were as follows: (1) chronic lower back and leg pain, spine deformity, and history of disease or surgery of the spine, pelvis, hip joint, and lower limbs; and (2) spondylolisthesis, scoliosis with a Cobb Angle >10°, and kyphosis on spinopelvic frontal and lateral radiographs.



Radiographs

Radiographs in standard standing and sitting positions of the whole spine and pelvis, including bilateral hip joints, were obtained from all research subjects. Participants were asked to stand as straight as possible in the standard standing position without leaning forward or backward. In the standard sitting position, they were asked to remain seated as straight as possible, without leaning forward or backward, and with both knees and hips flexed at 90°. For improved quality of the x-ray film, the elbow joints were flexed fully, and the fists rested on the ipsilateral clavicle. After continuous exposure, the image was automatically spliced.



Parameter measurement

Pelvic and spinal parameters, as shown in Figure 1, were measured in Picture Archiving and Communication Systems (Centricity RIS/PACS, GE Healthcare: https://www.gehealthcare.com/). All parameters were measured independently by two senior radiologists. They produced two readings from every image, then compared the results within (intraobserver) and between themselves (interobserver), and took the average value as the final result. The following parameters were measured in both standing and sitting position radiographs: (1) pelvic incidence (PI): the angle between the line perpendicular to the sacral plate at its midpoint and the line connecting the same point to the center of the bicoxofemoral axis; (2) pelvic tilt (PT): the angle between the line connecting the midpoint of the sacral plate to the center of the bifemoral heads, and the plumb line; (3) sacral slope (SS): the angle between the sacral plate and the horizontal; (4) thoracic kyphosis (TK): the angle between the upper endplate of T4 and the lower endplate of T12; (5) lumbar lordosis (LL): the angle between the upper endplate of L1 and the upper endplate of S1; (6) lordosis tilt (LT): the angle between the line connecting the anterosuperior margin of L1 to the anterosuperior margin of S1, and the plumb line; (7) thoracolumbar kyphosis (TLK): the angle between the upper endplate of T11 and the lower endplate of L2; (8) T1 pelvic angle (TPA): the angle between the line connecting the midpoint of the upper endplate of T1 and the center of the bifemoral heads, and the line connecting the midpoint of the upper endplate of S1 and the center of the bifemoral heads; (9) sagittal vertical axis (SVA): the distance from the posterosuperior edge of the sacrum to the C7 plumb line.



Statistical analysis

Statistical analyses were performed using SPSS software (version 18.0). Measurement data were expressed as mean ± SD (min-max), and Pearson correlation coefficient (8) was used for the correlation analysis. Values of p < 0.05 were considered to indicate a statistically significant difference.



Back propagation neural network

Input and output. Inputs were the correlated parameters identified in Pearson correlation analysis, as shown in Table 1. The sitting PT (PT in sitting position) was correlated to PI, PT, SS, LL, LT, and T1PA in standing position (as shown in the input layer of Figure 2). The sitting SS (SS in sitting position) was correlated to PI, SS, LL, LT, and SVA in standing position. Likewise, the sitting PI (PI in sitting position) was correlated to PI, PT, SS, LL, LT, TLK, and T1PA in standing position. Outputs were sitting PT, SS, and PI.


[image: Figure 2]
FIGURE 2
The BPNN framework for predicting the sitting PT with the standing parameters related to the sitting PT as input.



TABLE 1 Correlation between sitting PI, PT, SS, and various sitting parameters (r, p).

[image: Table 1]

Model theory. The BPNN (9) was used to construct the nonlinear regression between input and output. As shown in Figure 2, taking predicting sitting PT as an example, the BPNN used standing PI, PT, SS, LL, LT, and T1PA as the input layer. To avoid overfitting due to the lack of training data (10), a single hidden layer with seven units was selected. The sitting PT was the output layer.

Volunteer grouping. A total of 145 volunteers with standing–sitting pelvic and spinal parameters were randomly divided into training, validation, and test sets according to a priori of 8:1:1. The training set was used to train the model and determine the model parameters. The validation set was used to adjust the model's super parameters and to preliminarily evaluate the model's ability. The test set was used to evaluate the generalizability of the final model.

Training of the BPNN. The training sample data were normalized and then inputted into the network. The activation functions of the hidden and output layers were set as tansig (hyperbolic tangent S type) and purelin (linear) functions, respectively. The training function of the network was trainlm, the performance function of the network was MSE (11), and the number of neurons in the hidden layer was initially set to 7. The number of network iterations was 5,000, with an expected error of 0.0000001 and a learning rate of 0.01. After setting the parameters, the training network was started, and the experiment platform used was Matlab (12) (2017a) + Windows 10.

Verifying of the BPNN. Training 10 times in the same way, the model with the best performance on the validation set was taken as the functional BPNN. After the functional BPNN was obtained, we verified the BPNN on the test set. The evaluation indicators were as follows: Relative Error (RE)=|predicted value−actual value|/actual value, Prediction Accuracy (PA) = 1-RE, and the Normalized Root Mean Squared Error (NRMSE) (13).




Results

General information. A total of 145 volunteers (51 men, 94 women) of 23.1 ± 2.3(19–29) years old on average were recruited. Spinopelvic parameters in standing and sitting positions are described in Table 2.


TABLE 2 Spinopelvic parameters in standing and sitting positions [mean ± SD (min-max)].

[image: Table 2]

Correlation analysis. As shown in Table 1, sitting PT (PT in sitting position) was correlated to PI, PT, SS, LL, LT, and T1PA in standing position. Likewise, sitting SS (SS in sitting position) was correlated to PI, SS, LL, LT, and SVA in standing position. Moreover, sitting PI (PI in sitting position) was correlated to PI, PT, SS, LL, LT, TLK, and T1PA in standing position.

Model prediction results (verifying of BPNN). For sitting PT, the PA of the BPNN model was 78.48% (RE = 21.52%, NRMSE = 13.95%) (Figure 3; Table 3). For sitting SS, the PA of the BPNN model was 71.17% (RE = 28.83%, NRMSE = 11.76%) (Figure 4; Table 3). For sitting PI, the PA of the BPNN model was 95.99% (RE = 4.01%, NRMSE = 4.09%) (Figure 5; Table 3). Compared with some simpler artificial models such as multi-linear regression (14), elastic net regression (15), and support vector regression (SVR) (16), the BPNN is better at dealing with complex nonlinear relationships in prediction. As outlined in Table 4, the BPNN achieves the best results by a clear margin. It indicates that the BPNN based on standing lateral radiographs for predicting sitting pelvic tilt in healthy adults is feasible and superior.


[image: Figure 3]
FIGURE 3
Comparison between the actual and the predicted values of sitting PT.



[image: Figure 4]
FIGURE 4
Comparison between the actual and the predicted values of sitting SS.



[image: Figure 5]
FIGURE 5
Comparison between the actual and the predicted values of sitting PI.



TABLE 3 Predicting sitting PT, SS, and PI based on the BPNN from standing parameters.
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TABLE 4 The performance of different methods for predicting sitting PT, SS, and PI. The larger PA and smaller RE and NRMSE, the better the performance. Bold means the best.

[image: Table 4]



Discussion

The spine and pelvis are characterized by close relations in the sagittal view (17). The spinopelvic relations at various body positions have been increasingly found relevant in surgical planning. Take THA as an example, where acetabular cup placement is essential to postoperative joint stability. An increasing number of studies have demonstrated individual spinopelvic relations in the lateral view as a preferred reference for cup orientation (6, 18). When one stands up or sits down, his or her rotated pelvis drives the anterior pelvic plane to shift, and the cup becomes inconsistent with the proposed safe zone (3, 19). This explains why some patients after THA with concomitant spinal diseases experience prosthetic impingement or dislocation or premature prosthetic failure due to edge loading and accelerated wearing (20, 21). In addition, when the surgery does not factor in the individual spinopelvic relations, the risk of hip spine syndrome increases because of compensatory lumbar motions (22).

The past decade has witnessed great research efforts. Providing a systematic and in-depth review on sagittal spinopelvic balance, Lazennec et al. (1) stated that spinal surgeons and THA specialists should comprehensively assess patients and their unique spinal–pelvic–femoral complex. Dorr et al. (18) investigated two structural issues of spinopelvic balance, spinal stiffness and hypermobility, and developed a classification system and THA solution for each class. Nevertheless, an elevated risk of impingement was present after surgery in nine patients with malpositioned cups and seven with pathological imbalance. The authors cited ignoring clinical conditions while emphasizing radiological data as the critical limitation of the study. Tang et al. (23) developed an algorithm for an individualized safe zone for prosthetic placement with mathematical modeling developed from a small cohort. This algorithm, however, is of limited value in clinical use as the range of motion criteria of standing position was also adopted for sitting, and the dynamic motion of the spine and pelvis during position change was not delineated. Therefore, the spinopelvic dynamics has yet to be clarified, and the answer to accurate surgical planning remains elusive.

Robust in predicting nonlinear relationships, the ANN may reveal underlying correlations among research subjects (24). For example, Galloway et al. predicted hypokalemia with an analytic model based on artificial intelligence, achieving 91% sensitivity and 72% specificity (25). Likewise, Fei et al. obtained 87.5% sensitivity and 84.43% specificity in predicting acute lung injury through an ANN model built upon 217 patients with severe acute pancreatitis (26). Recently, DeepMind's Alphafold2 has been reported with remarkable accuracy, with a potential role in forecasting the structure of almost any protein that human cells express and searching for drug targets (27).

Composed of musculoskeletal and ligament structures and commanded by neuromuscular interaction, the spinopelvic system moves within the limit of anatomy and biomechanics regardless of the health status of individuals (28). It is thus logical that the spinopelvic mechanism is characterized by an essential correlation of measurements between standing and sitting positions. This concept is corroborated by the Pearson analysis of this study, where sitting measurements were found correlated with standing LL and LT. Interestingly, adjacent to the pelvis and more adaptable than the thoracic spine, the lumbar has been acknowledged with a pivotal role in the spinopelvic balance in many studies. Therefore, future research designs should lay more emphasis on lumbar lordosis.

The outcomes of the prediction model in this study were PT, the angle between the line connecting the midpoint of the sacral plate to the center of the bifemoral heads and the plumb line, and SS, the angle between the sacral plate and the horizontal. Both measures shall be acute angles and function to describe pelvic motion tied to spinal motion as PT increases and SS decreases when the pelvis tilts posteriorly. The best model concluded from this study achieved 78.48% and 77.54% accuracy for sitting PT and SS, which is robust given the small sample utilized in the ANN. Meanwhile, the PT and SS test sets observed a disparity between the projected and the actual measurements, which could be ascribed to the small sample size or inherent error in manual measurement, though senior radiologists obtained the measurements. The manual error might be overcome in future studies with results from Weng et al. (29), where computerized measurement of AI technology scored an absolute error of 1.18 mm with a speed of 0.2 s for each film for 990 patients. In addition, PI, another outcome of prediction in the study, represents the sagittal pelvic profile and has been proved constant and independent of pelvic position after skeletal maturity (30). Built upon a small cohort, our best model still reached 95.99% accuracy in predicting sitting PI, suggesting high reliability of the model.

This article presents an innovative method in predicting changes in the sagittal parameters of the spinopelvic structure in various pelvic positions, a model built upon standing lateral radiographs of the entire spine, pelvis, and lower extremities. In particular, the model yields unprecedented accuracy of how the pelvic tilt changes as the pelvic moves, providing grounds for future studies of incremental depth. This study, however, was not immune to limitations; for example, it observed only a small number of healthy volunteers, which might not reflect the conditions of elder patients undergoing THA. To tailor the model to clinical practice, the research team will modify the model in a larger pool of data with computerized measurement technology, higher modeling complexity, and diminished overfitting. The model can also be expanded to include bidirectional change of the spinopelvic structure between standing and sitting positions and the dynamics of the entire motion cycle using motion capture systems.
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Background: Low bone mass concomitantly occurs in patients with adolescent idiopathic scoliosis (AIS) and can persist until skeletal maturity. The purpose of this study was to assess the asymmetrical loss of vertebral bone mineral density (vBMD) and its correlation with curve severity in patients with AIS using Hounsfield unit (HU) values measured from computed tomography scans.



Methods: A total of 93 AIS patients were retrospectively recruited. The HU values of the vertebral body (VB-HU) and pedicle screw trajectory (PST-HU) were measured from four vertebrae above (Apex − 4) to four below (Apex + 4) the apical vertebra (Apex) of the major curve. The VB-HU and PST-HU at the upper end vertebra, Apex, and lower end vertebra within the concave and convex sides of the major and minor curves and stable vertebrae were obtained.



Results: A significant correlation was found between the Cobb angle and VB-HU at the periapical levels of the major curve. VB-HU and PST-HU at periapical levels were significantly greater within the concavity than the convexity of both major and minor curves. The asymmetric ratios of VB-HU and PST-HU were significantly correlated with the major curve Cobb angle, peaked at the apex, and gradually diminished from the apex to the end vertebrae. The asymmetrical loss of vBMD aggravated with the progression of curve severity, presenting as VB-HU, significantly decreased within the convexity and insignificantly decreased within the concavity of the major curve.



Conclusion: The asymmetrical loss of vBMD was associated with the progression of curve severity in AIS. For patients with severe AIS, the distraction of the pedicle screws at the concave side should be a priority in correcting the major curve, and supplemental anchors and larger-sized screws should be placed within the convex side around the apex of the major curve to reduce the risk of screw loosening after surgery.



KEYWORDS
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Introduction

Adolescent idiopathic scoliosis (AIS) is a three-dimensional spinal deformity affecting children aged 10 years to maturity (1). AIS can manifest as a disturbed self-image, deformity progression, early back degeneration, and cardiopulmonary compromises (2). Therapeutic options include a brace and specific exercises for mild scoliosis and surgical instrumentation and spinal fusion for severe or rapidly progressive curves (3). Low bone mass concomitantly occurred with the spinal deformity and could still exist after skeletal maturity (4). The prevalence of low bone mass in AIS was 25%–31% and was the culprit for curve progression and implant loosening (2, 5–7).

A dual-energy x-ray absorptiometry (DXA) scan is the gold standard for measuring bone mineral water density (BMD) and diagnosing osteopenia or osteoporosis in clinical practice (8). However, DXA could not discover BMD fluctuations between cancellous and cortical bone, which would impact the accuracy of bone quality evaluation (9). Meanwhile, vertebral rotation by scoliosis could make the outcome of DXA-based BMD evaluation unreliable (10). Although quantitative computed tomography (QCT) can accurately focus on the cancellous bone area and accommodate vertebral rotation by setting slicing planes, it is impractical to apply this technique in many clinical settings due to the high-cost equipment and need for rigorous training (11).

Hounsfield unit (HU) measured from CT scans has been widely reported as a valuable technique for evaluating vertebral bone mineral density (vBMD) in recent years, and it is closely correlated with standard BMD and compressive strength (12). A CT scan is a routine preoperative examination for AIS, and practitioners can easily obtain additional information on areal bone mineral density at no extra cost. However, no previous studies have investigated vBMD using HU measurements for patients with AIS.

The purpose of this study was to assess the asymmetrical loss of vBMD and its correlation with curve severity in AIS patients.



Methods


Subjects

A retrospective consecutive case review was performed to identify patients with AIS between January 2014 and December 2020 in our hospital. The inclusion criteria were as follows: (i) age from 10 to 20 years; (ii) the main thoracic curve (MTC) was the major curve (Lenke 1–4); (iii) full-spine posterior–anterior radiography; and (iv) full-spine CT scan for HU measurement. The exclusion criteria were as follows: (i) history of spinal surgery; (ii) spinal infections or metabolic disease; and (iii) other pathogenesis of scoliosis (e.g., congenital). A total of 93 patients met both the inclusion and exclusion criteria.



Data collection

The demographic data, including age, sex, and body mass index (BMI), were recorded. The Cobb angle of the major curve and the two minor curves, the proximal thoracic curve (PTC) and thoracolumbar/lumbar curve (TLC), were evaluated based on full-spine posterior–anterior radiography. The BMD of the L4 vertebra was examined by a DXA scan, and a T-score ≤ −2.0 was used to distinguish low bone mass from normal bone density (13).



HU measurement

Full-spine CT scans were performed in the supine position with the following parameters: 320 mAs, 120 kVP, and 5 mm thickness. All Digital Imaging and Communications in Medicine (DICOM) data were analyzed using Horos software (Horos; v3.3.1@horosproject).

The HU values of each vertebral body (VB-HU) were measured using the method described by Wang et al. (14), with some modifications. The slicing plane was parallel to the superior vertebral end plate on coronal and sagittal planes and through the midpoint of the posterior edge of the spinal canal and the anterior edge of the vertebral body on the transverse plane (Figure 1). The region of interest (ROI) was placed on the coronal images of the vertebral body. The VB-HU was obtained at three locations on the coronal plane: immediately posterior to the anterior vertebral cortex, in the middle of the vertebral body, and immediately anterior to the posterior vertebral cortex. The ROI was rectangular, as large as possible, excluding the cortical margins to prevent volume averaging (12). Then, the VB-HU within the concave and convex sides were obtained separately (Figure 2). The VB-HU measured from the three slicing planes was averaged to calculate the mean HU for each vertebral body.


[image: Figure 1]
FIGURE 1
Schematic diagram of the sagittal slicing plane (A), the transverse slicing plane (B), and the coronal slicing plane (C).



[image: Figure 2]
FIGURE 2
Schematic diagram of VB-HU measurement; three measurement locations were set on the sagittal plane (A): immediately posterior to the anterior vertebral cortex, in the middle of the vertebral body, and immediately anterior to the posterior vertebral cortex. The VB-HU of the whole vertebra (B) and the VB-HU within concave and convex sides (C) were obtained on the coronal plane.


The HU values of each pedicle screw trajectory (PST-HU) were measured using the methods described by Ishikawa et al. and Zhang et al. (15, 16). The slicing plane was adjusted along the PST on the transverse plane. The rectangular ROI was placed on the sagittal and transverse images of the pedicle screw trajectory inside the cortical shell (Figure 3). The size of the ROI was selected as follows: 25 or 30 mm  ×  4.0 or 4.5 mm from T1 to T5; 30 or 35 mm  ×  4.0 or 4.5 mm from T6 to T9; 30 or 35 mm × 4.5 or 5.0 mm from T10 to T12; 35 or 40 mm × 5.0 or 5.5 mm from L1 to L5 (17). The HU values measured from the sagittal and transverse planes were averaged to calculate the mean PST-HU for each pedicle screw trajectory.


[image: Figure 3]
FIGURE 3
Schematic diagram of PST-HU measurement: the PST-HU was obtained on the sagittal plane (A) and the transverse plane (B).


VB-HU and PST-HU were measured from four vertebrae above (Apex − 4) to four below (Apex + 4) the apical vertebra (Apex) of the major curve. The data at the upper end vertebra (UEV), upper stable vertebra (USV), lower end vertebra (LEV), and lower stable vertebra (LSV) were also obtained. For the minor curves, the VB-HU and PST-HU at the apex, UEV, and LEV were measured. All parameters were measured by two independent observers and averaged for statistical analysis. The asymmetric ratios of VB-HU and PST-HU were calculated by HU values within the concave side/HU values within the convex side.



Statistical analysis

All statistical analyses were performed utilizing SPSS version 25.0 (Chicago, IL, USA). Continuous variables were presented as the mean ± standard deviation. The difference in HU values between the concave and convex sides within the target vertebral level was analyzed using a paired t-test. The asymmetric HU ratio among subgroups was compared using one-way ANOVA. The Pearson correlation coefficient was calculated to evaluate the correlation between the Cobb angle of the major curve and HU-VB as well as the asymmetric HU ratio. Differences were considered statistically significant when P < 0.05.




Results


Characteristics of the subjects

Among the 93 patients recruited in the current study, 35 were males and 58 were females, with a mean age of 14.6 ± 2.4 years. The mean BMI was 21.9 ± 2.3 kg/m2. The mean Cobb angle of MTC was 75.9° ± 29.6°, with PTC of 37.2° ± 14.5° and TLC of 41.5° ± 16.2°. The distributions of UEV, Apex, and LEV of the major and minor curves are shown in Table 1. A total of 43.0% (40/93) of patients presented low bone mass at L4 (T-score ≤ −2.0), and 57.0% (53/93) presented normal bone density.


TABLE 1 Distribution of UEV, Apex, and LEV of major and minor curves.
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Mean HU values and asymmetric ratio from Apex − 4 to Apex + 4 of the major curve

The mean VB-HU from Apex − 4 to Apex + 4 of the major curve is shown in Table 2. No significant difference among vertebral levels was detected. There were significantly negative moderate correlations between the mean VB-HU at each level and the Cobb angle.


TABLE 2 VB-HU from Apex − 4 to Apex + 4 of the major curve and its correlation with Cobb angle.

[image: Table 2]

VB-HU and PST-HU within the concave and convex sides and their asymmetric ratios are shown in Table 3. The VB-HU and PST-HU within the concave side were significantly greater than those within the convex side from Apex − 3 to Apex + 3. However, at Apex − 4 and Apex + 4, the VB-HU and PST-HU within the convex side were statistically greater than those within the concave side, which was contrary to other vertebral levels. The asymmetric ratio of VB-HU and PST-HU peaked at the apex, with values of 1.43 ± 0.27 and 1.40 ± 0.25, respectively. The asymmetric ratio indicated a declining tendency cranially and caudally and decreased gradually to a minimum at Apex − 4 and Apex + 4.


TABLE 3 VB-HU and PST-HU within the concave and convex side of the major curve and its asymmetric ratio.

[image: Table 3]



HU values and asymmetric ratio at the UEV, Apex, LEV, USV, and LSV

HU values and asymmetric HU ratios at UEV, Apex, LEV, USV, and LSV are shown in Table 4. The VB-HU within the concave side was significantly greater than that on the convex side at the apex, UEV, and LEV of MTC. The PST-HU was also significantly greater within the concave side at the apex and LEV. However, there was no significant difference in HU values between the concave and convex sides at USV and LSV.


TABLE 4 HU values and the asymmetric ratio at UEV, Apex, and LEV of major and minor curves.
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For PTC, VB-HU and PST-HU within the concave side were significantly greater than those within the convex side at the apex and LEV, while no significant difference was detected at the UEV. For TLC, the VB-HU and PST-HU were significantly greater within the concave side at the apex, while there was no difference at UEV and LEV.

The asymmetric HU ratio peaked at the apex of both major and minor curves and gradually diminished from the apex to the end vertebrae (Figure 4). The asymmetric HU ratio at the apex of the major curve was significantly greater than that of the minor curves (P < 0.001). There was no significant difference in the asymmetric HU ratio at UEV and LEV among all curves.


[image: Figure 4]
FIGURE 4
Asymmetric ratio of VB-HU and PST-HU at UEV, Apex, LEV, USV, and LSV.




Comparison of VB-HU at the Apex, UEV, and LEV of the major curve among subgroups

The 93 patients were divided into three groups according to the Cobb angle of the major curve: mild group (<60°), moderate group (60°–90°), and severe group (>90°). The comparison of VB-HU at Apex, UEV, and LEV of the major curve among subgroups is shown in Table 5. There was a significant difference in VB-HU at the apex among the subgroups. Although the VB-HU within the concave side at the apex gradually decreased with increasing Cobb angle, there was no significant difference among the subgroups. However, the mean VB-HU and the VB-HU within the convex side at the apex significantly decreased from the mild to severe group (Figure 5). No significant difference was detected in VB-HU at UEV and LEV between the mild and moderate groups, while VB-HU in the severe group was significantly less than that in the other groups. Between the mild and moderate groups, the VB-HU within neither side was significantly different at UEV and LEV. In the severe group, the VB-HU within the concave side was significantly less than that in the mild group at UEV and LEV, and the VB-HU within the convex side was significantly less than that in the other groups.


[image: Figure 5]
FIGURE 5
Comparison of VB-HU at Apex, UEV, and LEV of the major curve among subgroups; a indicates a significant difference compared with the mild group; b indicates a significant difference compared with the moderate group.



TABLE 5 Comparison of VB-HU at Apex, UEV, and LEV within major curve among subgroups.
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Correlation between the asymmetric HU ratio and Cobb angle of the major curve

The correlation between the asymmetric HU ratio and the Cobb angle of the major curve is shown in Table 6. There were significantly positive and strong correlations between the Cobb angle and the asymmetric ratio of VB-HU and PST-HU at the apex of the major curve (r = 0.880, P < 0.001; r = 0.758, P < 0.001). The asymmetric ratios of VB-HU and PST-HU at the apex of the minor curves were also significantly associated with the Cobb angle of the major curve.


TABLE 6 Correlation between asymmetric HU ratio and cobb angle of major and minor curves.
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Comparison of asymmetric HU ratios among subgroups

A comparison of the asymmetric HU ratio among subgroups is shown in Table 6. There was a significant difference in the asymmetric ratio of VB-HU and PST-HU at the apex of the major curve among the subgroups. The ratio at UEV was significantly greater in the severe group, while there was no significant difference between the mild and moderate groups. The only difference in the asymmetric ratio of VB-HU at LEV was detected between the mild and severe groups.

For minor curves, the asymmetric HU ratio at the apex of PTC was significantly greater in the severe group, and no significant difference was detected between the mild and moderate groups. However, for TLC, there was no significant difference in the asymmetric HU ratio at the apex between the moderate and severe groups, and the ratio in the mild group was significantly less than that in the other groups. The outcome of VB-HU is shown in Figure 6, and the outcome of PST-HU was similar to that of VB-HU.


[image: Figure 6]
FIGURE 6
Comparison of the asymmetric ratio of VB-HU among subgroups; a indicates a significant difference compared with the mild group; b indicates a significant difference compared with the moderate group.





Discussion

The most common tool used for the assessment of BMD is DXA, but the accuracy of DXA-based BMD evaluation can be affected by various factors, such as bony spurs, facet hypertrophy, and vertebral rotation (14). The most accurate site to assess BMD is the cancellous bone, but DXA is not adequate to differentiate between cancellous and cortical bone (18). Thus, DXA may not be reliable for the evaluation of areal BMD in patients with spinal deformities, especially scoliosis (10). The HU value measured by CT scan has been widely proposed for the evaluation of global or areal BMD because it is closely correlated with standard BMD and bone strength (12). With the assistance of multiplanar reconstruction software, it is even feasible to accurately assess the vBMD in patients with severe scoliosis. However, few studies have reported its use in patients with various severities of AIS.

Numerous studies have reported the high prevalence of low bone mass in AIS and the association between BMD and progression of Cobb angle (2, 19, 20). In the current study, low bone mass was detected in 43.0% of patients, and the T-score was significantly correlated with the Cobb angle within the major curve (r = −0.633; P < 0.01), which was consistent with previous studies. Additionally, this study provided more accurate BMD data of each vertebral body based on HU measurement and suggested that the vBMD at the periapical levels was associated with the curve severity.

The asymmetric vertebral morphology in AIS, including vertebral bodies and pedicles, has been widely reported (21–25). However, the asymmetrical loss of vBMD was only researched in patients with adult degenerative scoliosis (14). Considering the discrepancy in pathogenesis between degenerative and idiopathic scoliosis, this was the first study to demonstrate the asymmetrical loss of vBMD in AIS based on HU measurements. The current study suggested greater VB-HU and PST-HU within the concave side and relatively low HU values within the convex side of the major curve. The asymmetric ratio was the most predominantly presented at the apex and indicated a declining tendency cranially and caudally. Wolff's law may explain this change, as increasing or decreasing the load of bone could remodel the trabecular bone to adapt to these loads (26). In patients with AIS, the gravity load transmitted through the concave side of the vertebra increased and decreased on the convex side, and the apical vertebra of the major curve resisted the most asymmetric loading (27). Such developments occurred not only in the structural curve but also in the nonstructural curve (21). Thus, we measured the asymmetric ratio in all primary and compensatory curves, and similar findings were obtained. The maximum asymmetric ratio was detected at the apex of the major curve, and the degree of intravertebral difference diminished farther away from the apex, presenting symmetric HU values at USV and LSV. However, the asymmetric ratio gradually increased again from the end vertebrae to the apex of the minor curves and decreased from the apex to the end vertebra. The HU values within the concave and convex sides were statistically equal at the UEV of PTC, LEV of TLC, USV, and LSV, which might be attributed to the lower vertebral rotation and asymmetric loading (25).

As the asymmetrical change in vertebra was correlated with the curve magnitude, we included patients who covered the complete spectrum of curve severities from mild (<60°) to severe (>90°). In the current study, the asymmetric ratio of VB-HU and PST-HU at the apex, UEV, and LEV of the major curve and at the apex of the minor curves were significantly associated with the Cobb angle of the major curve, which was in accordance with previous studies (22–25). Similar results were obtained in our subgroup analysis; both the asymmetric ratio and mean VB-HU at the apex of the major curve were significantly different among subgroups. However, when we compared the unilateral VB-HU among different curve severities, no significant difference was detected within the concave side (290.0 ± 31.0 vs. 283.4 ± 30.8 vs. 272.0 ± 51.2, P > 0.05), while the VB-HU on the convex side significantly decreased from the mild to severe group (238.9 ± 32.4 vs. 212.3 ± 30.7 vs. 149.9 ± 43.2, P < 0.01), which presented as the increasing asymmetric HU ratio mentioned above. These findings suggested that although the loss of vBMD progressed with the curve magnitude, the degree of this change was asymmetrical between the concave and convex sides. The loss of vBMD within the convex side was pronounced, while it was not detectable within the concave side. Additionally, following the progression of curve severity, the aggravation of vBMD loss would be accelerated within the convex side. One explanation for these changes was that more severe scoliosis could cause more gravity shifts toward the concave side, resulting in more asymmetrical compression and shearing force across vertebrae, especially at the apex. UEV and LEV were less translated vertebrae in the major curve, and the results at UEV and LEV confirmed this view, as the difference in HU values was not significant between the mild and severe groups.

Pedicle screws have been widely used in the correction and posterior fusion of AIS because of the adequate three-column fixation provided by insertional torque (28). However, reports have shown that screw loosening is a well-known complication, with a rate of 27%–32% in patients with AIS (7, 15, 29). Since the cancellous bone density of the VB and PST has been identified as a powerful predictor of implant loosening, the asymmetrical loss of vBMD in AIS patients demonstrated by the current study may indicate a high risk of metal implant instability on the convex side around the periapical levels (15). We considered that if surgeons ignored the asymmetric vBMD due to using DXA, the efficacy of fixation could be impacted. Therefore, HU values based on CT scans were recommended as a complement to the DXA T-score for areal BMD evaluation before surgery.

In recent years, the application of CT values to evaluate vertebral bone mineral density has become a research hotspot, especially in lumbar vertebrae, cervical vertebrae, ankylosing spondylitis, and degenerative lumbar scoliosis (30, 31). Our study was the first to use the Hounsfield unit for assessing asymmetrical loss of vertebral bone mineral density and its correlation with curve severity in adolescent idiopathic scoliosis.



Strengths and limitations

Based on our findings, several strategies should be noted by surgeons. If significant asymmetric vBMD was detected in patients with AIS, the distraction of the pedicle screws at the concave side should be a priority in correcting the major curve, instead of compression of the screws at the convex side (14). Additionally, supplemental anchors (cross trajectory technique) and larger screws should be placed within the convex side around the apex of the major curve to compensate for the impact of low bone mass (32). Keeping an eye on asymmetric vBMD would help surgeons in surgical planning and reduce the risk of screw loosening after surgery. For patients with mild scoliosis, timely exercises, bracing, and appropriate anti-osteoporosis therapy should be performed to eliminate the asymmetrical loss of vBMD, which could delay the curve progression to the surgical threshold (33, 34).

This study has several limitations. First, we recommended placing supplemental anchors and larger screws within the convex side around the apex to provide more fixation, but this was only a hypothesis based on HU measurements and needs to be proven by further biomechanical tests and clinical research. Second, we only evaluated the cancellous bone of PST. In practice, the screw threads could touch the cortical bone when the pedicle width was narrow. Thus, the PST-HU measured in the current study may not be accurate for pedicles with a narrow diameter. Third, only Lenke1–4 AIS patients were included, and whether the results were appropriate for patients with lumbar major curves needs to be confirmed by further research.



Conclusion

The asymmetrical loss of vBMD was associated with the progression of curve severity in AIS, presenting a slight loss within the concavity and severe loss within the convexity both in major and minor curves. HU values based on CT scans were recommended as a complement to the DXA T-score for areal BMD evaluation before surgery. For patients with severe AIS, the distraction of the pedicle screws at the concave side should be a priority in correcting the major curve, and supplemental anchors, as well as larger-sized screws, should be placed within the convex side around the apex of the major curve to reduce the risk of screw loosening after surgery.
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Background: Calcified lumbar disc herniation (CLDH) is considered to be a special type of lumbar disc herniation (LDH). Percutaneous endoscopic interlaminar discectomy (PEID), with safety and efficacy, has been proved to be a minimally invasive surgery for LDH. However, there are few studies on PEID in the treatment of CLDH at the L5-S1 level. This study aimed to analyze the clinical efficacy of PEID for L5-S1 CLDH.



Methods: From August 2016 to April 2020, we retrospectively analyzed 28 consecutive patients (17 males and 11 females) with L5-S1 CLDH treated with PEID at our institution. All the patients were monitored for more than 1 year postoperatively. The demographic characteristics, surgical results, and clinical outcomes estimated by the visual analog scale (VAS) for leg pain, the Oswestry disability index (ODI), and the modified MacNab criteria were collected.



Results: All patients successfully underwent PEID. The mean operative time and intraoperative blood loss were 65.36 ± 5.26 min and 13.21 ± 4.35 ml, respectively. The VAS for leg pain and ODI scores improved remarkably from 7.54 ± 0.96 to 1.50 ± 0.51 (P < 0.05) and from 69.29 ± 9.91 to 17.43 ± 3.69 (P < 0.05) a year after operation, respectively. According to the modified MacNab criteria of the last follow-up, the excellent and good rates are 92.86%. Two of the patients had complications, one had nerve root injury and the other had postoperative dysesthesia.



Conclusions: PEID achieved good clinical outcomes in the treatment of L5-S1 CLDH, and it was a safe and effective minimally invasive surgery for L5-S1 CLDH.
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Introduction

Calcified lumbar disc herniation (CLDH) is considered a special type of lumbar disc herniation (LDH). Baron was the first to report a case of intervertebral disc calcification in 1924 (1). However, the etiology of intervertebral disc calcification is still unclear (2, 3). The main symptoms of CLDH include severe leg pain, lower limb numbness, and sometimes lower limb weakness. More seriously, calcified discs may cause dural tear and nerve root injury (4). Patients with CLDH should be treated via surgical operation after the failure of conservative treatments such as drugs, bed rest, and physical therapy (5).

Traditional open surgery, with the complete removal of a calcified disc, the sufficient decompression of spinal canal, and the loosening of nerve root, is often used to treat CLDH in clinic (6). Regardless of the satisfactory clinical outcomes, traditional open surgery has some drawbacks, including large tissue damage, long operation time, considerable blood loss, slow postoperative recovery, and even muscle denervation and atrophy (7). Some studies (8, 9) indicated that traditional open surgery may cause long-term complications such as spinal stenosis and spondylolisthesis.

Percutaneous endoscopic interlaminar discectomy (PEID), with a short incision, less trauma, little intraoperative blood loss, and fast postoperative recovery, is a minimally invasive surgical procedure. PEID, with safety and effectiveness, has been proved to have a comparable clinical efficacy to the traditional open surgery in the treatment of soft LDH (10, 11). However, it is difficult to treat CLDH with PEID because the calcified disc is hard and tightly adheres to nerve root and the dural sac. With the development of spinal endoscopic instruments such as ultrasonic osteotomes, PEID is gradually used in the treatment of CLDH. However, there are few reports on PEID in the treatment of CLDH at the L5-S1 level (12–14). The purpose of the research is to discuss the clinical efficacy of PEID for L5-S1 CLDH and provide clinical guidance for spinal surgeons.



Methods


General information

The study received the support of the Ethics Committee of our institution and informed consent of all patients, and was also in accordance with the Helsinki declaration. From August 2016 to April 2020, 28 consecutive patients with L5-S1 CLDH underwent PEID at our institution. Informed consents of all patients were obtained before they were included in the study. The inclusion criteria were as follows: (1) lower extremity pain and numbness; (2) LDH with calcification demonstrated by computed tomography (CT) and magnetic resonance imaging (MRI); (3) limited to the L5-S1 segment; (4) failure of conservative treatments for more than 3 months; (5) the follow-up time more than 12 months. The exclusion criteria were as follows: (1) LDH without calcification; (2) multisegmental lesions; (3) non-L5-S1 segment; (4) combination with spinal stenosis, instability, tuberculosis, infection, or tumor; (5) patients not fit for operation due to some medical comorbidities. A percutaneous interlaminar endoscopic spine system (Joimax, Karlsruhe, Germany), ultrasonic osteotome (SMTP, China) and a tip-flexible bipolar radiofrequency system (Elliquence LLC, USA) were used during the operation (15, 16).



Surgical procedure

The patient was placed on the operating table in the prone position, and the procedure was performed under general anesthesia. The operative segment was identified under fluoroscopic guidance. The entry point on the body surface was determined at 1.0 cm from the posterior midline. The 18-gauge puncture needle was inserted at the L5-S1 level under fluoroscopic guidance, and the target position was the lateral edge of the interlaminar space. The guidewire, blunt dilator, and working cannula were introduced in turn. After connecting and checking the operating system, the operation was conducted under endoscopic visualization. A 0.7 cm incision was made. Under the endoscope, the ligamentum flavum was cut by the scissor (Figure 1A). After removing the fat from the epidural space, the nerve root and dural sac were exposed (Figures 1B–D). The position of dural sac, compressed nerve root, and herniated disc was defined before the removal of the calcified intervertebral disc. Under the endoscope, the calcified disc was carefully removed with the ultrasonic osteotome (SMTP, China), and the herniated disc fragment was removed using the endoscopic forceps (Figures 1E,F). Bleeding sites were carefully explored and given sufficient hemostasis (Figure 1G). Finally, no obvious compression of the nerve root and dural sac was observed under endoscopic visualization (Figure 1H). The working cannula was removed. All patients underwent CT scans and MRI before and after operation (Figures 2, 3).


[image: Figure 1]
FIGURE 1
Endoscopic images of PEID (A–H). (A) The ligamentum flavum was cut by scissors. (B) Spinal epidural lipomatosis was found. (C) Spinal epidural lipomatosis was removed. (D) The nerve root and dural sac were exposed. (E) An ultrasonic osteotome was used to cut the calcified and herniated disc. (F) The calcified and herniated disc was removed by a nucleus pulposus forceps. (G) Bipolar radiofrequency was used to hemostasis. (H) The uncompressed nerve roots and dural sac were found.
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FIGURE 2
Pre- and post-operative CT and MRI (A-H). (A-D) Preoperative CT and MRI revealed lumbar disc herniation combined with calcification. (E-H) Postoperative CT and MRI revealed that the calcified intervertebral disc was removed and the compressed nerve root had been relieved by PEID.
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FIGURE 3
Pre- and post-operative CT and MRI (A-H). (A-D) Preoperative CT and MRI revealed lumbar disc herniation combined with calcification. (E-H) Postoperative CT and MRI revealed that the calcified intervertebral disc was removed and the compressed nerve root had been relieved by PEID.




Measures

Demographic characteristics, including age, sex, body mass index (BMI), and follow-up time, were collected. Surgical outcomes, such as operative time, intraoperative blood loss, intraoperative fluoroscopy times, postoperative hospital stay, and complications, were recorded. Clinical outcomes, including the visual analog scale (VAS) (17) for leg pain, the Oswestry disability index (ODI) (18), and the modified MacNab criteria (19), were investigated.



Statistical assessments

Clinical outcomes were statistically analyzed by the IBM SPSS Version 24 software (IBM Corporation, Armonk, New York, USA). The results were presented as mean and standard deviation (SD) values calculated from the data. Statistical analysis was carried out via repeated measures analysis of variance. P < 0.05 indicated a statistically significant difference.




Results


Demographic characteristics and surgical outcomes

All patients successfully underwent PEID by the same experienced surgeon. We monitored all 28 patients (17 male and 11 female) for at least 12 months (range, 12–24 months). The demographic characteristics (age, sex, BMI, and follow-up time) and surgical outcomes (the operative time, intraoperative fluoroscopy times, postoperative hospital stay, and intraoperative blood loss) of all patients are shown in Table 1. The mean operative time, intraoperative fluoroscopy times, postoperative hospital stay, and intraoperative blood loss were 65.36 ± 5.26 min, 2.96 ± 0.88 times, 2.64 ± 1.16 days, and 13.21 ± 4.35 ml, respectively.


TABLE 1 Demographic characteristics and surgical outcomes of all patients.
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Clinical outcomes

The VAS scores of the all patients were 2.86 ± 0.71, 2.46 ± 0.51, 2.18 ± 0.55, 1.71 ± 0.53, and 1.50 ± 0.51 at 1 day postoperatively, 1, 3, 6, and 12 months postoperatively, respectively, which were significantly lower than those preoperatively (7.54 ± 0.96), with statistically significant differences (P < 0.05 for all; Figure 4A). The ODI scores of all patients were 23.93 ± 3.98, 20.21 ± 3.78, and 17.43 ± 3.69 at 3, 6, and 12 months postoperatively, which were significantly lower than those preoperatively (69.29 ± 9.91), with statistically significant differences (P < 0.05 for all; Figure 4B). Based on the modified MacNab criteria at the last follow-up, 15 cases were excellent, 11 cases were good, 1 case was fair, and 1 case was poor. The excellent and good rates were 92.86% (Figure 4C).


[image: Figure 4]
FIGURE 4
Clinical outcomes at different follow-up time points for pre- and postoperative PEID (A–C). (A) VAS scores for pre- and postoperative PEID. (B) ODI scores for pre- and postoperative PEID. (C) The modified MacNab criteria of all patients. P < 0.05. VAS, visual analog scale; ODI, Oswestry disability index; Pre op, preoperation.




Complications

In the study, one patient had nerve root injury and one had postoperative dysesthesia. The two patients recovered after conservative treatments. During the follow-up period, no complications such as dural tear, cerebrospinal fluid leakage, epidural hematoma, or infection were observed.




Discussion

CLDH, with a low incidence rate, is a relatively rare type of LDH (20, 21). Although the pathogenesis is still uncertain, a study demonstrated that intervertebral disc calcification may be caused by some factors such as inflammation, trauma, and blood supply disruption (2, 3). However, the symptoms in adults are difficult to relieve or even worsen after conservative treatments such as nonsteroidal anti-inflammatory drugs, bed rest, physiotherapy, and epidural steroid injection (5, 22).

Some surgical techniques, with good clinical results, are applied to the treatment of CLDH (6, 23–26). Traditional open surgery, with complete removal of calcified disc, is the most commonly used surgical procedure (6). However, some complications of traditional open surgery, such as dural tear, cerebrospinal fluid leakage, incision infection, long-term chronic low back pain, and spinal instability, still need to be widely concerned (8, 9, 27, 28). Some studies reported that percutaneous endoscopic transforaminal discectomy (PETD) was used to treat CLDH and achieved good clinical outcomes (14, 29). Yu et al. (16) reported that 25 CLDH patients were treated by PETD with ultrasonic osteotomes. Unfortunately, they found that seven patients had postoperative dysesthesia and one patient had recurrence of herniation. Shin et al. (30) showed that PETD achieved a good clinical result in the treatment of CLDH. However, there were two serious complications of dural tear. There was a high iliac crest at the L5-S1 level, which increased both the difficulty and the incidence of complications of PETD. Moreover, PEID had a long and difficult learning curve, which limited the use of the procedure and increased the risk of surgical complications (31).

In this study, PEID combined with ultrasonic osteotome was performed to treat CLDH at the L5-S1 level. Compared with those before surgery, the VAS and ODI scores of all patients at any follow-up time point after surgery were significantly improved (Figures 3A,B). The symptoms of all patients disappeared or were significantly relieved, and no serious complications occurred during the follow-up period. We concluded that PEID achieved good clinical outcomes in the treatment of CLDH at the L5-S1 level with safety and effectiveness. The incision length was only 0.7 cm, the intraoperative blood loss was only 13.21 ml, and the hospital stay was only 2.64 days, which proved that PEID was a minimally invasive procedure (Table 1). There is a large laminar space at the L5-S1 level, which is the natural advantage of PEID (32). Under endoscopic visualization, PEID was performed to remove the calcified disc easily and release the compressed nerve root sufficiently, which minimized the damage of the nerve root and dural sac (12). The calcified disc adhered to the nerve root and dural sac, which increased the risk of nerve root injury and dural sac tear when the calcified disc was removed (33). Calcified intervertebral disc was safely and effectively removed with ultrasonic osteotome during operation in our study, which reduced the risk of nerve root injury and dural tear. Ultrasonic osteotome has some characteristics of tissue selectivity, antirolling, hemostasis, and easy operation (34–37). According to our experience, the important points were as follows. First, the location and size of the calcified disc were accurately evaluated by preoperative lumbar CT and MRI examinations. Second, a safe working area was first made by removing epidural adipose tissue and soft intervertebral disc. Third, a clear surgical view was ensured by timely and adequate hemostasis during operation. Forth, violent separation, exposure, and removal of the calcified disc were avoided, as these operations tended to cause nerve root injury and dural tear due to the adhesions of the calcified disc to the nerve root and dural sac. Fifth, once the compressed nerve root and dural sac were completely released, excessive removal of the calcified disc was not recommended, as it increased the risk of complications such as nerve root injury and dural tear.

There were some previous studies on PEID in the treatment of CLDH (12–14). Dabo et al. (12) reported that 30 patients with CLDH were treated by PEID. They concluded that nerve root traction due to rotation of the trephine may cause postoperative dysesthesia when the calcified disc was removed. Kim et al. (13) reported that PEID with calcification floating technique was performed to treat some patients with CLDH and achieved good clinical outcomes. Nevertheless, the method of rotating the working channel to separate the calcified disc was perhaps inefficient. It also caused nerve root injury and dural tear when the calcified disc was tightly adhered to the nerve root and dural sac. Chen et al. (14) reported that 13 patients with CLDH underwent PEID with the Peak method. Among the patients treated with PEID, only one patient had a dural tear and cerebrospinal fluid leakage due to the adhesion. However, laminotomy and facetectomy were conducted to expose the peak of calcification, which increased both the difficulty and the trauma of the procedure. In our study, however, PEID combined with ultrasonic osteotome was performed to solve the problems of the trephine rotation and the adhesions of the calcified disc to the nerve root and dural sac, reduce the risk of the procedure greatly, and improve the clinical effects significantly.

There were some limitations in this retrospective study. First, this study had a small sample size and lacked a control group. Second, the short follow-up period did not evaluate the long-term efficacy of our surgical method. Prospective randomized controlled trials with large sample size, multicenter, and long-term follow-up are still needed to better evaluate the clinical efficacy of this procedure in the future.



Conclusion

PEID was a safe and effective minimally invasive procedure and achieved good clinical outcomes in the treatment of L5-S1 CLDH. We believed that PEID might be used as an alternative to traditional open surgery for CLDH at the L5-S1 level.
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Background: The purpose of our study is to report on the clinical outcomes of patients who undergoing patellofemoral arthroplasty (PFA) in combination with a high tibial osteotomy (HTO). Due to this procedure's conservative and kinematics-preserving characteristics, we hypothesized that PFA in combination with HTO would result in good clinical outcomes in patients with medial and patellofemoral compartment osteoarthritis (MPFOA).



Methods: Patients who underwent PFA in combination with HTO for MPFOA from January 2018 to April 2020 were included in the study. Clinical outcomes were analyzed by comparing the Knee Society Score, Oxford Knee Score, Range of Motion, and Forgotten Joint Score before and after the procedure. Radiological evaluations were also performed to assess the tibiofemoral osteoarthritis progression and implant loosening. For all tests, the value of p < 0.05 was considered statistically significant.



Results: A total of nine consecutive patients who underwent PFA in combination with HTO were included. Two were males, seven were females. The average follow-up period was 2.6 ± 0.4 years. Clinical outcomes showed a significant improvement in the Knee Society Score (clinical score: 90.3 ± 8.5 and function score: 90.8 ± 7.8), Oxford Knee Score (43.6 ± 3.6), Forgotten Joint Score (71.2 ± 10.2), and knee Range of Motion (130.4 ± 8.1°) at the final follow-up. Additionally, hip–knee–ankle angle significantly decreased from −9.3 ± 2.1° preoperatively to 2.2 ± 1.2° at the final follow-up (p < 0.05). There were no complications for any patient during the follow-up time.



Conclusion: This study shows that patients who underwent PFA in combination with HTO for the treatment of MPFOA achieved good clinical and radiological outcomes. This combined surgery could be an effective alternative to treat MPFOA in well-selected patients.
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Introduction

Osteoarthritis (OA) is the degeneration of a joint's articular cartilage and subchondral bone – results in pain and loss of function (1–3). The most commonly affected joint is the knee, and OA can affect three compartments of the knee individually or simultaneously. In fact, combined medial and patellofemoral compartment OA (MPFOA) is more common than tricompartmental disease, occurring in 23% of people undergoing primary knee arthroplasty (1). However, in clinical practice, there is still controversy about how best to manage patients with more severe patellofemoral arthritis together with (even mild) medial compartment OA, especially in relatively young patients (less than 60 years old).

Total knee arthroplasty (TKA) is one surgical option for patients with MPFOA (2, 3). However, TKA sacrifices both the cruciate ligaments and the healthy lateral compartment and leads to the disruption of the biomechanics of the knee joint (4). Another type of treatment, and one that has begun to receive renewed interest, is combining bicompartmental knee arthroplasty (BKA) implants to treat bicompartmental disease (3, 5). Compared to TKA, BKA is related to fewer perioperative complications and retains more knee function (1, 6). For patients with end-stage patellofemoral OA, patellofemoral arthroplasty (PFA) is known to be a viable solution with typically good outcomes (7–9). Unicompartmental knee arthroplasty (UKA) does well with patient satisfaction, functional outcome, and speedy recovery for patients with medial compartment OA (10). However, UKA is a technically demanding procedure with a high rate of required revision (11). Recent studies have shown that the increased failure rate of UKA is related to low-volume surgical centers and surgeons performing too few of the procedures (10, 12, 13). However, even if BKA is performed instead, the placement of the two prostheses may interfere with each other during the operation and the probability of postoperative complications such as joint stiffness is still relatively high (1, 6).

As an alternative to UKA, medial opening wedge high tibial osteotomy (HTO) has been proposed as a joint preservative, extra-articular surgery that may be a better choice for younger and more physically active patients with medial compartment OA (14, 15). Several publications have found the safety and efficacy of HTO in treating medial compartment OA in large samples (16–18).

In recent years, PFA in combination with HTO for young patients with MPFOA has been performed at our center. The purpose of this study is therefore to report the clinical outcomes in patients undergoing PFA in combination with HTO. In consideration of its conservative and kinematics-preserving characteristics, we hypothesized that PFA in combination with HTO can achieve good clinical outcomes for patients with MPFOA.



Materials and methods

After approval from the Institutional Review Committee, a retrospective cohort study was performed on patients who underwent PFA in combination with HTO for MPFOA from January 2018 to April 2020. Inclusion criteria were as follow: (1) the presence of medial and patellofemoral OA with evident clinical symptoms (2) the presence of bone-on-bone contact at the patellofemoral joint on the skyline view (Iwano grade III-IV (19)) (3) the medial tibiofemoral OA Kellgren–Lawrence Grade III (20) (less than Kellgren–Lawrence Grade II osteoarthritis in the lateral compartment) (4) flexion contracture less than 10° (5) range of motion more than 90° (6) varus deformity less than 15° (7) the minimum follow-up time of two years. Exclusion criteria were as follow: (1) The presence of inflammatory arthritis, such as rheumatoid arthritis (2) a history of knee surgery (3) flexion contracture more than 10° (4) varus/valgus deformity more than 15° (5) range of motion less than 90° (6) anterior cruciate ligament deficiency in young patients.


Surgical technique

All the procedures were performed by the senior surgeon using the same surgical techniques for each patient. The PFA was carried out using a standard medial parapatellar approach. The implant used in each case was a Gender Solutions PFA prosthesis (Zimmer, Warsaw, IN, USA). The first bone cut was to the anterior femoral. The anterior femoral cut was made perpendicular to Whiteside's line and parallel to the axis of the condyle. Then, a dedicated milling guide of the appropriate size was placed such that its distal end was flush with the articular cartilage both laterally and medially and its mediolateral width covered the entire trochlea. A high-velocity cutter was used to remove a minimal amount of bone and creates a bed for the prosthesis. An appropriate guide hole was done for the implant stems. The patellar was then reshaped to fit the prosthesis without resurfacing. Intraoperative assessment of patellar tracking was performed during trialing and again after cementation. When the PFA is finished, the medial opening wedge HTO was performed. A vertical skin incision was made between the anterior margin of the medial collateral ligament and the medial margin of the patellar tendon. Under fluoroscopic guidance, two Kirschner wires were then inserted into the fibular tip (approximately 1.5 cm below the joint line) from the meta-diaphyseal junction (3.5 cm–4.0 cm below the joint line), and the horizontal osteotomy was performed along the two Kirschner wires taking great care to preserve the lateral cortex. Next, an oblique coronal osteotomy procedure was performed at about 110° to the horizontal osteotomy site behind the tibial tubercle. The osteotomy was gradually opened at an appropriate angle. The side of the osteotomy was fixed with a locking plate and screws. The target mechanical tibiofemoral angle was 2°–3° of valgus. The postoperative mechanical axis was designed to pass across the knee at the Fujisawa point (a point at 62.5% of the cross-sectional diameter of the tibial plateau) (21). The same postoperative analgesia and rehabilitation protocols were used with all patients.



Outcome evaluation

The clinical outcomes were analyzed using the Knee Society Score(KSS) (22) (including clinical and functional scores), Oxford Knee Score (OKS) (23), Forgotten Joint Score(FJS) (24), and Range of Motion(ROM) at 6 months, 1 year after the procedure then once a year. The range of motion was measured using a two-armed goniometer.

Radiological evaluations were performed based on the views of bilateral standing long-leg alignment views, standard anteroposterior, lateral view, and an axial view of the patella to assess the tibiofemoral OA progression based on Kellgren–Lawrence grade (20) and implant loosening based on the radiolucent lines of the prosthesis. The hip–knee–ankle angle (HKAA), the angle formed by the mechanical axis of the femur and mechanical axis of the tibia was recorded (25).



Statistical analysis

All statistical analysis was performed using the SPSS software (version 23.0, IBM, Armonk, NY, USA). Data were expressed as the mean and standard deviation (SD). Differences in clinical scores were analyzed using the student's t-test. For all tests, a value of p < 0.05 was considered statistically significant.




Results

Nine consecutive patients who underwent PFA in combination with HTO were included in the study. Two patients were males, and seven were females. The average age at the time of surgery was 57.1 ± 2.2 years. The average follow-up period was 2.6 ± 0.4 years. The average body mass index (BMI) was 25.2 ± 4.6 kg/m2 (Table 1).


TABLE 1 Patient demographics.
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Clinical outcomes are shown in Table 2. The mean KSS clinical score significantly increased from 46.7 ± 10.3 preoperatively to 90.3 ± 8.5 at the final follow-up (p < 0.05), The mean KSS function score significantly increased from 43.6 ± 9.3 preoperatively to 90.8 ± 7.8 at the final follow-up (p < 0.05). The mean OKS score significantly increased from 19.3 ± 5.1 preoperatively to 43.6 ± 3.6 at the final follow-up (p < 0.05). The mean ROM significantly increased from 100.5 ± 5.8° preoperatively to 130.4 ± 8.1° at the final follow-up (p < 0.05). The mean of Forgotten Joint Score was 71.2 ± 10.2 at the final follow-up. Furthermore, the hip–knee–ankle (HKA) angle significantly decreased from −9.3 ± 2.1° preoperatively to 2.2 ± 1.2° at the final follow-up (p < 0.05).


TABLE 2 Clinical outcomes of all patient.
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There were no complications such as dislocation, patellar maltracking, patellofemoral squeaking, or infection, and there were no signs of osteolysis or subsidence during the follow-up period. The x-ray of one patient is shown in Figure 1.


[image: Figure 1]
FIGURE 1
X-rays of a patient with the patellofemoral arthroplasty in combination with high tibial osteotomy preoperative (A–D) and postoperative at six months (E–H).




Discussion

The most important finding of this study is that patients who underwent PFA in combination with HTO had a significant improvement in KSS, OKS, and ROM, and achieved a significantly high FJS, showing that patients experienced significant improvements in terms of pain and knee function at a mean follow-up of 2.6 years.

During clinical practice, the question of how to treat patients with MPFOA is still somewhat controversial. Although TKA remains a successful treatment choice for patients with severe MPFOA (2, 3, 26), TKA is not ideal for younger people who are employed and/or active (27, 28). Because TKA sacrifices the cruciate ligaments and the healthy lateral compartment. TKA could also lead to disturbed biomechanics over the knee joint and wastes valuable fallback positions in case of failure (29).

For patients with MPFOA, some authors have advocated bicompartmental knee arthroplasty (BKA) as a solution, since BKA can preserve the healthy compartments of the knee and the cruciate ligament that are essential for physiological tibiofemoral kinematics and maintenance of proprioception (30, 31). Advocates of BKA have stated that its potential advantages include less blood loss, faster return to normal activity, shorter hospital stay, higher stability, and less pain (2, 32). But, opponents have pointed out that these advantages have not been shown to be sustained after 1 year postoperatively and that they are in fact minimal after adjusting for age, sex, BMI, and baseline status (33). BKA is also more technically demanding, resulting in increased operation duration (3). Overall revision rates of UKA are high (11). The failure rate of UKA may be due to low-volume surgery centers and surgeons performing a lower number of such procedures in general (10, 12, 13).

In this study, the mean age of the patients was 57 years old. Based on the disadvantages of TKA, we thought that TKA was not a good choice. For patients with severe patellofemoral OA and moderate medial compartment OA, especially those with varus deformity, BKA maybe not be suitable for them wither. As a result, we chose PFA combined with HTO for them.

PFA has been received as a less invasive alternative to TKA for patients with isolated patellofemoral OA (9, 34, 35). Compared to TKA, PFA provides more bone conservation, reduced blood loss, shorter operation times, shorter post-operative rehabilitation periods, and more functional knee in the younger, active patients (34, 36). Odgaard, A et al. demonstrated that patients who received PFA achieved a better knee-specific quality of life than those who received TKA during the first 2 years. Patients receiving PFA have been shown to regain their preoperative ROM, whereas patients receiving TKA have been found to lose 10° of ROM two years postoperatively (36). Furthermore, a systematic review has shown that the survival rate of PFA is 92% at more than 5 years of follow-up (37). Thus, PFA can indeed be considered a good approach for patients with isolated PFOA.

In conjunction with PFA, HTO is used to rearrange the mechanical axis of the lower limb to transfer weight-bearing areas to nonaffected areas (38). In this way, the damaged cartilage of the knee can be unloaded, thereby reducing pain, improving function, slowing knee deterioration, and possibly delaying the need for arthroplasty (39). HTO is a joint-preserving procedure that does not compromise future TKA (16). For young patients with higher physical demands, such as participation in sports or employment, high tibial osteotomy (HTO) is therefore superior to arthroplasty in the treatment of unicompartmental OA (27, 28, 40). Several studies have demonstrated the advantages of HTO, including a study of 79 knees treated with HTO in which the survival rate was 81.7% at 10 years (41). Thus, HTO may be more suitable for younger patients with higher physical demands.

What's more, however, is that PFA combined with HTO permits the preservation of the cruciate ligaments and requires minimal bone excision, resulting in rapid recovery to normal activity as well as decreased pain. Studies have shown that maintaining the anterior cruciate ligament can be beneficial for joint kinematics, the ability to climb stairs, and patient satisfaction (42). One study reported that six knees underwent the inlay trochlear implant resurfacing and HTO in middle-aged athletes (43). The patients achieved good outcomes. Our results have shown that PFA in combination with HTO was a successful surgical treatment option for patients with MPFOA (less than 60 years old). In addition to KSS, and OKS, we also used FJS to evaluate patients' postoperative status. FJS can measure a patients' ability to forget joint awareness in daily life. Lin et al. reported that patients who underwent PFA had a significantly higher FJS than those who underwent TKA (44). The average FJS was 71.2 ± 10.2 in our study at the last follow-up, indicating that the patient had been able to forget joint awareness.

Limitations of the present study include its retrospective nature, its lack of a matched cohort treated with TKA, and its relatively small sample size. However, these results demonstrate that PFA in combination with HTO is a reasonable choice for the treatment of MPFOA in the middle term. A longer follow-up will ultimately be required to evaluate the long-term outcomes. In addition, comparative studies need to be performed to compare TKA and PFA in combination with HTO in the treatment of MPFOA.



Conclusion

This study showed that the patients who underwent PFA in combination with HTO for the treatment of MPFOA achieved good clinical and radiological outcomes. This combined surgery could be an effective alternative to treat MPFOA in well-selected patients.
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Objective: This study aimed to analyze the risk factors for dysphagia after C1-2 fusion in patients with C1-2 junction diseases.



Summary of the background data: Dysphagia is a common postoperative complication of posterior C1-2 junction surgery. The incidence is 9.5% to 26.3%. However, the etiopathogenisis of postoperative dysphagia remains controversial.



Methods: This retrospective study included patients who underwent C1-2 fusion from January 2016 to January 2020. The patients were divided into dysphagia group and control group in accordance with the Bazaz R dysphagia scoring system. The patients' age, gender, BMI(body mass index), cause of disease, and changes in the C01cobb, C02cobb, C12cobb, C27cobb, dC02cobb, dC01cobb, dC12cobb, d C27cobb angles before and after operation, were recorded. The parameters and changes were compared to analyze the risk factors for dysphagia after C1-2 fusion.



Results: 65 cases (15, with dysphagia; 50, without dysphagia) were included. The incidence of postoperative dysphagia was 23%. The differences in age, gender ratio, and BMI between the two groups were not significant (P > 0.05). The differences among postoperative C12 (29.8° ± 11.24° vs. 20.46° ± 13.39°), postoperative C27cobb (10.56° ± 8.53° vs. 20.21° ± 13.21°), and dC12cobb (9.49° ± 5.16° vs. 1.07° ± 12.44°) between the two groups were significant (P < 0.05). Multiple logistic regression analyses revealed that dC12cobb > 5° was a significant independent risk factor for postoperative dysphagia, And preoperative C27cobb was a preventive factor of postoperative dysphagia.



Conclusions: Dysphagia after the C1-2 fusion was common. dC02cobb and dC12cobb were the significant independent risk factors for postoperative dysphagia. Preoperative c27cobb was a preventive factor of dysphagia.
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Highlights

When making an operation scheme, the surgeon should pay attention to the change in the alignment of C1-2 junction area, in order to avoid alignment over changes during operation, and maintain C02cobb and C12cobb in the normal range to prevent postoperative dysphagia.

Multiple logistic regression analyses revealed that dC02cobb and dC12cobb were the significant independent risk factors for postoperative dysphagia.

Preoperative c27cobb was a preventive factor of dysphagia.



Introduction

Postoperative dysphagia, as a common complication of the C12 fusion surgery, affects the patients' daily life and endangers their lives (1, 2). According to the literature, the incidence rate of postoperative dysphagia ranges from 9.5% to 26.3% (3–6). However, the etiopathogenisis of postoperative dysphagia, including the decrease in postoperative C02cobb and oropharyngeal space, changes in the preoperative and postoperative C02cobb, and the change in postoperative C27cobb, remain controversial (7–9).

In this study, the clinical data of the patients who received posterior fixation and fusion in the C12 region due to the lesions in the C1-2 region were analyzed retrospectively. In accordance with the occurrence of postoperative dysphagia and changes in cervical sagittal alignment, a case–control study was carried out to clarify the relationship between postoperative dysphagia and cervical sagittal alignment in the craniocervical junction area and explore the risk factors for postoperative dysphagia.



Materials and methods


Patients

The data of 65 consecutive patients with posterior cervical fusion from January 2016 to January 2020 were analyzed retrospectively. The inclusion criteria were patients (1) with congenital, traumatic, or neoplastic craniocervical lesions; (2) with posterior C12 fusion; (3) with complete preoperative and postoperative imaging data and at least 3 months of follow-up information; and (4) older than 18 years. The exclusion criteria were patients (1) with previous occipitocervical operation, (2) with incomplete imaging data and were lost to follow-up, (3) with dysphagia and/or dyspnea before operation, and (4) who did not undergo operation due to contraindications. In accordance with the inclusion and the exclusion criteria, 65 patients with an average age of 45 years (18–68 years old) were included in this study.

In the Bazaz R dysphagia evaluation, patients without dysphagia were placed into the asymptomatic (control) group, and those who had mild, moderate, and severe dysphagia were placed into the dysphagia group (10). Patients with no dysphagia were graded as “None”. Only patients with rare dysphagia episodes were graded as “mild”. “Moderate” dysphagia is defined as the occasional swallowing of very special foods (such as bread or steak). “Severe” dysphagia was defined as frequent difficulty with most foods. “None” and “Mild” patients without obvious dysphagia were included in the asymptomatic group. “Moderate” and “Severe” patients were included in the symptom group. 15 patients were included in the dysphagia group, and 50 patients were included in the asymptomatic group. Among the 65 patients, 32 were traumatic C1-2 lesions, 25 were degenerative, and 8 were tumors. Patients' dysphagia during postoperative hospitalization was evaluated by doctors who knew the bazaz R dysphagia scoring system. After discharge, the patient's telephone follow-up was carried out by the doctor who evaluated the hospitalization. Evaluate the degree of dysphagia and recovery time after discharge. All operations were performed by senior surgeons with more than 10 years of clinical experience in our center. This study was approved by the Ethics Committee of Jilin University School of Clinical Medicine, and written informed consent forms were obtained from all participants.



Surgical technique

All patients were treated with C1 lateral mass or posterior arch screw and C2 pedicle screw fixation (11, 12). After intubation in general anesthesia, the patients were placed in the prone, headrest-fixed head, neck neutral, or mild extension position. The central point of the inferior articular process of the C1 lateral mass or the corresponding central point of the upper and the lower edge of the C1 posterior arch was selected as the insertion point. On the basis of the preoperative imaging measurement, 15° head inclination and 5° to 10° medial inclination were adjusted. The insertion point of the C2 screw was located at the projection point of the articular process of the internal and the external edges of the pedicle. 20° head inclination and 30° medial inclination were adjusted. After the implantion of the screw, the atlantoaxial joint was reduced. The posterior titanium rod was implanted to complete the reduction by segmental compression and backward pulling of C1 vertebral body. The iliac bone was used for posterior atlantoaxial fusion, drainage, and suture layer by layer. Tracheal intubation was removed When the patient woke up.



Postoperative management

After lying in bed for 24 h, the patients carried out activities by using a neck bracket. And the instrument position and atlantoaxial reduction were examined using an x-ray film. The wound drainage was less than 30 ml after 48 h. The neck bracket was fixed 4–6 weeks later. And bone fusion was confirmed through reexamination three months later.



Clinical and imaging data

The general clinical data included age, gender, and BMI. The following imaging data were measured in accordance with the AP(Anteroposterior) and lateral radiographs of the cervical spine before and after operation: (1) C02cobb angle (the angle between the McGregor lines and the C2 vertebral body's lower endplate lines), (2) C01cobb (the angle between the McGregor lines and the C1 anterior and posterior arches' midpoint lines), (3) C12cobb (the angle between the lines of C1 anterior and posterior arches' midpoint and the C2 vertebral body's lower endplate lines), (4) C27cobb (the angle between the C2 and the C7 vertebral body's lower endplate lines), and (5) the changes in the angles of C02cobb, C01cobb, C12cobb, and C27cobb before and after operation (dC02cobb, dC01cobb, dC12cobb, and dC27cobb, respectively) (Figure 1). The post-processing tasks were performed by two well-trained reviewers, a research assistant (reviewer A) with 3 years of experience and a radiology technologist (reviewer B) with 1 year of experience with the equipment. To assess intraobserver repeatability, the variables for each group were measured twice by each reviewer at intervals of 2 weeks. The measurement results were considered consistent if the ICC value was greater than 0.80, Kappa coefficient was used to evaluate the consistency of variables between the two groups, which was greater than 0.80. The ICC coefficients were 0.83, 0.90, 0.84 and 0.80 for C02cobb, C01cobb, C12cobb, and C27cobb respectively.


[image: Figure 1]
FIGURE 1
The measurement method of cervical spinal alignment.




Statistical analysis

All data were analyzed using the SPSS 22.0 (SPSS Inc., Chicago, IL, USA). The patients were divided into the dysphagia and the asymptomatic groups in accordance with the presence or absence of dysphagia. Descriptions involving normal distribution and continuous measures were presented as mean ± standard deviation. The Student's t-test was used to analyze the differences in the general and the image data between groups. The classification variables (gender) were examined using the Fisher's exact test (bilateral). After the elimination of gender interference, the logistic regression analysis confirmed the independent risk factors for postoperative dysphagia. Bivariate linear regression analysis was used to evaluate the associations between different variables with the presence of dysphagia and then a multivariate analysis adjusting with confounding variables. For the positive risk factors, the ROC curve was drawn to determine the cutoff value of dysphagia and the corresponding sensitivity and specificity. All reported P-values were two-tailed, and the level of statistical significance was P < 0.05.




Results


General information

A total of 65 patients were included, of which 15 were included in the dysphagia group (10 males and 5 females), and 50 were included in the asymptomatic group (33 males and 17 females). The average age and average BMI of the patients in the dysphagia group were 52 years (36–67 years) and 24 (18–29), respectively, whereas those in the asymptomatic group were 48.14 years (18–68 years) and 23 (17–28), respectively. The incidence of dysphagia was 23%. The demographic data of both groups were shown in Table 1. The differences between the two groups in terms of age and male-to-female ratio were not significant (Table 1).


TABLE 1 Comparison of general information in dysphagia and asymptomatic groups.

[image: Table 1]



Analysis of the imaging data

The results of the Student's t-test showed significant differences (P < 0.05) between the two groups in terms of postoperative C12(29.8° ± 11.24°vs. 20.46° ± 13.39°), and C27cobb (10.56° ± 8.53° vs. 20.21° ± 13.21°) (Tables 2, 3, Figure 2). There was no significant differences in terms of C02 (20.34° ± 11.29° vs. 16.92° ± 6.89°) between two groups. The logistic regression analysis showed that dC12cobb was the independent risk factors for postoperative dysphagia, and their OR values were 1.311(P = 0.034). DC02cobb was the independent risk factors for postoperative dysphagia, and their OR values were 1.593(P = 0.009). Preoperative C27cobb was the preventive factor of postoperative dysphagia, and its OR(odds ratio) value was 0.883 (P = 0.04) (Table 4). The ROC(receiver operating curve) curve of the parameters dC12cobb was drawn, as shown in the Figure 3. The AUC, cutoff, sensitivity, and specificity values of dC12cobb were 0.818, 7.5°, 0.818, and 0.80, respectively.


[image: Figure 2]
FIGURE 2
Comparison of cervical alignment between dysphagia and asymptomatic groups.



[image: Figure 3]
FIGURE 3
Receiver operating characteristic (ROC) curve. The area under the ROC in terms of dC02cobb and dC12cobb was 0.845,0.818.



TABLE 2 Comparison of cervical alignment between dysphagia and asymptomatic groups (°).
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TABLE 3 Comparison of pro- and post- cervical alignment between dysphagia and asymptomatic groups (°).
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TABLE 4 Logistic regression analysis for the influence of predictors on postoperative dysphagia.
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Discussion

The C12 fusion operation is difficult due to the complex anatomy and postoperative complications, including vertebral artery injury, cerebrospinal fluid leakage, surgical infection, postoperative dysphagia, nerve injury, instrument complications, and bone fusion failure (13). Postoperative dysphagia is a common complication of posterior craniocervical junction surgery. According to the previous literature, the incidence is 9.5% to 26.3% (3–6). The incidence of dysphagia is 23% in this study. However, most patients are relieved within few months after surgery. Makoto (14) has reported that patients with severe dysphagia couldn't be relieved because of the abnormal alignment of the upper cervical vertebra after surgery and should undergo revision surgery to improve postoperative dysphagia (14). In previous studies, most patients underwent occipitocervical fusion. The craniocervical junction sequence was fixed because of occipitocervical fusion, and it was difficult to relieve dysphagia, Mazhar Iqbal (15) proved that patients with dysphagia after occipitocervical fusion did not relieve and underwent reoperation. However, there were few studies on dysphagia after C12 fusion. In this study, patients were treated with C12 fusion, and the patients were relieved within 6 months after operation, which might be due to the compensation mechanism of C01 segment after C12 fusion.

Although the incidence of postoperative dysphagia is high, the pathogenesis of dysphagia is still controversial. Izeki (16) indicated a significant correlation between the angle of C02cobb and the space of the oropharynx after upper cervical fusion. The main reason for postoperative dysphagia was the decrease in the angle of C02cobb caused by the fusion of C02 in the flexion. Midori (17) found that the angle of C02 in dysphagia group decreased significantly in patients with halo-vest fixation, but the angle of C01 and C12 could not be analyzed. Masato (18) proved that the alignment of the upper cervical vertebra determined the change in oropharyngeal space by the variation in the oropharyngeal space of volunteers in different postures. However, whether a definite correlation exists between the decrease in oropharyngeal space and the occurrence of dysphagia is not clear, and whether the decrease in the oropharyngeal space is the mechanism leading to dysphagia is still uncertain. In oropharyngeal space measurement, the head posture and the postoperative swelling of tissues around the pharyngeal cavity lead to various errors. Yang (19) analyzed volunteers and patients after posterior upper cervical fusion and believed that the angle of C02cobb was the key factor for dysphagia and that the angle of dC02cobb less than −5° is critical. Morizane et al. (20). proposed a novel parameter: occipital and external acoustic meatus to axis angle (O-EAa). They aimed to address the shortcomings of O-C2cobb, which showed a wide deviation and couldn't reflect the translational changes in the cranium in relation to C2 (21, 22). The relationship between O-C2cobb/O-EAa and postoperative dysphagia has been discussed in several studies (20–23). Wang et al. (24). demonstrated that PIA had a similar predictive effect as O-EAa and could be used as a predictor for postoperative dysphagia in patients undergoing OCF(Occipitocervical fusion book). Tian et al. (25). analyzed the situation of dysphagia after anterior and posterior cervical surgery and believed that the main cause of dysphagia was related to the change in C27cobb. In the present study, the dysphagia of patients after upper cervical C12 fusion in our center was analyzed. It was shown that the angle of C27cobb in the dysphagia group was significantly smaller than that in the asymptomatic group (P = 0.038), whereas the angle of C12cobb in the dysphagia group is significantly larger than that in the asymptomatic group (P < 0.05). The angle of C12cobb might be enlarged by hyperextension and C12 fusion, which evidently changed the cervical vertebra alignment postoperation compared with that preoperation. This change might be the reason of dysphagia after the C12 fusion (Figure 4).


[image: Figure 4]
FIGURE 4
A case of postoperative dysphagia. (A) The preoperative C02cobb was 2.27°. (B) The postoperative C02cobb was 8.77°. dC02cobb was 6.5°.


Yang (19) believed that the dO-C2A should be a key factor in the development of postoperative dysphagia after OCF. OTA et al. (26). analyzed the relationship between the C02cobb and the change in oropharyngeal space in volunteers and found that the decrease in C02cobb by 10° reduced the oropharyngeal space by 40%. Misawa et al. (27). reported that a patient with Klippel Feil syndrome had developed pharyngeal discomfort, dysphagia, and dysphagia after the internal fixation of the posterior C12 screw. The lateral x-ray showed that the occipitocervical angle (the angle between the McGregor line and the tangent line of the lower edge of the axis) decreased from 37° to 27°, and the head position was fixed in the flexion position. When the occipitocervical angle increaseed to 43°, dysphagia was improved. The authors speculated that the occipitocervical angle was an important factor in dysphagia. Izeki et al. (16). suggested that even a small change in the C02 angle would cause a significant change in the oropharyngeal space. However, in the occipitocervical fusion operation, if the anterior approach was not released, the main sagittal sequence changes would occur in C01, and the angle of C12 would be relatively fixed. Whether the dysphagia is due to the C01 hyperkyphosis has not been analyzed. In the present study, the changes in the cervical alignment of the dysphagia and the asymptomatic groups before and after operation were compared. Significant differences (P < 0.05) were shown in dC12cob (9.49° ± 5.16° vs. 1.07° ± 12.44°). However, unlike the results of previous studies, the angles of C12 in the dysphagia group increased significantly after operation in this study. The postoperative dysphagia might arised from that the changes in the alignment of the upper cervical vertebra exceeded the cutoff value, regardless of whether it was flexion or hyperextension state fusion. If the alignment change in the upper cervical vertebra exceeded the certain cutoff value, the anatomical state of the craniocervical junction area would be destroyed, thereby leading to dysphagia.

Logistic regression analysis excluding the classification variables (gender)suggested that dC12cobb was the independent risk factor for postoperative dysphagia (OR values = 1.311, Range:1.021–1.684, P = 0.034). DC02cobb was the independent risk factors for postoperative dysphagia, and their OR values were 1.593(Range: 1.124–2.258, P = 0.009). The preoperative C27cobb lordosis was the preventive factor of postoperative dysphagia (OR value = 0.883, Range: 0.785–0.994, P = 0.04). The ROC curves were drawn using the dC12cobb data with cutoff value of 7.5°. This result was consistent with the critical value proposed by Yang (19). When the change in the angle of C12cobb postoperation was more than 7.5°, the sensitivity and specificity of dysphagia after operation were 0.818 and 0.80, respectively. This result further confirmed that the excessive change the alignment in cervical vertebra alignment (e.g., C12cobb) after operation, compared with that before operation, would lead to postoperative dysphagia. In order to prevent postoperative dysphagia, the surgeon should pay special attention to the changes in the alignment of the upper cervical vertebra before making the preoperative plan and implementing the operation.

In the aspect of swallowing function recovery, Tomohiro (28) reported that the hypoglossal nerve palsy, a cause of severe dysphagia along with the orthopharyngeal stenosis due to occipitocervical kyphosis, could improve swallowing function after correction of kyphosis. Kimo et al. (29). concluded that neurogenic dysphagia associated with vagal nerve dysfunction. Mazhar Iqbal (15) emphasized that in the case of C1/C2 instability, it was preferable to perform C1/C2 fusion rather than OCF. In this study, all patients had C12 instability and underwent C12 fusion. Dysphagia was significantly relieved within 6 months after operation. It was further proved that dysphagia caused by postoperative sagittal sequence change could be compensated by sagittal sequence change of craniocervical junction area (such as C01 angle change).

The limitations of this study are as follows: (1) retrospective study, (2) small sample size, (3) failure to make extensive changes in the oropharyngeal space by routine CT during follow-up, and (4) failure to make remarkable changes in the oropharyngeal space by laryngoscopy in most patients. In the follow-up, a multicenter prospective study with a large sample size should be carried out to determine the causes of dysphagia after posterior upper cervical fusion.



Conclusion

Postoperative dysphagia is a common complication of C12 fusion surgery. The changes in the preoperative and postoperative angles of C02cobb and C12cobb may be the risk factors for postoperative dysphagia. The excellent preoperative curvature of the lower cervical spine C27cobb can prevent postoperative dysphagia. When creating an operation plan, the surgeon should pay attention to the change in the alignment of the craniocervical junction area, in order to avoid alignment over changes during operation, and maintain C02cobb and C12cobb in the normal range to prevent postoperative dysphagia.
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Purpose: To compare the effectiveness and safety of oblique lateral interbody fusion (OLIF) and minimally invasive transforaminal lumbar interbody fusion (MI-TLIF) for degenerative lumbar disease.



Methods: We searched relevant studies in Embase, PubMed, Cochrane, and Web of Science databases comprehensively from inception to March 2022. The data were extracted from included studies, including operation indications, radiographic parameters, and clinical outcomes. Random or fixed-effects models were used in all meta-analyses according to the between-study heterogeneity.



Results: In total, 30 studies, including 2,125 patients, were included in this meta-analysis. Our study found similar disk height, length of hospital stay, visual analog scale (VAS), and Oswestry disability index(ODI) between the two groups. However, the OLIF showed an advantage in restoring lumbar lordotic angle compared with MI-TLIF, with the pooled mean change of 17.73° and 2.61°, respectively. Additionally, the operative time and blood loss in the OLIF group appeared to be less compared with the MI-TLIF group. Regarding complications, the rates of the two groups were similar (OLIF 14.0% vs. MI-TLIF 10.0%), but the major complications that occurred in these two procedures differed significantly.



Conclusion: The results of disk height, length of hospital stay, VAS, and ODI between the OLIF and MI-TLIF groups were similar. And the OLIF was superior in restoring lumbar lordotic angle, operative time, and blood loss. However, the OLIF group's complication rate was higher, although not significantly, than that in the MI-TLIF group.
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Introduction

With the increased human life expectancy around the world, the degenerative lumbar disease has a higher incidence, and it has become the leading cause affecting the quality of life in the elderly population (1). For patients with chronic low back pain or when the conservative treatment is ineffective, lumbar interbody fusion (LIF) is considered the most effective surgical procedure for degenerative lumbar disease (2), including degenerative spondylolisthesis, disc herniation, and deformity. Spinal fusion surgery can be performed to restore the disc height (DH) and immobilize unstable segments (3). According to different surgical approaches, LIF can be traditionally divided into the anterior, posterior, and open transforaminal types (4).

Although the classical surgical method can achieve satisfactory clinical efficacy, such iatrogenic complications as excessive blood loss, nerve injury, and muscular denervation induced by paravertebral muscle stripping cannot be avoided (5, 6). Besides, this surgical method also has the disadvantages of longer operative time and hospital stays. In recent years, minimally invasive techniques have achieved significant advancement, which contributes to fewer surgical complications and shorter hospital stays (6). Foley and Lefkowitz (7) proposed minimally invasive transforaminal lumbar interbody fusion (MI-TLIF) in 2002, which could minimize operative trauma compared with traditional open transforaminal LIF. In addition, Silvestre described oblique lateral LIF in 2012 to avoid nerve injury (8).

MI-TLIF and oblique lateral interbody fusion (OLIF) have achieved favorable efficacy in extensive clinical applications. However, the differences between OLIF and MI-TLIF have not been sufficiently explored. OLIF is a minimally invasive LIF with a surgical approach to the natural space in the lateral front of the body without damaging the muscle, ligament, and bone structure (8). MI-TLIF has a surgical approach through the intervertebral multifidus and longissimus muscle system of the lumbar paraspinal, which does not require extensive dissection. The intermuscular approach is characterized by less injury and less bleeding, and excessive traction of nerve roots and dual sacs would not be required for this approach, so it is safer to handle the intervertebral space (7). However, it remains unclear about the optimal surgical technique for treating these diseases. Therefore, to compare the radiographic and clinical outcomes of OLIF and MI-TLIF in treating degenerative lumbar disease, some relevant studies in recent years were summarized in the meta-analysis, thus providing the latest and most compelling evidence for clinicians.



Methods


Retrieval strategy and literature selection

The systematic review and meta-analysis comparing OLIF and MIS-TLIF in treating degenerative lumbar disease were conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement.

In the study, Embase, PubMed, Cochrane, and Web of Science were comprehensively retrieved to select relevant articles published from January 2019 to March 2022 based on an English language restriction condition. The combined text and MeSH terms included (“OLIF” or “oblique lumbar interbody fusion”), (“MIS-TLIF” or “minimally invasive transforaminal lumbar interbody fusion”), and (“degenerative scoliosis” or “degenerative spinal deformity”). Moreover, the reference lists were also checked by manual retrieval for relevant articles.



Inclusion and exclusion criteria

Two investigators independently conducted screening in respect of the title and abstract of articles, and the full text of relevant articles was reappraised according to the inclusion and exclusion criteria. A third investigator participated in the resolution in case of any disagreement. The inclusion criteria included: (1) target patients: a diagnosis of degenerative lumbar disease; (2) intervention: single spine surgery, OLIF or MI-TLIF; (3) outcomes: sufficient information including surgical indications (operative blood loss, operative time, and length of hospital stay), radiographic parameters (DH and lumbar lordotic angle [LLA]), visual analog scale (VAS), and Oswestry disability index (ODI). Reviews and case reports were not included in the meta-analysis. Duplicates or multiple publications of the same study were also excluded.



Data extraction and literature quality evaluation

According to an established data abstraction form, two investigators independently extracted the following data from each included article: (1) study characteristics (author, year of publication, patient diagnosis, and number of patients); (2) radiographic parameters (DH and LLA); (3) surgical indications (operative blood loss, operative time, and length of hospital stay); (4) VAS and ODI.

Two investigators independently evaluated the literature quality according to the PRISMA recommendation. These studies were evaluated based on the Newcastle-Ottawa scale (NOS) (9), which was composed of nine items, including selection (four points), comparability (two points), and exposure (three points). A study awarded seven or more points can be considered high quality. The author’s name, institution, journal name, and other related information were hidden during the evaluation process to reduce the influence of subjective factors.



Data analysis

All statistical analyses were performed with Stata software (version 14.0). The heterogeneity among these studies was evaluated with the Cochran Q and I2 test (10). A fixed effects model was used if P > 0.05 or I2 < 50%; otherwise, a random effects model was employed (11). Additionally, a meta-regression model was used to investigate the contribution of age and follow-up duration to the radiographic and clinical outcomes. P-value <0.05 was considered statistically significant.




Results


Literature retrieval

In this study, a total of 1,194 studies were screened from Embase, PubMed, Cochrane, and Web of Science. After duplicates were removed, 633 studies were involved in case reports, irrelevant studies, and reviews, and hence were excluded. Two investigators conducted a full-text assessment for the remaining 89 articles. Eventually, only 30 studies including 2,125 patients in total were eligible and included in this meta-analysis (Figure 1).


[image: Figure 1]
FIGURE 1
Flow diagram illustrating number of studies evaluated at each stage in the meta-analysis.




Characteristics of included studies

In this meta-analysis, a total of 30 studies were included. Among them, there were 15 retrospective pre-post studies related to the clinical efficacy of OLIF, 12 studies related to the clinical efficacy of MI-TLIF, and 3 retrospective cohort studies related to the comparison of the efficacy between OLIF and MI-TLIF. Specifically, 1,057 patients aged 50.8–69.7 years (mean 59.2 y) in 18 studies received OLIF, and 1,068 patients aged 50.9–66.4 years (mean 59.3 y) in 15 studies received MI-TLIF. The basic characteristics of these studies are listed in Tables 1, 2.


TABLE 1 Characteristics of OLIF studies.
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TABLE 2 Characteristics of TLIF studies.
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Literature quality evaluation and publication bias

These 30 studies were independently evaluated by two investigators from the perspective of the risk of bias according to the NOS, their scores were all ≥6 points (Table 3). All studies included appropriate patients with a clear diagnosis and presented important outcomes after OLIF or MI-TLIF.


TABLE 3 Quality assessment for the included studies according to Newcastle-Ottawa scale (NOS).
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Length of hospital stay

For OLIF, the length of hospital stay was reported in 5 studies (N = 228), and the pooled mean length of hospital stay was 4.73 days [95% CI (3.48, 5.99), P < 0.001; Figure 2A]. There was substantial heterogeneity between studies (I2 = 94.1%). For MI-TLIF, the length of hospital stay was reported in 12 studies (N = 653), and the pooled mean length of hospital stay was 6.27 days [95% CI (3.48, 5.99), P < 0.001; Figure 2B].


[image: Figure 2]
FIGURE 2
Forest plot and pooled estimates of the length of hospital stay. Outcomes assessed are (A) OLIF group; (B) MI-TLIF group.




Operative time

The operative time was reported in 12 OLIF studies (N = 795) and 13 MI-TLIF studies (N = 692). Based on the random effects model, the mean operative time was 135.4 min in the OLIF group [95% CI (110.12, 160.65), P < 0.001; Figure 3A], compared with 188.9 min in the MI-TLIF group [95% CI (168.27, 209.52), P < 0.001; Figure 3B].


[image: Figure 3]
FIGURE 3
Forest plot and pooled estimates of operative time. Outcomes assessed are (A) OLIF group; (B) MI-TLIF group.




Blood loss

Blood loss was reported in 10 OLIF studies (N = 610) and 13 MI-TLIF studies (N = 692). According to the pooled analysis results, the mean blood loss in the OLIF group was 107.1 ml [95% CI (81.90, 132.22), P < 0.001; Figure 4A], compared with 243.52 ml in the MI-TLIF group [95% CI (200.35, 286.69), P < 0.001; Figure 4B].


[image: Figure 4]
FIGURE 4
Forest plot and pooled estimates of blood loss. Outcomes assessed are (A) OLIF group; (B) MI-TLIF group.




Disc height

The pooled analysis results of 7 OLIF studies (N = 226) showed that OLIF induced a mean increase in the disc height, and the weighted mean difference (WMD) was −4.88 [95% CI (−5.71, −4.06), P < 0.001; Figure 5A]. While, the pooled analysis results of 3 MI-TLIF studies (N = 286) also showed a mean increase in the DH caused by MI-TLIF, and the weighted mean difference (WMD) was −3.01 [95% CI (−4.86, −1.16), P = 0.001; Figure 5B]. The surgical effect can be evaluated by subtracting the postoperative DH from the preoperative DH. Hence, larger negative values represented more significant surgical effects. Of note, before the pooled analysis of the DH, the number of operative levels between both study groups was compared. The results showed that the mean number of OLIF-operated levels was 1.31 ± 0.3, and that of MI-TLIF-operated levels was 1.29 ± 0.44. There was no significant difference between these surgery techniques (P = 0.55).


[image: Figure 5]
FIGURE 5
Forest plot and pooled estimates of disk height. Outcomes assessed are (A) OLIF group; (B) MI-TLIF group.




Lumbar lordotic angle

The preoperative and postoperative LLAs were also compared in 6 OLIF studies (N = 133) and 4 MI-TLIF studies (N = 303). The pooled analysis results of these OLIF studies showed the WMD was −17.73 [95% CI (-30.19, −5.27), P < 0.001; Figure 6A]. The pooled analysis results of these MI-TLIF studies showed the WMD was −2.61 [95% CI (−3.05, −2.16), P < 0.001; Figure 6B]. The changes in the LLA can be evaluated by subtracting the postoperative LLA from the preoperative LLA. Hence, larger negative values represented more significant surgical effects. The WMD in both groups was positive, indicating that LLA was improved after surgery.


[image: Figure 6]
FIGURE 6
Forest plot and pooled estimates of lumbar lordotic angle. Outcomes assessed are (A) OLIF group; (B) MI-TLIF group.




Visual analog scale (VAS)

For OLIF surgery, the VAS was reported in 11 studies (N = 692), and the preoperative VAS and postoperative VAS were compared in these studies (I2 = 98%). The pooled analysis results showed that the WMD was 4.51 [95% CI (3.16, 5.85), P < 0.001; Figure 7A]. For MI-TLIF surgery, the VAS was reported in 12 studies (N = 752). The pooled analysis results showed that there was a significant difference in VAS before and after MI-TLIF surgery [WMD = 3.24, 95% CI (0.22, 6.27), P < 0.001; Figure 7B]. In addition, the WMD in both groups was positive, indicating that the VAS score was improved after surgery.


[image: Figure 7]
FIGURE 7
Forest plot and pooled estimates of visual analog scale. Outcomes assessed are (A) OLIF group; (B) MI-TLIF group.




Oswestry disability Index (ODI)

The preoperative ODI and postoperative ODI were compared in 11 OLIF studies (N = 1,289). The pooled WMD was 34.05 [95% CI (21.99, 46.08), P < 0.001; Figure 8A]. While, the preoperative ODI and postoperative ODI were compared in 12 MI-TLIF studies (N = 752). The pooled WMD was 28.30 [95% CI (24.03, 32.56), P < 0.001; Figure 8B]. The improvement of ODI can be evaluated by subtracting the postoperative ODI from the preoperative ODI. Hence, larger positive values represented more significant surgical effects. The WMD in both groups was positive, indicating that ODI was improved after surgery.


[image: Figure 8]
FIGURE 8
Forest plot and pooled estimates of Oswestry disability index. Outcomes assessed are (A) OLIF group; (B) MI-TLIF group.




Complications

The number of complications was reported in 11 OLIF studies (N = 726) (I2 = 85.6%). The pooled analysis results of these OLIF studies showed that the incidence of complications was 14.5% [95% CI (12.0%, 16.9%), P < 0.001], with individual study estimates ranging from 5.4% to 28.6% (Figure 9A). The most common complication was thigh pain/numbness (7.3%). Other main complications included endplate injury (5.4%), vascular injury (2.5%), and neurological injury (1.0%). The details of perioperative complications of OLIF are listed in Table 4. While, the number of complications was reported in 9 MI-TLIF studies (N = 544), accounting for a pooled prevalence of 10.0% [95% CI (7.1%, 12.3%), P < 0.001], with individual study estimates ranging from 7.2% to 17.1% (Figure 9B). The most common complication was endplate injury (3.41%). Other main complications included neurological injury (1.0%), wound infection (0.85%), and thigh pain/numbness (0.61%). The details of perioperative complications of MI-TLIF are also listed in Table 4.


[image: Figure 9]
FIGURE 9
Forest plot and pooled estimates of complications. Outcomes assessed are (A) OLIF group; (B) MI-TLIF group.



TABLE 4 Complications of OLIF and MI-TLIF studies.
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Meta-regression analyses

The meta-regression analysis results showed that the age of patients would not affect the DH, LLA, VAS, and ODI scores in both OLIF and MI-TLIF groups. However, the follow-up duration was associated with the DH and postoperative ODI scores in the OLIF group (Table 5).


TABLE 5 Meta-Regression analysis on follow-Up and mean age.
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Discussion

The optimal surgical procedure for treating degenerative lumbar disease has not been established for years. There are various disadvantages for traditional open surgical methods (for instance anterior, posterior, and transforaminal LIF), such as more iatrogenic complications, longer operative time, and longer hospital stays. Thus, OLIF and MI-TLIF can be widely used in treating degenerative lumbar disease with the significant advancement of minimally invasive surgical techniques. As per many studies (28, 41), both OLIF and MI-TLIF can achieve satisfactory clinical outcomes. However, the effectiveness and safety of both surgical techniques remain controversial and have not been systematically confirmed. Thus, relevant studies in the last three years were included in this study to evaluate and compare the effectiveness and safety of OLIF and MI-TLIF during the treatment of degenerative lumbar disease, thus providing the latest and most compelling evidence for clinicians. In the past three years, MIS TLIF and OLIF have achieved rapid and significant development with the advancement of instruments, the increased quantity of surgery, the popularization of techniques, and the popularization of training courses. Compared with conventional surgical techniques, there was no update on the general review. In the complete literature review, only the articles published in the last three years were included and updated for analysis.


Surgical indications

Among these included studies, the length of hospital stay was evaluated in 5 OLIF studies and 12 MI-TLIF studies. There was a similar length of hospital stay between the OLIF (4.73 days) and MI-TLIF (6.27 days) groups. As is reported in some studies (42, 43), OLIF can reduce the length of hospital stay compared with conventional surgical techniques, such as posterior LIF. Nevertheless, there was no significant difference between OLIF and minimally invasive procedures, such as MI-TLIF (44, 45). This result was consistent with our findings. In one recent meta-analysis (46), the length of stay in the MI-TLIF group was significantly shorter than that in the Open-TLIF group. However, Sulaiman et al. (37) and Lau et al. (47) found no significant difference between the two groups. Besides, Hey et al. (48) also found no significant difference in the length of hospital stay between Open-TLIF and MI-TLIF at a single level.

The operative time and blood loss in the OLIF group appeared to be less than those in the MI-TLIF group. According to a study of Jin et al. (49), it may be attributed to a smaller surgical incision due to the muscle-splitting approach in the OLIF, which may result in shorter operative time. In addition, the retroperitoneal space was reached by blunt dissection during OLIF, which may lead to less bleeding. However, the screw placement and combination at multiple levels during MI-TLIF may need much operative time.



Radiographic parameters

To evaluate the improvement in radiographic parameters by OLIF and MI-TLIF, the DH and LLA in these studies were analyzed. The analysis results showed that OLIF and MI-TLIF achieved similar improvement in the DH, with the pooled mean change being 4.88 and 3.01 mm, respectively. Besides, the postoperative DH in both groups was not significantly higher than the preoperative one. This finding was consistent with the results of previous studies, which indicated that OLIF and MI-TLIF might not restore the DH significantly (13, 50).

Moreover, the pooled analysis results showed that the OLIF group achieved more significant improvement in the LLA than the MI-TLIF group, with the pooled mean change being 17.73° and 2.61°, respectively. This result partly differed from that of some previous studies. In a recent review, Li et al. (51) reported high similarities in the restoration of LLA in both groups. The difference can be explained in several ways. According to the findings of Sato et al. (17), LLA can be restored effectively by OLIF with posterior supplement fixation. In this study, most patients had undergone posterior supplement fixation. Besides, the OLIF technique can more easily reach the anterior column and might use cages with higher lordotic angles (5).



Clinical outcomes

In this study, VAS and ODI were employed to measure clinical outcomes. The pooled analysis results showed that both OLIF and MI-TLIF can significantly decrease VAS (for back pain) and ODI scores. There were similar VAS results between the OLIF and MI-TLIF groups (4.51 vs. 3.24). In theory, however, OLIF would significantly reduce the postoperative VAS score due to minor trauma compared with MI-TLIF. The use of analgesics may partially contribute to similar results. Furthermore, it was also found that the ODI scores in the OLIF group had a more significant decrease compared with the MI-TLIF group (34.05 vs. 28.30).



Complications

According to the meta-analysis results, there was no significant difference in the incidence of complications between the OLIF group (14.0%) and the MI-TLIF group (10.0%). However, the major complications that occurred in these two procedures differed significantly. The most common complication of OLIF was thigh pain/numbness (7.3%), and other main complications included hardware failure (5.4%), vascular injury (2.5%), and neurological injury (1.0%). This result was consistent with that of a previous study (52). Considering the anatomy of the psoas muscle (complicated nerve plexuses), it can be prone to damage these nerve plexuses during the transpsoas approach. Of course, the incidence of thigh pain/numbness was lower than that in those traditional procedures, such as LLIF (53). Most of these complications are transient and can recover during the follow-up period. While, the most common complication of MI-TLIF was hardware failure (3.41%), and other main complications included neurological injury (1.0%), wound infection (0.85%), and thigh pain/numbness (0.61%). According to a study of Zeng et al. (28), endplate injury, cage subsidence, and shifting can be induced by multiple factors, such as over-distraction and aggressive endplate reaming. Besides, obesity and osteoporosis could also partially explain the endplate-related complications in these two surgery techniques (54). Furthermore, it had been reported that posterior fixation, which can enhance segmental stability, should be applied in case of endplate injury (55). Overall, these surgical procedures should be selected properly, and imaging guidance with high accuracy may be helpful.



Limitations

There are several highlights in this meta-analysis, such as containing the latest studies in the last three years and analyzing the complications in detail. However, some limitations should also be mentioned. Firstly, most of these included studies are short of a controlled group, and hence it is difficult to directly compare the effect or complications between OLIF and MI-TLIF. Besides, posterior fixation was applied in some patients, which may affect the reliability of the conclusion.




Conclusion

The OLIF and MI-TLIF can achieve similar results in the length of hospital stay, DH, and VAS. OLIF is superior to MI-TLIF in respect of operative time, blood loss, LLA restoration, and ODI scores. Moreover, although the incidence of complications is similar between OLIF and MI-TLIF, there are significant differences in the main complications between both surgical techniques.
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The technique of distraction has been widely used in hip arthroscopy for opening joint spaces. However, an all-arthroscopic light bulb technique through outside-in fashion without distraction has not been reported for the treatment of osteonecrosis of the femoral head (ONFH). A 29-year-old man was admitted to our department with hip pain and limited range of motion (ROM) in both hips over 4 months. X-rays, computed tomography (CT), and magnetic resonance imaging (MRI) showed a mixed appearance, including sclerosis and cysts on the anterosuperior site of the bilateral femoral heads. The patient had an 11-year history of liquor intake. In addition, no other pathologies were found before the operation. After diagnosing bilateral ONFH (stage II) according to the Ficat classification, the patient underwent an all-arthroscopic light bulb technique through outside-in fashion without distraction because of failing conservative treatment. At the 2-year postoperative follow-up, the patient had neither pain nor limitation of ROM. The postoperative x-ray, CT, and MRI revealed a well-healed area of the previous bone grafting in the bilateral femoral heads. An all-arthroscopic light bulb technique through outside-in fashion without distraction can be a feasible method for the treatment of early-stage ONFH. This case reminds us that distraction- and perforation-related complications may be avoided in patients with ONFH without the concomitant pathologies of the central compartment.
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Introduction

Osteonecrosis of the femoral head (ONFH) is considered a source of hip disability and pain. It frequently occurs in patients between 30 and 50 years. The range of ONFH incidence is between 8.9/100,000 and 28.9/100,000 (1). Vascularized or non-vascularised bone grafts are considered a useful method to defer or delay total hip arthroplasty (THA) for hip-preserving procedures of early-stage ONFH, especially in young patients (2, 3). Recently, fast-track surgery (FTS) has become the goal for managing hip lesions. FTS is an evidence-based multimodal approach that can shorten rehabilitation time and improve clinical results, including reductions in both mortality and morbidity, thereby significantly decreasing the time taken to reach hospital discharge and optimizing patient satisfaction (4). Necrotic bone removal and autologous bone grafting procedures (light bulb technique) through minimally invasive open and arthroscopic fashion have become increasingly popular with patients and doctors for treating ONFH (5–7). To our knowledge, the arthroscopic light bulb technique through outside-in fashion without distraction has not been reported in early-stage ONFH. The case report aims to present the case of a 29-year-old patient, who underwent the arthroscopic light bulb technique through outside-in fashion without distraction for bilateral ONFH, with an early outcome.



Case presentation

A 29-year-old male salesman complained of hip pain and limited range of motion (ROM) for 4 months in both hips. On July 10, 2019, insidious pain began in his left hip after walking, and the pain gradually subsided over 1 week without any treatment. At left hip pain relief after 1 month, the pain gradually started in both hips. The pain was alleviated after rest and aggravated with walking. No infectious contacts, such as tuberculosis, were found at his presentation. On primary physical examination, no warmth or swelling was noted in the patient's hip, nor was there any inguinal lymphadenopathy. X-rays of the pelvis showed osteoporosis of the femoral head on both sides (Figure 1A). The blood draw result was normal. He had an 11-year history of liquor intake in excess of 130 g per day and no history of glucocorticoid intake or trauma. No history of hereditary disease was found in his family. He was diagnosed with a synovitis of the hip and was managed with conservative methods such as the administration of non-steroidal anti-inflammatory drugs (NSAIDs), physical therapy, and functional exercises.


[image: Figure 1]
FIGURE 1
The preoperative x-ray shows cystic and sclerotic changes in the bilateral femoral heads (white arrow) (A). A series of postoperative x-ray (B, immediate), (C, 3 months), (D, 6 months), (E, 12 months), and (F, 24 months) show a gradual healing of the necrotic area at the bilateral femoral heads.


Bilateral hip pain and loss of ROM were gradually exacerbated by non-operative measures. Subsequently, he was admitted to the Department of Orthopedic Surgery of the Affiliated Hospital of Zunyi Medical University. Physical examinations showed limitations in weight-bearing during walking, and pain was noted in all planes of the hip by 15°. Preoperative Harris hip scores (HHSs) were 58 and 61 for the left and right hip, respectively. The Visual Analogue Scores (VAS) were 8 and 7 for the left and right hip, respectively. The patient showed limited ability to perform daily activities (Table 1). Magnetic resonance imaging (MRI) revealed geographically aberrant signal intensity impairments with typical appearances of bilateral ONFH (Figures 2A,B). Computed tomography (CT) (Figures 2C–E) showed a mixed appearance, including sclerosis and cysts on the bilateral femoral heads without flattening or crescent signs. The preoperative x-ray showed cystic and sclerotic changes in the bilateral femoral heads (Figure 1A). Laboratory test results were normal. He was diagnosed with bilateral ONFH (stage II) according to the Ficat classification (8). An all-arthroscopic light bulb technique through outside-in fashion without distraction (9) was recommended because no concomitant central compartment pathologies such as a labral tear, femoroacetabular impingement, and loose bodies were found on x-ray, CT, and MRI examinations.


[image: Figure 2]
FIGURE 2
The preoperative axial MRI shows an area of a low-intensity signal on a T1-weighted image (A) and a high-intensity signal on a T2-weighted image (B). The preoperative axial (C) and sagittal (D, right side) (E, left side) CT scans show cystic and sclerotic changes at the anterosuperior area of the bilateral femoral heads. Postoperative MRI on T1-weighted (J) and T2-weighted (I) images show a decrease of cysts and oedema in the bilateral femoral heads. The postoperative axial (H) and sagittal (F, right side) (G, left side) CT scans show that the necrotic site is partly replaced by a new bone.



TABLE 1 Scores of the hip preoperatively and at postoperative follow-up.
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Arthroscopy was performed on the patient's left hip under general anesthesia through the anterolateral (AL) portal, distal anterolateral accessory (DALA) portal, and mid-anterior (MA) portal in the supine position on the traction table without applying distraction. The all-arthroscopic light bulb technique to the hip was applied according to outside-in fashion (10) and “touch method” (11). The AL portal was made after making a vertical stab incision, and the subcutaneous and muscular layers were split by using a straight clamp. The straight clamp was directed medially, pointing in the direction of the femoral neck. When the tip of the straight clamp touched the bone, it was replaced with a blunt trocar and the femoral neck could be felt, and the tip of the trocar was situated extra-articularly at the femoral neck of the hip joint. The DALA portal was made after making the skin incision, and a straight clamp was introduced and directed toward the arthroscope trocar. When the straight clamp touched the trocar of the arthroscope, the trocar was used as a guide to travel medially in the direction of the femoral neck. The straight clamp must touch the arthroscope trocar until the straight clamp touches the bone, and an ablator or shaver was introduced. After the fatty tissue of the precapsule was removed with the shaver, the white structure of the joint capsule was shown. Then, an extra-articular longitudinal capsulotomy was performed from outside to inside. The necrotic site was located using a Kirschner pin under arthroscopic (Figure 3A) and radiographic (Figures 3B,C) visualization before managing ONFH. Then, the MA portal was established under direct visualization.


[image: Figure 3]
FIGURE 3
The capsule is cut longitudinally (the black arrow), and the necrotic site is located using a Kirschner pin under arthroscopic (A) and radiographic (B,C) visualization. (D) Appearance of the necrotic site before debridement. (E) Appearance of the necrotic site after debridement. (F) Arthroscopic appearance after bone particle grafting.


After the fluoroscopic image of the Kirschner pin location was obtained to find the center of the necrotic site at the femoral head, a cortical bone window with a diameter of approximately 1.5 cm was established at the femoral head–neck junction with a cannulated drill through the DALA portal, and the necrotic bone (Figure 3D) was removed using a rongeur and curette until bleeding or healthy bone (Figure 3E) was found. Then, an arthroscopic check was performed to ensure that the necrotic bone was removed. Furthermore, the femoral head and neck were percutaneously penetrated for improving blood circulation using a 2.0 mm Kirschner pin (12). Finally, the ipsilateral auto-iliac cancellous bone was harvested and was used to fill the cavity of the femoral head (Figure 3F) through the cannula after necrotic bone removal. The surgery lasted 136 min. Two weeks postoperatively, the same procedure was performed on his right hip. The patient was followed up at 1, 3, 6, and 12 months and annually thereafter.

Early core-strengthening exercises and closed-chain hip stabilization were carried out to optimize the joint ROM (13). Relative to the literature (14, 15), in our institution, weight-bearing to prevent femoral head collapse is implemented with caution. For example, in the case under study, the patient was not allowed weight-bearing for the initial 3 months. Toe-touch weight-bearing using crutches was allowed for the second 3-month phase. The patient began full weight-bearing to prevent femoral head collapse when the grafted bone site fully healed (1). Three months after the procedure, the patient experienced no pain and had an improved VAS of 0. The VAS, HHSs, Hip Outcome Score Activities of Daily Living subscale (HOS ADL), International Hip Outcome Tool-12 (iHOT-12), and active ROM of the left hip and right side demonstrated consistent improvement at the 2-year postoperative follow-up (Table 1). This consistent improvement in outcomes showed that an all-arthroscopic light bulb technique through outside-in fashion without distraction could be a feasible method for the treatment of ONFH. The MRI (Figure 2I,J), CT (Figure 2F-H), and x-ray (Figures 1B–F) revealed a well-healed area of previous bone graft in the bilateral femoral heads, but there was radiological progress (slight collapse) on the left hip (Figures 1A–D). The patient was followed regularly and was strictly required to comply with the therapeutic plan. The patient presented that he was very satisfied at a follow-up visit 2 years after surgery. “As far as I know, ONFH is not always successful in hip-preserving procedure. The bilateral necrotic areas are healed, I am very lucky. The arthroscopic procedure is minimally invasive and aesthetically pleasing,” the patient said. Also, he did not have any complications. The timeline for ONFH course and management response was presented in Figure 4.


[image: Figure 4]
FIGURE 4
Osteonecrosis of the femoral head course and management response. The timeline from presentation detailing the preoperative Harris hip score response to surgery.




Discussion

ONFH is a debilitating disease that, without effective and timely intervention, progresses to a collapse of the femoral head and secondary hip osteoarthritis, and the lack of timely intervention is the third main cause of THA (16). Multiple revisions are highly likely in young patients because of the average 90% longevity of two decades in most prostheses (17). Therefore, hip-preserving treatment is necessary to delay and/or avoid THA in young patients with early-stage ONFH (1). Early accurate diagnosis of ONFH is of great importance for the selection of therapeutic methods and prognosis. Early-stage ONFH is often atypical on x-rays and usually presents as mild osteoporosis, which could easily be misdiagnosed as synovitis of the hip. Transient osteoporosis of the femoral head is controversial as an early-stage of ONFH or a self-limiting disease based on reflex dystrophy. Core decompression is considered an effective method for diagnosing early-stage ONFH and transient osteoporosis (18, 19). In our case, an MRI investigation was considered important for early-stage diagnosis of ONFH, and this investigation revealed an area of a low-intensity signal on a T1-weighted image and that of a high-intensity signal on a T2-weighted image. MRI is considered the gold standard for detecting early-stage ONFH, with a sensitivity of more than 99% (19). A subchondral fracture shows a high T2-weighted signal on MRI but is usually obscured by joint effusion and bone marrow edema (BME). The subchondral fracture can also be underdiagnosed on an x-ray film (20). CT mainly focuses on the application of detecting subchondral fractures in early-stage ONFH. CT often shows sites of osteosclerosis surrounding the dead bone and new bone formation or reveals subchondral bone fracture (20, 21). When hip-preserving management is considered for early-stage ONFH, a CT examination is necessary for more accurate staging of ONFH (22). The mid-term and terminal stage ONFHs have typical manifestations on x-ray, CT, and MRI. This stage typically presents with subchondral fractures, femoral head collapse, secondary osteoarthritis, and acetabular degeneration (20, 21, 23).

The pathogenesis of ONFH is not completely clear, but the common characteristic of ONFH is the impaired blood supply of the femoral head (24). Therefore, hip-preserving treatment of ONFH includes several important principles such as debriding the necrotic bone, promoting revascularization and new bone formation, decreasing the intraosseous pressure of the femoral head and improving the venous circulation, providing the mechanical support of the femoral head, and preventing or halting femoral head collapse (25).

At present, various bone grafting surgeries are widely popular for the precollapse stage ONFH, which include vascularized and non-vascularized bone grafting. However, the various methods of bone graft vary (between 5.3% and 36.7%) in terms of failure incidence (2, 26). The incidence of failure is higher when it is an open or non-vascularized bone graft (14) than a close or vascularized bone graft (2, 16, 27, 28). Failure could be related to further impairment of blood supply (29–31). Therefore, minimally invasive arthroscopic surgery was chosen for our patient. We chose arthroscopic surgery for the following reasons: First, the outside-in fashion technique without distraction can avoid distraction- and perforation-related complications and save operating time due to the non-requirement for installing a traction table (9). Second, the arthroscopic procedure had been performed on a patient in a previous case report (6). Third, we perform this procedure on 60 patients per year on average. Fourth, based on mastering the outside-in fashion technique, we combined this with the “touch method” for posterior ankle arthroscopy (11), which further increased the accuracy and safety of surgery. Fifth, we employ the open bulb technique in 40 patients on average per year, which ensures the completion of surgery after it cannot be completed under arthroscopy. Sixth, the minimally invasive procedure reduces further injury to the blood supply and soft tissue.

Guadilla et al. (6) reported that the arthroscopic light bulb technique with distraction was used in three patients with early-stage ONFH. These patients achieved clinical improvement and radiological healing of the bone graft zone. In our case, similar results were obtained: 3 months after surgery, it was found that the patient was free of pain after a measurement of VAS, and after this, consistently improved ROM, HHSs, HOS-ADL, and iHOT-12 were obtained. At the 2-year postoperative follow-up, MRI, CT, and a series of x-rays revealed a well-healed area of previous bone graft in the bilateral femoral heads. These outcomes showed that the arthroscopic light bulb technique without distraction was a feasible method for the treatment of early-stage ONFH. The main reasons for the success and feasibility of this method lay in the protection of blood supply, removal of the necrotic bone, and effective support of the bone graft, all of which were minimally invasive. Good patient compliance was also an important factor. The process of moving from a no-weight-bearing to a full-weight-bearing stage after surgery can be a long and tedious one (6 months). Within a period of several weeks after grafting, cortical bone osteolysis occurs, which makes the graft weaker and decreases the support for the articular surface (32). Improper weight-bearing before the necrotic area has healed may lead to a collapse of the femoral head, which can mean a failure of the operation, and therefore, good patient compliance is an important factor. This case study indicated a significant improvement in the operative methods in the treatment of early-stage ONFH through an all-arthroscopic light bulb technique and outside-in fashion without distraction. This also highlights the fact that the arthroscopic light bulb technique through inside-out fashion with distraction is not an absolute requirement any longer (6).

Distraction- and perforation-related complications were not reported as a consequence of the arthroscopic procedure (6), and this may be related to the small sample size of cases and the performance of the operation by an experienced surgeon. The previous literature reported that the incidence rate of hip arthroscopy complications varied from 0.5% to 8%, and most of them were traction-related (10). Frandsen et al. (33) found that the complication rate of distraction-related injuries was up to 74% in hip arthroscopy. Therefore, distraction-related complications may not be completely avoided. In this case, we presented a new surgical approach that accomplished an all-arthroscopic light bulb procedure in outside-in fashion without distraction, which had never been reported in the literature previously. So far, the outside-in fashion method has been used for the treatment of central-compartment pathologies and THA-related complications (9, 10). This procedure establishes a manual space anterior to the hip joint capsule. Then, longitudinal capsulotomy is performed for the entry into the peripheral compartment without the need for distraction (34). The hardest step in performing this procedure on our patient was the orientation of the outside-in fashion for establishing a manual space anterior to the hip joint capsule. We applied the “touch method” for posterior ankle arthroscopy to solve the dilemma (11), which further increased the accuracy and safety of trocar and instrument localization by avoiding distraction- and perforation-related complications. In our case, the results showed that the treatment of early-stage ONFH by the arthroscopic bulb technique can be successfully performed without distraction, and complications can be avoided. In our experience, outside-in fashion without distraction reduced postoperative pain, radiation exposure, and tissue damage, prevented groin numbness, pudendal neurapraxia, and sciatic paralysis, and eliminated iatrogenic cartilage scufﬁng and penetration of the labrum during portal establishment. Longitudinal capsulotomy reduced the strength of the iliofemoral ligament and achieved good postoperative healing of the capsule and affected the stability of the hip joint less.

In this case, our all-arthroscopic light bulb technique proved to be a feasible method because the necrotic lesion was located at the anterosuperior site and no central compartment pathologies were found. However, the indications for the use of this technique are particularly limited, especially when it comes to the larger necrotic extent because osteonecrosis is located at the posterior site of the femoral head, leading to a higher-stage ONFH (≥Ficat stage III). Significantly, due to the limited space for arthroscopic surgery, when the dead bone was removed to have abundant bleeding or healthy bone at the track wall, the procedure of the dead bone removal can be stopped (6, 12). The extent of removal should be confirmed by hip arthroscopy (Figure 3E) or under radiographic fluoroscopy (15). Bone grafting procedures do not always require that the abnormal bone (such as the sclerotic bone) be completely removed (12). Extensive removal may not prevent removing the partially healthy bone and affecting the support of the femoral head (12). Lastly, weight-bearing should be implemented with caution after surgery. The necrotic area will undergo partial resorption of the bone graft and then complete healing by crawling substitution. Duration of the healing, this weakens the support of the necrotic area to the articular surface (15, 32). To further evaluate the safety and effectiveness of our technique, it is necessary to carry out large-scale, prospective clinical studies in the future. However, there is a caveat. The all-arthroscopic light bulb technique through outside-in fashion without distraction may be performed by experienced and specialized arthroscopic surgeons. For beginners, the performance of this technique may consume more operation time compared with the open bulb procedure because hip arthroscopic surgery involves a learning curve (10, 35).

In conclusion, an all-arthroscopic light bulb technique through outside-in fashion without distraction could be a feasible method for the treatment of ONFH. This case highlights the fact that distraction- and perforation-related complications can be avoided in patients with ONFH without the concomitant pathologies of the central compartment.
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Objectives: To investigate the clinical and radiographic outcomes of EXP-IFC in single-level MIS-TLIF.



Methods: This study included patients aged ≥18 years who received a single-level MIS-TLIF procedure with at least 1 year of follow-up. Outcome measures: clinical features, preoperative and neurological complications. Imaging analysis included disc height (DH) restoration, surgical and contralateral side foraminal height (FH), lumbar lordosis angle (LL), segmental lordosis (SL). Visual analog scale (VAS) score for low back pain (VAS-LBP) and leg pain (VAS-LP), Oswestry Disability Index (ODI) and Japanese Orthopaedic Association (JOA) score were used to evaluate clinical outcomes. Statistical analysis was performed using independent sample t-test and sample t-test. The significance was set to p < 0.05 in univariate analysis.



Results: A total of 62 patients undergoing single level MIS-TLIFs between January 2017 and January 2019 were included, with 32 NE-IFC 46.9% female, mean age 54.86 ± 11.65, mean body mass index (BMI) 24.59 ± 3.63) and 30 EXP (40% female, mean age 58.32 ± 12.99, mean BMI 24.45 ± 2.76) with no significant differences in demographics. There were no significant differences between two groups in Operative time (OT), Estimated blood loss (EBL) and Length of stay (LOS). No significant differences were found in VAS-LBP, VAS-LP, JOA and ODI in post-operation and the last follow-up between the two groups. The imaging outcome demonstrated that the mean increase in DH was significantly greater for the patients with EXP-IFC than those with NE-IFC group at 1 year follow-up (8.92 ± 0.51 mm EXP-IFC vs. 7.96 ± 0.96 mm NE-IFC, p < 0.001). The mean change in FH of operative and contralateral sides were observed to be significantly higher for the patients with EXP-IFC at 1 year follow-up (operative side:17.67 ± 2.29 mm EXP-IFC vs. 16.01 ± 2.73 mm NE-IFC, p = 0.042; contralateral side:17.32 ± 2.26 mm EXP-IFC vs. 16.10 ± 2.32 mm NE-IFC, p < 0.001), but changes in LL and SL were not significantly different. At the last follow-up, we did not find any significant difference in the fusion rate between the two groups.



Conclusion: Our results indicated that there may be no significant difference in short-term clinical outcomes between EXP-IFC and NE-IFC, but the use of EXP-IFC in MIS-TLIF can provide a significant restoration of disc height, and neural foraminal height compared to NE-IFC.
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expandable interbody fusion cage, lumbar fusion, MIS-TLIF, radiographic parameters, lumbar degenerative disease





Introduction

Lumbar degenerative diseases are common in the elderly and often cause pain, disability, and poor quality of life (1). With the prevalence of lumbar degenerative disease rising in keeping with the aging population, surgical treatment of lumbar degenerative conditions has shown a dramatic increase. Minimally invasive transforaminal lumbar interbody fusion (MIS-TLIF) is a minimally invasive technique and widely used in the lumbar degenerative diseases (2, 3). In MIS-TLIF, direct unilateral laminectomy and resection of the inferior articular process into the intervertebral space are performed to decompress the nerve roots. In the procedure, an autogenous cancellous or allogeneic bone fusion cage were placed into the intervertebral space to provide anterior column support, restore the height of intervertebral space so as to achieve the effect of nerve root canal decompression and provide mechanical stability for the lumbar spine (4, 5).

In recent years, it is suggested that lumbar spine surgery should be performed on the basis of complete decompression to minimize the damage to the stable structure of the spine (6). With the reduction of incision and access area, the traditional non-expandable interbody fusion cage (NE-IFC) can not meet the needs of present minimally invasive fusion. In the process of implanting, NE-IFC will destroy the lateral surface of endplate and cortical bone because of striking hard, this may adversely affect the stability and fusion rate of the fusion device (7). Expandable interbody fusion devices (EXP-IFC) are a good option, as they collapse into the disc space to reduce damage to the upper and lower endplates, at the same time, it can reduce the amount of blood loss and become a less invasive alternative (8, 9). (Figure 1). In the MIS-TLIF operation, the application of EXP-IFC can not only obtain satisfactory clinical outcomes, but also effectively restore DH, FH, and reduce lumbar spondylolisthesis and improve lumbar lordosis angle (LL) and segmental lordosis angle(SL) (10).


[image: Figure 1]
FIGURE 1
(A) Before distraction, the height was 8 mm, which was significantly smaller than the distance between the outlet nerve root and the upper edge of the inferior pedicle. (B) After stretching, the height can be stretched to 9, 10, 11, 12, 13 mm, which can be selected according to the specific situation.


However, there is still controversy concerning the ability of EXP-IFC to restore sagittal alignment and correction of radiographic parameters (11, 12). With increasing evidence highlighting the association of restoration and maintenance of spinopelvic parameters with improved prognosis after spinal surgery, there is interest in applying these concepts to MIS TLIF with EXP-IFC as well (13). The various studies in MIS-TLIF that observed improvement in EXP-IFC reported information based on short-term follow-up time, or only reported clinical outcomes in EXP-IFC implant patients, but did not establish a comparative arm (8, 13, 14).

The purpose of this study was to compare the clinical outcomes and restoration of LL, SL, DH and FH in patients who had underwent MIS-TLIF with either NE-IFC or EXP-IFC one year after surgery.



Materials and methods


Patients

A single-center retrospective analysis of adult patients (≥ 18 years old) undergoing selective single-level MIS-TLIF from January 2017 to January 2019 was conducted. Patients met the following inclusion criteria: (1) a minimum 1 year follow-up (2) diagnosis of single-level lumbar degenerative disease diagnosed by MRI; (3) no previous fusion history; (4) surgery performed by the same group of doctors; (5) the use of expandable and non-expandable fusion cages. Exclusion criteria were as follws: (1) severe degeneration in adjacent segments; (2) lumbar spondylolisthesis and severe bony spinal canal stenosis; (3) multilevel disease; (4) history of lumbar fracture, infection, deformity, tumor and severe osteoporosis; (5) incomplete clinical and imaging data.

This study was approved by Medical Research Ethics Committee of Shanxi Bethune Hospital and informed consent was waived due to the retrospective nature of the study.



Surgical technique

In this study, the choice of fusion cage type was based on the optimal height according to preoperative imaging data. The height of fusion cage should be slightly larger than the preoperative intervertebral height by 20%, the length of the cage should be approximately 4 mm shorter than the anteroposterior diameter of the vertebral body. The cage is made of titanium alloy. Its height is between 8 cm and 13 cm and can be adjusted to the right position according to the surgical needs (Figure 1). All operations were performed by the same chief surgeon who has more than 30 years of experience. Under general anesthesia, the patient was placed in prone position and the abdomen was suspended. The G-arm was located in the corresponding intervertebral space of the operation. The average length of the 4.3 cm incision was made at the outer edge of the pedicle on one side. Subsequently skin, subcutaneous and deep fascia were cut layer by layer, and the channel guide core was inserted. The G arm was located in the corresponding intervertebral space and the dorsal side of the facet process, then expanded to the working cannula step by step, expanded the channel, and installed the light source. The bone of the intervertebral foramen on one side of the corresponding intervertebral space was removed to protect the corresponding nerve root. The nerve root and dural sac were opened by the subaxillary nerve retractor, and one side of the lateral process of intervertebral disc in the corresponding vertebral space was protruded. After careful separation of the dural sac, the corresponding intervertebral disc was removed, the upper and lower endplates and hyperplastic osteophytes were treated, and a lumbar cage was implanted in the intervertebral space, which was filled with autogenous bone fragments. At this time, the nerve root is relaxed and the range of activity is increased. Under the guidance of G-arm, the pedicle screw guide needle was percutaneously inserted into the corresponding vertebral space, and the display position was good; four hollow pedicle screws were screwed in turn along the guide needle, and the G-arm showed a good position again; a fixed rod with physiological radians was installed and confirmed by G-arm fluoroscopy, adjust and tighten each screw, indwelling negative pressure drainage tube. Antibiotics were routinely used for 1 day post-operation to prevent infection. The drainage tube was removed 1–2 days post-operation. Methylprednisolone was given to protect the nerve and mannitol was given to relieve nerve root edema for 3 days. The straight leg was raised actively or passively on the first day post-operation to prevent nerve root adhesion. Regular review.



Data collection

Data on demographic, clinical characteristics and outcomes were obtained from the patients' electronic medical records. Demographic data included age, body mass index (BMI) and gender. Surgical parameters included operation time, estimated blood loss (EBL) and length of stay (LOS).

The visual analogue scale (VAS) for low back pain (LBP) and leg pain (LP), the Oswestry disability index (ODI) and the modified Mac Nab standard were used to evaluate the clinical effect. Japanese Orthopaedic Association (JOA) score was used to evaluate the improvement of neurological function (15). An improvement rate of 100% for JOA is considered as all healed, 60%–100% as remarkable; 25%–60% as effective and <25% as ineffective. ODI was used to assess the improvement of clinical function in patients (16), with a total score ranging from 0 (no disability) to 50 (full disability). The intensity of waist and leg pain were measured using VAS scores on a 10-cm horizontal line, with 0 for no pain, 0 to 2 for comfort, 3 to 4 for mild pain, 5 to 6 for moderate pain, 7 to 8 for severe pain, 9 to 10 for extreme pain and 10 for severe pain (17).

The radiographic parameters included disc height (DH), foraminal height (FH), segmental lordosis (SL) and lumbar lordosis angle (LL) for each surgically treated level. DH was defined as the average of height of anterior edge of upper and lower vertebral body and height of posterior edge of vertebral body in responsible space; FH was defined as the vertical distance between the lowest edge of pedicle of upper vertebral arch and the highest edge of lower vertebral arch of responsible level; SL was defined as the angle between the superior and inferior endplates composing the disk space; LL was defined as the angle between the lower endplate of the L1 body and the sacral plate. Standard lateral lumbar x-ray examinations were performed pre-operatively, post-operatively and at 1 year follow-up. All these parameters were measured by Surgimap Spine Nemaris Inc (Version: 2.2.13.1). Two experienced orthopaedic surgeons who were not involved in the study measured the data on lumbar x-ray images and recorded the average of the measurement results.The fusion was determined by lumbar imaging (there were continuous trabeculae between the implant and the host bone for obtaining bone fusion, and the failure of fusion was characterized by pseudarthrosis and light band around the implant) (18).



Statistical method

IBM SPSS Statistics Grad Pack 27.0 (IBM SPSS, Chicago, IL, USA) was used for analysis. Measurements following a normal distribution are expressed as the mean ± standard value [image: Inline Image] Comparisons of age, operative duration, intraoperative bleeding volume, postoperative drainage, JOA score, VAS score, ODI and radiographic parameters between the expandable and non-expandable patients were performed by group-design t-test; independent t-tests were used to compare the above pre- and post-operative indices. The statistical significance of univariate analysis in this study was set at p < 0.05.




Results


Cohort overview

This study included 62 patients undergoing single-level MIS-TLIF operations consisting of 32 NE-IFCs and 30 EXP-IFCs. There was no difference in latest follow-up time between EXP-IFC and NE-IFC group, respectively (14.35 ± 1.98 months vs. 13.63 ± 1.67 months; p = 0.230). For the patients with NE-IFC, 54.6% were female, the mean age was 54.86 ± 11.65 years old, the average BMI was 24.59 ± 3.63. In the EXP-IFC group, 48% were female, the mean age was 58.32 ± 12.99 years old, with an average BMI of 24.45 ± 2.67. All cases were followed up for 1 year after operation to meet the standard of osseous fusion. At the 1 year follow-up, the bone fusion rate was 93.8% in NE-IFC group and 96.7% in EXP-IFC used group with 1 case not achieving osseous fusion, according to x-ray.



Comparison of baseline and surgical parameters in patients with expandable and non-expandable cages

There were no significant differences in demographics between the two groups, as shown in Table 1. The majority of cages were implanted at L4/L5 (53.33% EXP-IFC vs. 56.25% NE-IFC; p = 0.725) followed by cages implanted at L5/S1 (40% EXP-IFC vs. 37.5% NE-IFC; p = 0.687) and those at L3/L4 (6.67% EXP-IFC vs. 6.25% NE-IFC; p = 0.824).


TABLE 1 Comparison of demographic and clinical characteristics between patients instrumented with EXP-IFC and NE-IFC

[image: Table 1]

When the entire cohort was analyzed, the use of EXP-IFC had no significant effect on length of stay (11.57 ± 5.06 days for EXP-IFC vs. 10.57 ± 3.09 days for NE-IFC; p = 0.448) and EBL (147.37 ± 109.57 ml for EXP-IFC vs. 133.33 ± 100.12 ml for NE-IFC; t = 0.404, p = 0.689). No significant difference in operative time between the two groups was also observed (Table 2).


TABLE 2 Comparison of the general situation of operation between patients instrumented with EXP-IFC and NE-IFC.
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Evaluation of clinical efficacy

NE-IFC and EXP-IFC showed no significant differences in VAS-LBP, VAS-LP, JOA and ODI in pre-operation and post-operation (p > 0.05). In all patients, the post-operative clinical function scores improved compared with the pre-operative scores, and these improvements lasted until the last follow-up. During the follow-up period, none of the patients required reoperation. No other differences in clinical function scores were observed between the EXP-IFC and NE-IFC groups (Table 3).


TABLE 3 Comparison of the clinical efficacy at pre-operation, post-operation and last follow-up between patients instrumented with EXP-IFC and NE-IFC.
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Radiographic comparison of patients with expandable and non-expandable cages

Radiographic analysis showed that patients who use EXP-IFC in MIS-TILF had a significantly higher mean DH at post-operation (9.02 ± 0.5 mm EXP-IFC vs. 8.08 ± 1.08 mm NE-IFC, p = 0.024) and at 1 year follow-up (8.92 ± 0.51 mm EXP-IFC vs. 7.96 ± 0.96 mm NE-IFC, p < 0.01). In a typical case, x-rays reviewed at 1 week and 1 month postoperatively shown in figure 2 demonstrated effective improvement of the DH and FH compared to the preoperative period (Figure 2). After 1 year of follow-up, the results of either EXP-IFC or NE-IFC showed that the subsidence of most cage positions was not significant. In terms of FH on the operative side, the patients who used the EXP-IFC and the patients who used the NE-IFC had no statistical significance at post-operation (19.73 ± 1.63 mm EXP-IFC vs. 18.23 ± 2.07 mm NE-IFC, p = 0.022) and at 1 year follow-up (17.67 ± 2.29 mm EXP-IFC vs. 16.01 ± 2.73 mm NE-IFC, p = 0.042). Interestingly, for FH on the contralateral side, the patients who used the EXP-IFC had a significantly higher mean FH at post-operative (19.08 ± 2.40 mm EXP-IFC vs. 17.84 ± 2.21 mm NE-IFC, p = <0.01) and at 1 year follow-up (17.32 ± 2.26 mm EXP-IFC vs. 16.10 ± 2.32 mm NE-IFC, p < 0.01). No significant differences in LL were observed between patients with EXP-IFC and NE-IFC at 1 year follow-up (28.30 ± 8.43 mm EXP-IFC vs. 27.74 ± 6.08 mm NE-IFC, p = 0.823). Similarly, different type of the implants did not contribute to changes in SL (Table 4).


[image: Figure 2]
FIGURE 2
Design of EXP-IFC for anterior and Lateral display of Lumbar vertebrae after MIS-TLIF. (A) Preoperative lateral radiograph. (B) Postoperative lateral radiograph (1 week); (C) Postoperative lateral radiograph (1 year).



TABLE 4 Radiographic outcomes at pre-operation, post-operation and last follow-up between patients instrumented with EXP-IFC and NE-IFC.
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Complication

For EXP-IFC used in MIS-TLIF, postoperative complications occurred in 3 cases, of which 1 case was cerebrospinal fluid leakage, which was cured by head and foot high position and dressing pressure bandaging. The other 2 cases had transient lower limb weakness after operation and were discharged from hospital after 1 month of nerve nutrition and enhanced functional exercise. For NE-IFC used in MIS-TLIF, Postoperative complications occurred in 3 cases: temporary aggravation of nerve root symptoms, which was related to intraoperative nerve root traction, improved after symptomatic treatment such as dehydration and detumescence, and mild low back pain remained in some cases after follow-up.




Discussion

Previous studies showed that restoration of sagittal alignment improve clinical results (19, 20). This study showed generally favorable radiographic outcomes at 1 year follow-up after EXP-IFC had been implanted in MIS-TLIF for patients with LBP or unilateral lower limb symptoms with or without contralateral lower limb mild symptoms. The use of EXP-IFC achieved 2 better radiographic objectives: significantly higher mean DH and on the contralateral higher mean FH compared with the NE-IFC in MIS-TLIF. In our study, there were no differences in OT, EBL, LOS, identified for MIS-TLIF between two groups.

Interbody fusion can rebuild the spinal stability and make the abnormal load correction, so the selection of intervertebral support materials was important in ensuring and improving the operation curative effect (21). Moreover, it has been reported that forcing a cage into intervertebral space results in collapse of the cage and the disc, the incidence of which can significantly decreased by choosing a smaller cage that is expandable after implantation (22, 23). In order to solve the deficiency of NE-IFC, various EXP-IFCs have been developed. The size of the EXP-IFC is significantly smaller than the NE-IFC, so the use of the EXP-IFC is less invasive to dura mater and nerve root than the NE-IFC. However, there are only a few studies focusing on the prognosis of EXP-IFCs. A study by Yee et al. (24) reviewed 89 patients (48 with NE-IFCs and 41 with EXP-IFCs) with lumbar degenerative conditions undergoing TLIF, and revealed that the EXP-IFC could not contribute to improvement of SL and LL compared to the NE-IFC. Another study by Hawasli el at (25) retrospectively studied 48 patients undergoing MIS TLIF with either an EXP-IFC or NE-IFC. They revealed that EXP-IFC increased SL but did no affect overall LL. In our study, there was no difference between the two groups in terms of OT, EBL, and LOS of MIS-TLIF. Furthermore, there were no significant differences in clinical outcomes at the last follow-up between the two groups. The above results suggest that the operation time of MIS-TLIF and the amount of blood loss largely depend on the skill of the operator, and the clinical outcome was more related to the duration of the procedure, the manner of the operation and the degree of decompression, but not to the type of fusion device.

When DH is reduced to about 4 mm, especially with the loss of height at the posterior edge of the intervertebral space, the foraminal area volume decreases accordingly, which may cause nerve roots compression in the foraminal area (26). The use of interbody fusion device can effectively help to restore the DH and FH (27). A retrospective study by Avani et al. (8) found that the use of either NE-IFC or EXP-IFC in MIS-TLIF can both restore DH and maintain LL angle immediately after surgery, which were not associated with selection of EXP-IFC or NE-IFC and the postoperative SL depends primarily on the preoperative SL. In this study, it was found that the DH and FH could be well restored and the postoperative SL was larger than the preoperative, and LL could be well maintained. One year later, although it was found that DH and FH were lost to a certain extent, they were still better than the preoperative and did not affect the postoperative clinical outcomes. Because of the complete release of nerve root canal decompression during the operation, the partial loss of DH will not lead to intervertebral foramen stenosis and oppress the nerve root. Through the preoperative and postoperative imaging observation, it was found that the patients over 60 years old had relative worse stenosis of intervertebral space (the sinking of fusion cage was more obvious during the last follow-up), and the reasons may be a decrease in bone mineral density in elderly patients such as osteoporosis.

The main complications of vertebral body fusion include nerve root or cauda equina injury, dural tear, intervertebral space infection, fusion cage displacement or prolapse, intervertebral bone graft non-fusion, loss of intervertebral space height and adjacent vertebral body degeneration instability and so on (28). In this study, there was no significant difference in the incidence of complications between patients with EXP-IFC and NE-IFC, which may be related to insufficient sample size and insufficient follow-up time. Further studies with larger sample sizes and more comprehensive follow-up outcomes are needed to explore complications.

There are several limitations in our study. First, election bias may exist, as the choice of EXP-IFC or NE-IFC wax`s largely determined by surgeon preference and patient pathology examination. Second, postoperative complications were evaluated by possible incomplete clinical records and possible selection or information biases were introduced. Third, the analysis of subsidence is performed by lateral x-ray measurements and will be strengthened by further radiological studies. Future studies will benefit from increased CT analysis of subsidence during and after operation. Fourth, the small sample size and limited incidence of events in our study limit the correlation between the results of the study and the entire population, and increase concerns about over-fitting of regression analysis. Finally, the mean follow-up time of 1 year is relatively short and long-term follow-up is needed to further explore the effects of EXP-IFC.



Conclusion

In conclusion, EXP-IFC that support interbody fusion is less invasive than NE-IFC in MIS-TLIF and the use of EXP-IFC is better for the restoration of disc height and intervertebral foramen height, which caters to the current minimally invasive concept of spinal surgery. Thus, the increased cost of EXP-IFC maybe reasonable due to the pathology requirement of greater foraminal decompression. EXP-IFC has a good clinical application prospect, and is worthy of further research and application.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.



Ethics statement

The studies involving human participants were reviewed and approved by Medical Research Ethics Committee of Shanxi Bethune Hospital. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

HZ, HF, SF contributed to the conception and administrative support. CC, QL, WW, CJ contributed to the study design, manuscript writing, and critical revision of the manuscript. YK, CW, HZ, MZ contributed to the data analysis and interpretation. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Fundamental Research Program of Shanxi Province (20210302124422) and Research subject of Health Commission of Shanxi Province (2019012).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Fehlings MG, Tetreault L, Nater A, Choma T, Harrop J, Mroz T, et al. The aging of the global population: the changing epidemiology of disease and spinal disorders. Neurosurgery. (2015) 77(Suppl 4):S1–5. doi: 10.1227/NEU.0000000000000953

2. Yoshihara H, Yoneoka D. National trends in the surgical treatment for lumbar degenerative disc disease: United States, 2000 to 2009. Spine J. (2015) 15(2):265–71. doi: 10.1016/j.spinee.2014.09.026

3. Martin BI, Mirza SK, Spina N, Spiker WR, Lawrence B, Brodke DS. Trends in lumbar fusion procedure rates and associated hospital costs for degenerative spinal diseases in the United States, 2004 to 2015. Spine. (2019) 44(5):369–76. doi: 10.1097/BRS.0000000000002822

4. Mobbs RJ, Phan K, Malham G, Seex K, Rao PJ. Lumbar interbody fusion: techniques, indications and comparison of interbody fusion options including PLIF, TLIF, MI-TLIF, OLIF/ATP, LLIF and ALIF. J Spine Surg. (2015) 1(1):2–18. doi: 10.3978/j.issn.2414-469X.2015.10.05

5. Wang T, Mehta V, Gabr M, Sankey EW, Bwensa A, Rory Goodwin C, et al. Percutaneous lumbar interbody fusion with an expandable titanium cage through kambin's triangle: a case series with initial clinical and radiographic results. Int J Spine Surg. (2021) 15(6):1133–41. doi: 10.14444/8144

6. Ahmad S, Hamad A, Bhalla A, Turner S, Balain B, Jaffray D. The outcome of decompression alone for lumbar spinal stenosis with degenerative spondylolisthesis. Eur Spine J. (2017) 26(2):414–9. doi: 10.1007/s00586-016-4637-7

7. Lowe TG, Hashim S, Wilson LA, O'Brien MF, Smith DA, Diekmann MJ, et al. A biomechanical study of regional endplate strength and cage morphology as it relates to structural interbody support. Spine. (2004) 29(21):2389–94. doi: 10.1097/01.brs.0000143623.18098.e5

8. Vaishnav AS, Saville P, Mcanany S, Kirnaz S, Wipplinger C, Navarro-Ramirez R, et al. Retrospective review of immediate restoration of lordosis in single-level minimally invasive transforaminal lumbar interbody fusion: a comparison of static and expandable interbody cages. Oper Neurosurg. (2020) 18(5):518–23. doi: 10.1093/ons/opz240

9. Stickley C, Philipp T, Wang E, Zhong J, Balouch E, O'Malley N, et al. Expandable cages increase the risk of intraoperative subsidence but do not improve perioperative outcomes in single level transforaminal lumbar interbody fusion. Spine J. (2021) 21(1):37–44. doi: 10.1016/j.spinee.2020.08.019

10. Woodward J, Malone H, Witiw CD, Kolcun JPG, Koro L, Keegan KC, et al. Transforaminal lumbar interbody fusion using a novel minimally invasive expandable interbody cage: patient-reported outcomes and radiographic parameters. J Neurosurg Spine. (2021) 1–7. doi: 10.3171/2020.11.SPINE201139. [Epub ahead of print]

11. Armocida D, Pesce A, Cimatti M, Proietti L, Santoro A, Frati A. Minimally invasive transforaminal lumbar interbody fusion using expandable cages: increased risk of late postoperative subsidence without a real improvement of perioperative outcomes: a clinical monocentric study. World Neurosurg. (2021) 156:e57–63. doi: 10.1016/j.wneu.2021.08.127

12. Chang CC, Chou D, Pennicooke B, Rivera J, Tan LA, Berven S, et al. Long-term radiographic outcomes of expandable versus static cages in transforaminal lumbar interbody fusion. J Neurosurg Spine. (2020) 1–10. doi: 10.3171/2020.6.SPINE191378. [Epub ahead of print]

13. Massie LW, Zakaria HM, Schultz LR, Basheer A, Buraimoh MA, Chang V. Assessment of radiographic and clinical outcomes of an articulating expandable interbody cage in minimally invasive transforaminal lumbar interbody fusion for spondylolisthesis. Neurosurg Focus. (2018) 44(1):E8. doi: 10.3171/2017.10.FOCUS17562

14. Mcmordie JH, Schmidt KP, Gard AP, Gillis CC. Clinical and short-term radiographic outcomes of minimally invasive transforaminal lumbar interbody fusion with expandable lordotic devices. Neurosurgery. (2020) 86(2):E147–E55. doi: 10.1093/neuros/nyz402

15. Correction: Comparison of the Japanese orthopaedic association (JOA) score and modified JOA (mJOA) score for the assessment of cervical myelopathy: A multicenter observational study. PloS One. (2015) 10(5):e0128392. doi: 10.1371/journal.pone.0128392

16. Tonosu J, Takeshita K, Hara N, Matsudaira K, Kato S, Masuda K, et al. The normative score and the cut-off value of the Oswestry Disability Index (ODI). Eur Spine J. (2012) 21(8):1596–602. doi: 10.1007/s00586-012-2173-7

17. Truumees E. A history of lumbar disc herniation from Hippocrates to the 1990s. Clin Orthop Relat Res. (2015) 473(6):1885–95. doi: 10.1007/s11999-014-3633-7

18. Suk SI, Lee CK, Kim WJ, Lee JH, Cho KJ, Kim HG. Adding posterior lumbar interbody fusion to pedicle screw fixation and posterolateral fusion after decompression in spondylolytic spondylolisthesis. Spine. (1997) 22(2):210–9. discussion 9-20. doi: 10.1097/00007632-199701150-00016

19. Radovanovic I, Urquhart JC, Ganapathy V, Siddiqi F, Gurr KR, Bailey SI, et al. Influence of postoperative sagittal balance and spinopelvic parameters on the outcome of patients surgically treated for degenerative lumbar spondylolisthesis. J Neurosurg Spine. (2017) 26(4):448–53. doi: 10.3171/2016.9.SPINE1680

20. Than KD, Park P, Fu KM, Nguyen S, Wang MY, Chou D, et al. Clinical and radiographic parameters associated with best versus worst clinical outcomes in minimally invasive spinal deformity surgery. J Neurosurg Spine. (2016) 25(1):21–5. doi: 10.3171/2015.12.SPINE15999

21. Banwart JC, Asher MA, Hassanein RS. Iliac crest bone graft harvest donor site morbidity. A statistical evaluation. Spine. (1995) 20(9):1055–60. doi: 10.1097/00007632-199505000-00012

22. Malham GM, Ellis NJ, Parker RM, Seex KA. Clinical outcome and fusion rates after the first 30 extreme lateral interbody fusions. Scientific World J. (2012) 2012:246989. doi: 10.1100/2012/246989

23. Gonzalez-Blohm SA, Doulgeris JJ, Aghayev K, Lee WE 3rd, Laun J, Vrionis FD. In vitro evaluation of a lateral expandable cage and its comparison with a static device for lumbar interbody fusion: a biomechanical investigation. J Neurosurg Spine. (2014) 20(4):387–95. doi: 10.3171/2013.12.SPINE13798

24. Yee TJ, Joseph JR, Terman SW, Park P. Expandable vs static cages in transforaminal lumbar interbody fusion: radiographic comparison of segmental and lumbar sagittal angles. Neurosurgery. (2017) 81(1):69–74. doi: 10.1093/neuros/nyw177

25. Hawasli AH, Khalifeh JM, Chatrath A, Yarbrough CK, Ray WZ. Minimally invasive transforaminal lumbar interbody fusion with expandable versus static interbody devices: radiographic assessment of sagittal segmental and pelvic parameters. Neurosurg Focus. (2017) 43(2):E10. doi: 10.3171/2017.5.FOCUS17197

26. Hasegawa T, An HS, Haughton VM, Haughton VM, Nowicki BH. Lumbar foraminal stenosis: critical heights of the intervertebral discs and foramina. A cryomicrotome study in cadavera. J Bone Joint Surg Am. (1995) 77(1):32–8. doi: 10.2106/00004623-199501000-00005

27. Marchi L, Abdala N, Oliveira L, Amaral R, Coutinho E, Pimenta L. Radiographic and clinical evaluation of cage subsidence after stand-alone lateral interbody fusion. J Neurosurg Spine. (2013) 19(1):110–8. doi: 10.3171/2013.4.SPINE12319

28. Kim CW, Doerr TM, Luna IY, Joshua G, Shen SR, Fu X. Minimally invasive transforaminal lumbar interbody fusion using expandable technology: a clinical and radiographic analysis of 50 patients. World Neurosurg. (2016) 90:228–35. doi: 10.1016/j.wneu.2016.02.075












	
	TYPE Original Research

PUBLISHED 01 November 2022
DOI 10.3389/fsurg.2022.954287






[image: image2]
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Objectives: Medial patellofemoral ligament (MPFL) reconstruction is an important surgical therapy for recurrent patellar dislocation. However, few studies have focused on exercise therapy after MPFL reconstruction. Therefore, the first purpose was to compare the active and traditional postoperative exercise therapies on the recovery of knee joint function and reduction of muscle atrophy after MPFL reconstruction, and the second purpose was to compare the active and traditional postoperative exercise therapies on the patellar stability after MPFL reconstruction.



Methods: The cases of 31 patients with recurrent patellar dislocation treated with patella double semi-tunnel anatomical MPFL reconstruction from February 2016 and February 2019 were retrospectively reviewed. The clinical outcomes, including the patellar tilt angle (PTA), lateral patellofemoral angle (LPFA), thigh circumference reduction, Kujala score, and Lysholm score, were compared between two groups (i.e., active exercise and traditional exercise groups) preoperatively, 3 months postoperatively, 6 months postoperatively, 12 months postoperatively, and 24 months postoperatively.



Results: The Kujala score was significantly higher in the active exercise group than traditional exercise group 3 months postoperatively (80.06 vs. 74.80, P < 0.01), 6 months postoperatively (89.19 vs. 82.07, P < 0.01), 12 months postoperatively (91.43 vs. 86.60, P < 0.01), and 24 months postoperatively (92.50 vs. 90.27, P = 0.02). Similarly, there was a higher Lysholm score in the active exercise group compared with traditional exercise group 3 months postoperatively (81.25 vs. 76.53, P < 0.01), 6 months postoperatively (89.81 vs. 84.80, P < 0.01), 12 months postoperatively (93.25 vs. 88.40, P < 0.01), and 24 months postoperatively (93.69 vs. 90.67, P < 0.01). Significantly lower thigh circumference reduction was reported in the active exercise group compared with that in the traditional exercise group 3 months postoperatively (1.90 ± 0.57 vs. 2.45 ± 0.45, P < 0.01) and 6 months postoperatively (1.50 ± 0.31 vs. 1.83 ± 0.32, P < 0.01). No statistical difference was observed between the two groups in terms of PTA (P > 0.05) or LPFA postoperatively (P > 0.05).



Conclusions: Our results suggested that active exercise therapy might benefit the early recovery of knee joint function and reduction of muscle atrophy in patients with recurrent patellar dislocation after MPFL reconstruction.
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Introduction

Patellar dislocation is a common knee injury, accounting for 2% to 3% of all knee injuries worldwide (1, 2). Recurrent dislocation can occur in 17% to 45% of patients due to the patellar instability after the initial dislocation, and surgical treatment is routinely recommended (2–5). The medial patellofemoral ligament (MPFL) is the primary soft tissue stabilizer for preventing the lateral dislocation of patella. However, the MPFL typically ruptures in cases of patellar dislocation (6, 7). The double-bundle anatomical reconstruction of the MPFL is an important surgical therapy for recurrent patellar dislocation to achieve the satisfactory biomechanical function of the MPFL and the patellofemoral joint (8, 9).

An appropriate exercise therapy after MPFL reconstruction is as important as the surgical process in the treatment of recurrent patellar dislocation given its vital effect on the recovery of the knee joint function; however, there is no consensus on the postoperative exercise therapy recommend (10). Several studies have reported that exercise therapy should start 1–2 weeks after surgery, and the flexion angle of the knee could reach 90° at 4 weeks postoperatively (10–12). In Wang et al. study, flexion of 10° was allowed from the 3 day after surgery and the angle was increased gradually to 90° in a month after MPFL reconstruction (13). Zhou et al. study indicated that 6 weeks of exercise were necessary for the flexion angle of the knee to reach 90° (14). Other studies showed that the flexion angle of the knee could reach 90° at 2 weeks postoperatively (15, 16). Generally, joint adhesion might exist if the flexion angle of the knee remained <90° for a long time, but the compulsory functional exercise might lead to patella fracture (17). To our knowledge, studies that compare the effects of different exercise types on the recovery of the knee joint function and reduction of muscle atrophy remained limited despite the considerable importance of postoperative exercise in recurrent patellar dislocation.

Therefore, this study was retrospectively performed on patients with recurrent patellar dislocation treated with MPFL reconstruction. The first purpose of this study was to compare the active and traditional postoperative exercise therapies on the recovery of knee joint function and reduction of muscle atrophy after MPFL reconstruction, and the second purpose was to compare the active and traditional postoperative exercise therapies on the patellar stability after MPFL reconstruction.



Materials and methods


Patient population

This study was approved by the ethics committee of our hospital, and informed consent was obtained from each patient included in the research. The cases of patients with recurrent patellar dislocation who had undergone patella double semi-tunnel anatomical MPFL reconstruction between February 2016 and February 2019 were retrospectively reviewed.

The inclusion criteria were as follows: (1) patellar dislocation occurred at least two times; (2) patellar instability following the initial dislocation persisted for more than three months; (3) magnetic resonance imaging indicated the injury, and even rupture, of the MPFL; (4) grade 1 or 2 focal articular cartilage defects according to the Outerbridge standard (18); (5) patients did not receive surgical treatments for the patellar dislocation before this research, and (6) DeJour classification of trochlear morphology ≤ grade B (19). Patients with the following conditions were excluded from the study: (1) undergone previous surgeries on an injured knee; (2) Q angle >20° (20); (3) trochlear angle >145°; (4) tibial tuberosity–trochlear groove distance >20 mm; (5) grades IV and V patellar dysplasia (Wiberg classification) (21); (6) patella alta (Insall–Salvati index >1.2); (7) grade 3 or 4 focal articular cartilage defects according to the Outerbridge standard (18), and (8) bilateral patellar dislocations. Specially, DeJour classification system was constructed based on the combined evaluation of axial and lateral radiographs. Type A dysplasia is characterized by a crossing sign on the lateral view and a sulcus angle >145° on the axial view. Type B dysplasia is characterized by the sign of a flat trochlea on axial views and a supratrochlear spur on lateral views. Type C dysplasia is characterized by the appearances of a crossing sign and a double contour on lateral radiographs as well as the medial hypoplasia and lateral convexity on axial radiographs. Type D dysplasia is characterized by asymmetry of the trochlear facets and a cliff between the medial and lateral facets on the axial radiographic view (19).



Surgical technique

The details of the surgical technique were described in our previous studies (22, 23). The semitendinosus tendon was harvested by a closed-end tendon stripper, and the tendon was divided longitudinally into two grafts. A double rings-shaped graft was made by folding the midpoint of the two grafts. The four free ends were interlacing sutures with a length of 25 mm as the femoral end and the two rings were used as the patella end. The MPFL was fastened at the posterosuperior part of the medial condyle of the femur and the center and medial patellar margins of the patella in 30° of knee flexion (Figure 1).


[image: Figure 1]
FIGURE 1
Schematic diagram for MPFL reconstruction of patella double semi-tunnel.




Postoperative exercise

All the patients were divided into the active exercise group and the traditional exercise group on the basis of the training schedule of the knee flexion. In the active exercise group, patients were required to start the knee flexion exercise 5 days postoperatively with the assistance of an adjustable brace (Dagao, Shanghai, China) (Figure 2). The degree of knee flexion increased by approximately 10° every day until 90° was reached within 2 weeks. Then, the degree of knee flexion increased by 10° every 5 days until 120° was reached within 4 weeks. The support would be removed, and the knee exercise would not be limited to 6 weeks postoperatively. In the traditional exercise group, patients were required to start knee flexion exercise 1 week postoperatively with the assistance of an adjustable brace. The degree of knee flexion increased by 30° every week until 90° was reached within 4 weeks. Then, the degree of knee flexion increased by 10° every 5 days until 120° was reached within 6 weeks. The support would be removed, and the knee exercise would not be limited to 8 weeks postoperatively (24). Moreover, it should be noted that previous studies have shown that open-chain and closed-chain exercises were used to train isolated muscle groups and the functional integration of multiple muscle groups of the lower extremity, respectively. The outcome of closed-chain exercise after MPFL reconstruction was superior to that of open-chain exercise (25, 26). Therefore, we combined open-chain and closed-chain exercises in the current study to improve muscle strength.


[image: Figure 2]
FIGURE 2
The adjustable brace used in the postoperative exercise.


With respect to weight training, all patients began to gradually bear the body weight with the assistance of a brace 2 weeks postoperatively, and they would be permitted to bear full body weight at 4 weeks postoperatively. For strength training, ankle pump exercises were used to promote blood circulation and prevent thrombosis after surgery. The straight leg raise exercises started at the third day postoperatively, and the half-squat exercises started at 6 weeks postoperatively, and both of them stopped at 12 weeks postoperatively. Moreover, all the patients started the patella-shifting exercise by shifting the patella medially at 3 days postoperatively until the knee joint reached its full range of motion (ROM) at 8 weeks postoperatively to reduce the tension of the reconstructed MPFL and promote the healing of soft tissues.

All patients could walk normally without the support of a brace at 8 weeks postoperatively. Patients could perform short-distance accelerated running and long-distance slow running at 12 weeks postoperatively. They could do normal physical exercise, such as running and rotational motion of the knee, at 26 weeks postoperatively.



Clinical outcomes

The ROM of the knee was measured using a universal goniometer. Thigh circumference was measured 5 cm above the patella superior border by using a medical ruler (26). Thigh circumference reduction was calculated by subtracting the preoperative data from the postoperative data. The patellar tilt angle (PTA) and the lateral patellofemoral angle (LPFA) were measured using the computed tomography data of the knee at 30° flexion. The PTA referred to the angle between the mediolateral patellar axis and a line drawn through the posterior condyles at the deepest part of the sulcus (Figure 3A), and the LPFA was defined as the acute angle between a line joining the anterior margins of both femoral condyles and the lateral patellar facet (Figure 3B). The ROM of the knee, thigh circumference reduction, PTA, and LPFA were measured three times, and the average value was considered the final result. The function of the knee joint was evaluated through the Kujala score and the Lysholm score (27, 28). Specifically, the Kujala score was composed of thirteen subscales with a score ranging from 5 to 10 points for each subscale. The Kujala score has been widely used to evaluate subjective symptoms and functional limitations of patellofemoral disorders (27). The Lysholm score was used to evaluate the knee joint function from eight following items: claudication, squatting, support, up stairs, pain, instability, sense of closure and swelling. A higher Lysholm score indicated better knee function, and the total score was 100 points (28). Major complications, such as recurrent dislocation or fracture of the patella, were recorded during the follow-up. All clinical data were collected preoperatively, 3 months postoperatively, 6 months postoperatively, 12 months postoperatively, and 24 months postoperatively.
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FIGURE 3
Schematic diagrams for PTA (A) and LPFA (B).




Statistical analysis

The independent sample t-test or Mann-Whitney U test was used for the continuous variables, and the Fisher exact test was used for the categorical variables to determine the difference between the two groups. The paired sample t-test or Wilcoxon signed rank test was used to detect changes during the treatment for continuous variables for the same one patient. Normally distributed data were represented by mean ± standard deviation (SD), and non-normally distributed data were represented by a median with a range. A statistical difference was indicated by P < 0.05. All the analyses were performed using SPSS 20.0 (SPSS Inc., USA).




Results


General information

A total of 36 patients underwent MPFL reconstruction for recurrent patellar dislocation in our hospital from February 2016 and February 2019. Among them, 5 patients were excluded from this study because of the following reasons: bilateral patellar dislocation (n = 2), lost to the follow-up (n = 2), and insufficient data (n = 1). Finally, 31 patients were included in this study.

The demographic data of all the patients are provided in Table 1. The patients included 13 males and 18 females, with a median age of 18 years (range: 15–53) and a mean body mass index (BMI) of 22.60 ± 3.15 kg/m2. The median follow-up time was 30 months (range: 25–48 months). The active exercise group comprised 16 patients, while the conventional exercise group consisted of 15 patients. No significant difference was observed between two groups in terms of gender (P = 1.00), age (P = 0.90), surgical side (P = 0.72), BMI (P = 0.58), interval between the first dislocation and the surgery (P = 0.35), or follow-up time (P = 0.07). All patients completed the exercise plan, and there was no complication relevant to the exercise therapy during the regular follow-up, including recurrent dislocation and patellar instability.


TABLE 1 Demographics of included patients.
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The details of clinical outcomes are provided in Table 2. No significant difference was found between the two groups with respect to Kujala score, Lysholm score, thigh circumference, PTA, and LPFA preoperatively (P > 0.05). Kujala score, Lysholm score, PTA, and LPFA improved considerably postoperatively compared with preoperatively (P < 0.05). Patients in the active exercise group had significantly higher Kujala score compared with those in the traditional exercise group 3 months postoperatively (80.06 vs. 74.80, P < 0.01), 6 months postoperatively (89.19 vs. 82.07, P < 0.01), 12 months postoperatively (91.43 vs. 86.60, P < 0.01), and 24 months postoperatively (92.50 vs. 90.27, P = 0.02). Similarly, patients in the active exercise group had significantly higher Lysholm score compared with those in the traditional exercise group 3 months postoperatively (81.25 vs. 76.53, P < 0.01), 6 months postoperatively (89.81 vs. 84.80, P < 0.01), 12 months postoperatively (93.25 vs. 88.40, P < 0.01), and 24 months postoperatively (93.69 vs. 90.67, P < 0.01). Moreover, the thigh circumference reduction in the active exercise group was significantly lower than that in the traditional exercise group 3 months postoperatively (1.90 vs. 2.45, P < 0.01) and 6 months postoperatively (1.50 vs. 1.83, P < 0.01), but the significant difference disappeared 12 months postoperatively (P = 0.32) and 24 months postoperatively (P = 0.20). However, no evident difference was observed between two groups in terms of PTA (P > 0.05) or LPFA (P > 0.05) postoperatively.


TABLE 2 Comparison of clinical outcomes between two groups.

[image: Table 2]




Discussion

Although different rehabilitation plans for improving the knee function after MPFL reconstruction have been proposed (29, 30), few reports focused on the effect of active postoperative exercise on the recovery of knee joint function and patellar stability after MPFL reconstruction. In our study, for the first time, we determined that active postoperative exercise was beneficial for the early recovery of knee joint function and reduction of muscle atrophy without the adverse effect on the patellar stability after MPFL reconstruction.

In the current study, we used the traditional tunnel bioabsorbable interference screw to fix the femoral end of the ligament (31). Similar to our previous report (32), the Kujala score and Lysholm score were significantly improved after the surgery in the current study, and PTA and LPFA were evidently corrected in all patients. Moreover, no complication (e.g., patella fracture or patellar pain) was reported in our study. Therefore, MPFL reconstruction was effective and safe for the surgical management of recurrent patellar dislocation.

Postoperative rehabilitation exercise plays a crucial role in the recovery of the knee joint function after MPFL reconstruction, however, no consensus exists regarding the exercise schedule (16, 17). On the one hand, an excessively aggressive postoperative exercise may disturb the healing of the tendon–bone contact area and adjacent soft tissues; on the other hand, long-time immobilization and an excessively passive postoperative exercise of the surgical knee joint may result in many relevant complications, such as joint adhesion (16, 17). In general, 2–4 weeks postoperatively have been considered the key period for the reconstructed ligament and should be fully utilized to begin postoperative exercise (33). Several studies have provided the theoretical basis of the benefits and safety of early exercise after MPFL rehabilitation. Zhang et al. showed that the tibia will internally rotate and then the patella would move slightly inward to ensure the balance of the patellofemoral joint during the flexion of the knee joint from 0° to 30° (34). The MPFL was tighter during the knee extension than the knee flexion; therefore, the ligament structure would not be significantly stretched during the early rehabilitation exercise (35). Moreover, the fixation of the final ligament during the surgery was performed at the position of 30° flexion of the knee joint, where the MPFL had the most evident force to resist the outward movement of the patella and minimize ligament stretching during postoperative exercise (36). Moreover, compared with the single-bundle MPFL reconstruction, the double-bundle MPFL reconstruction can share the stretching force and provide sufficient protection for early postoperative exercise (37). Similar to the study of Niu et al. (38), no apparent difference in terms of PTA and LPFA was observed between the two groups, indicating that active postoperative exercise was safe and would not affect the patellar stability after MPFL reconstruction.

In recent years, an increasing number of studies have shown that early postoperative exercise helped patients return to their activity level before the injury by alleviating pain, reducing fluid accumulation, strengthening the quadriceps muscle and neuromuscular control, promoting healing, and preventing capsule contracture (16). Ronga et al. found that although the patient had restored previous activities and was satisfied with the operation, a significant drop in the muscle mass of the injured lower extremity was recorded after the rehabilitation exercise (39). Our results showed that the average change in thigh circumference reduction in the active exercise group was significantly lower than that in the traditional exercise group, indicating that faster postoperative exercise could improve the muscle atrophy and recovery of muscle strength in the early and middle periods. In addition, the proprioception of joint would be reduced once patellar dislocation occurred, and the improvement of the Kujala score and Lysholm score of the knee joint after MPFL reconstruction could reflect the recovery of joint proprioception and function (40). In the current study, we discovered that the Kujala score and Lysholm score of the active exercise group were higher than those of the traditional exercise group, indicating that active postoperative exercise could improve the function and proprioception of the knee joint better than traditional exercise. Therefore, patients with recurrent patellar dislocation treated with MPFL reconstruction should practice active postoperative exercise under the guidance of doctors.

Several limitations should be considered when interpreting our results. First, the retrospective design might lead to selection bias, which reduced the accuracy of our results. Second, the sample size in the current study was relatively small, probably decreasing the stringency of the results. Third, follow-up time was relatively short for the assessment of PTA and LPFA, and a longer follow-up period is necessary to confirm our results. Forth, the factor of leg dominance was not considered when calculating the thigh circumference. Notably, we are conducting a prospective study that focuses on this topic with a larger sample size and a longer follow-up period. We believe our future results can eliminate the aforementioned limitations.



Conclusion

Compared with traditional exercise, active exercise after MPFL reconstruction was beneficial for the early recovery of knee joint function and reduction of muscle atrophy in patients with recurrent patellar dislocation without harmful effects on the patellar stability.
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Study design: Retrospective study.



Objective: Controversy exists over the need for unilateral vs. bilateral pedicular percutaneous vertebroplasty (PVP) for patients with osteoporotic vertebral compression fractures (OVCFs). Clinical research is scarce comparing two approaches for multi-level PVP. This study aimed at evaluating the clinical and radiographic outcomes of multi-level PVP using two approaches for OVCFs.



Methods: Seventy-eight patients with OVCFs undergoing multi-level PVP were enrolled including 36 patients undergoing unilateral PVP and 42 undergoing bilateral PVP. The clinical and radiological assessments including the Visual Analogue Scale (VAS), sagittal and coronal segmental Cobb, vertebral compression ratio (VCR), and vertebral sides ratio (VSR) were evaluated preoperatively and postoperatively.



Results: All patients achieved a minimum 2-year follow-up. A total of 164 fractured vertebrae were enrolled. Regarding clinical efficacy, the VAS score improved in both groups after surgery, but the two groups did not differ significantly. The changes tendency in Sagittal Segmental Cobb, VSR, and VCR were similar postoperatively, and no statistically significant difference between groups. As for the Coronal Segmental Cobb angle, patients in unilateral and bilateral groups were shown to have 5.0° ± 4.0° and 2.6° ± 2.2° degrees loss of correction at a minimum 2-years follow-up duration, respectively. The loss of correction in the Coronal Segmental Cobb of unilateral group was significantly greater than that of bilateral group.



Conclusion: Both multi-level unilateral and bilateral pedicular PVP achieved significant pain reduction and vertebral height restoration. Moreover, the bilateral PVP has shown advantages in stabilizing Coronal Cobb angle in patients with OVCFs.
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vertebroplasty, bilateral, unilateral, multiple levels, vertebral compression fracture





1. Background

Osteoporotic vertebral compression fractures (OVCFs) in the thoracolumbar junction are common fractures caused by the progression of osteoporosis with high or low energy violent trauma. There is a lack of consensus on the best treatment and surgical indications for OVCFs (1, 2). The percutaneous vertebroplasty (PVP) and percutaneous kyphoplasty (PKP) treatment methods are widely accepted as the standard and effective techniques for treating OVCF in seniors. They demonstrated numerous advantages including height restoration, stabilization of the vertebral body, significant pain reduction, early mobilization, and significant mortality reduction (3).

The best choice of puncture routes for PVP raised much debate over the past decade (4). Recently, several articles compared the clinical and radiographic assessments of unilateral with bilateral vertebroplasty and suggested that both bilateral and unilateral percutaneous pedicular PVP achieved back pain alleviation and dysfunction improvement (3). However, most studies compared these two approaches for the treatment of patients with single-level PVP. To our knowledge, there is a paucity of the report focusing on multi-level PVP. In this study, we retrospectively evaluated and compared the clinical and radiographic outcomes of multilevel PVP utilizing unilateral and bilateral pedicular PVP at two institutes.



2. Materials and methods


2.1. Patient population

The retrospective clinical study has been approved by the Ethical Committee of two trauma centers (Grade III-A). Data from 363 patients diagnosed with OVCF at two grade III-A hospitals (spinal trauma centers) between January 2014 and April 2020 were retrospectively reviewed. From January 2014 to January 2016, we conducted the unilateral pedicular PVP, and from February 2016 to April 2020, we conducted the bilateral pedicular PVP. Therefore, the consecutive patients diagnosed with OVCFs were divided into two groups. Informed consent was obtained from each patient.

The inclusion criteria were: (1) The confirmatory diagnosis of vertebral compression fractures is made by a preoperative radiograph showing a wedge or biconcave morphology and magnetic resonance imaging (MRI) scan showing typical signal alteration within the fractured vertebrae; (2) Patients who underwent multi-level unilateral PVP (U-PVP) or bilateral PVP (B-PVP); (3) Patients with severe osteoporosis with the bone mineral density (BMD) T-score less than −2.5 standard deviation.

The exclusion criteria were: (1) Vertebral compression fractures with neurological deficit or with posterior columns destruction with bony fragment retropulsion; (2) Fractures that involved only one vertebra or treatment involved only single-level PVP; (3) The T-scores of patients do not meet the criteria of osteoporosis; (4) Obesity, severe cardiovascular diseases, or cancer.

From 363 reviewed cases, 285 patients were excluded owing to any of the exclusion criteria or incomplete radiographic and clinical data. 78 patients with multi-level OVCFs (23 males and 55 females, ages ranging from 52 to 85 years old) were enrolled in this study. They were all treated with the multi-level PVP, involving 36 patients who underwent unilateral pedicular percutaneous vertebroplasty (group U-PVP) and 42 who underwent bilateral pedicular percutaneous vertebroplasty (group B-PVP). The patients' general preoperative information is listed in Table 1 (no significant differences between the two groups were observed).


TABLE 1 Preoperative demographic data.
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2.2. Surgical methods

Using G-arm fluoroscopy, we determined body surface projections in the pedicle of fractured vertebras and marked them on the skin. Conventional disinfection and draping were performed. Briefly, patients were placed in the prone position and a soft pillow was placed under the two shoulders and anterior superior iliac spines. Procedures were performed under local anesthetic. The PVP procedure was performed using unilaterally or bilaterally as previously described under fluoroscopic guidance (5–7). Ideally, the puncture needles should be inserted and progressed into two-thirds of the anterior side of the vertebrae and the cement (polymethylmethacrylate, PMMA, Medtronic, Inc.) was injected incrementally to fill the vertebrae. Intraoperatively, the injection of the bone cement was examined using a G-arm x-ray. Subsequently, the skin was sutured with a non-absorbable suture. All patients resumed their regular activities the next day and received routine treatments of antiosteoporosis after surgery.

All procedures were performed by the same surgical team, with the same operator and assistant.



2.3. Evaluations

Patients' data including age, gender, symptoms, imaging results, management, follow-up periods, and clinical and radiographic outcomes were collected and analyzed (Table 1). All radiological measurements were performed independently by two researchers who were blinded to the operative approaches. Analysis was performed using the average values of the two observations at each level. Every patient was kept in a periodical follow-up for at least 2 years after surgery and the clinical and radiological assessments were listed below.


2.3.1. Clinical evaluation

Clinical evaluation was assessed with the Visual Analogue Scale (VAS) preoperatively, 24 h, 3-months, and 12-months postoperatively.



2.3.2. Radiographic evaluation

Radiological measurements were assessed before surgery, 24 h after surgery, and at the minimum follow-up duration of 2 years after the operation.

The heights of both anterior (AH) and posterior (PH) vertebral body were measured through lateral thoracolumbar radiography, and the heights of both left (LH), right (RH), and middle (MH) vertebral body were measured through anteroposterior (AP) radiographs. The vertebral compression ratio (VCR) was calculated by using the following formula: VCR = [PH–AH]/PH (6). To further observe the morphology of the vertebral bodies, we introduced a new self-designed indicator, namely, vertebral side ratio (VSR). The vertebral side heights difference was calculated as the absolute difference of vertebral left and right heights, and then the ratio of the VSR was calculated as the ratio of vertebral side heights difference and middle vertebral height (Figure 1). Briefly, the VSR was calculated using the following formula: VSR = [RH–LH]/MH. The Coronal Cobb (C-Cobb) angle was measured from an anteroposterior radiograph by recording the angles between two lines, which were drawn parallel to the cranial and caudal most-tilted vertebral endplates (Figure 1). The measurement of the Sagittal Segmental Cobb (S-Cobb) angle was obtained between the inferior and superior adjacent treated vertebras through lateral radiographs (Figure 2) (6).
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FIGURE 1
Measurements of coronal segmental cobb (C-cobb) and the vertebral side ratio (VSR). The heights of both left (LH), right (RH), and middle (MH) vertebral bodies were measured through an anteroposterior radiograph as shown in the Figure. The VSR was calculated as the following formula: VSR = |RH–LH|/MH. The Coronal Segmental Cobb (C-Cobb) angle α was measured from an anteroposterior radiograph by recording the angles between line A and line B, which were drawn parallel to the cranial and caudal most-tilted vertebral endplates.
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FIGURE 2
Measurements of sagittal segmental cobb (S-cobb) and the vertebral compression ratio (VCR). The heights of both anterior (AH) and posterior (PH) vertebral body were measured through lateral thoracolumbar radiography. The vertebral compression ratio (VCR) was calculated as the following formula: VCR = |PH–AH|/PH. The Sagittal Segmental Cobb (S-Cobb) angle β was measured from lateral thoracolumbar radiograph by recording the angles between line C and line D, which were measured between the inferior, superior adjacent treated vertebras through lateral radiographs.






3. Statistical analysis

The SPSS statistical software (Version 25; IBM Corp., NY, United States) was used to complete the statistical analyses. Continuous variables were presented as mean with standard deviation, and categorical variables as total number and percentage. Continuous variables were compared using Student t-tests including patients' age, VCR, VSR, S-Cobb, and C-Cobb angle. Mann–Whitney U tests were used to compare VAS scores between the two groups. Comparisons of categorical variables including gender, fracture classification, and distribution of segments were performed with the χ2 test. The statistical significance was defined with a P-value < 0.05.



4. Results

Seventy-eight patients (23 males and 55 females, ages ranging from 52 to 85 years old) with multi-level OVCFs were enrolled in this study. They were all surgically treated with the multi-level PVP and were divided into two groups according to the puncture routes: the unilateral group (U-PVP, n = 36) was treated with unilateral pedicular PVP and the bilateral group (B-PVP, n = 42) was treated with bilateral pedicular PVP. A total of 164 fractured vertebrae were enrolled including 77 vertebrae in the unilateral group and 87 vertebrae in the bilateral group. The distribution of involved vertebrae was as follows: T10: 6, T11: 23, T12: 28, L1: 36, L2: 31, L3: 17, L4: 13, L5: 10. All patients achieved a minimum two-year follow-up duration (average 34.6 months, ranging from 24 to 96 months). All patients' general preoperative information is listed in Table 1. There was no significant difference in general information. The typical cases are shown in Figures 3–5.
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FIGURE 3
A 58-year-old female was diagnosed with L1 and L3 vertebral compressed fractures treated with unilateral PVP. (A) Preoperative T2-weighted MRI scan showed a higher-intensity signal within the fractured vertebral body; (B–D) 24 h after surgery, 6-month follow-up, and 48-month follow-up anteroposterior x-rays of lumbar spine, a progressive Coronal Segmental Cobb angle was observed with time.
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FIGURE 4
An 80-year-old woman presented with a history of osteoporotic vertebral compressive fractures and underwent multiple unilateral PVP. (A) The patient had been admitted for management of osteoporosis vertebral compressive fracture at L2 4 years ago. The white arrow indicated the fractured vertebra. (B) The preoperative radiograph showed scoliosis with a Cobb angle of 21.7°. (C) The patient was treated with PVP for L2 vertebra. The 24-h postoperative anteroposterior x-rays showed the cement augmentation within the L2 vertebra. (D) The patient was readmitted for management of progressive osteoporosis vertebral compressive fractures. MRI shows the signal alteration within the fractured vertebrae at L3, L4, and L5. The white arrows indicated the T2-weighted signal abnormalities in the fractured vertebrae. (E,F) A progressive Coronal Segmental Cobb angle was observed in the 24-h postoperative and 42-month follow-up anteroposterior x-rays of the thoracolumbar spine. A new T12 vertebral fracture had developed during the long-term follow-up and bilateral PVP were performed for the patient. (G,H) The postoperative and follow-up thoracolumbar x-rays demonstrated the mild changes in the sagittal segmental cobb angle.
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FIGURE 5
A 64-year-old female was diagnosed with L3 and L4 vertebral compressed fractures treated with bilateral PVP. (A) Preoperative T2-weighted MRI scan showed a higher-intensity signal within the fractured vertebral bodies; (B–D) 24 h after surgery, 6-month follow-up, and 48-month follow-up anteroposterior x-rays of lumbar spine, coronal segmental cobb angle varied little over time.



4.1. Clinical outcomes

No infections, vascular injuries, neurological injuries, cement pulmonary embolism, or any other serious complications was identified during or after operations in the two approaches. Bone cement leakage developed in 5 cases (13.9%) in the unilateral PVP and 7 cases (16.7%) in the bilateral PVP, but none of the patients had any serious neurologic symptoms or other significant clinical sequelae. The graph of the VAS pain score is shown in Table 2. The mean preoperative VAS scores were 7.4 ± 0.6 and 7.1 ± 1.0 points in U-PVP and B-PVP, respectively; One day after surgeries, all patients in both groups achieved significant pain relief, and the VAS scores decreased significantly to 3.2 ± 0.9 and 3.3 ± 1.0 in U-PVP and B-PVP, respectively (Mann–Whitney U tests, Z = −0.264, P = 0.791), but two approaches did not differ significantly. At the time of the 3 months after the operation, the VAS scores were 3.0 ± 0.7 and 3.1 ± 0.9, respectively, and reduced to 2.7 ± 0.6 and 2.8 ± 0.6 respectively at the time of the 12 months after the operation, no significant difference between the groups (Mann–Whitney U tests, Z = −0.315, P = 0.753).


TABLE 2 The changes of VAS scores during follow-up period.
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4.2. Radiographic outcomes

Preoperative and postoperative radiological assessments of two groups were measured and listed in Tables 3–5. The preoperative Sagittal Segmental Cobb (S-Cobb) angle was 22.8° ± 12.6° and 19.0° ± 8.8° in U-PVP and B-PVP, respectively. It reduced significantly to 17.8° ± 11.5° and 15.1° ± 7.4° after the surgery, with the mean reduction of 5.8° ± 3.6° and 4.7° ± 3.8°. Significant reductions were recorded, but the two approaches did not differ significantly (t-test, F = 0.086, P = 0.228). All patients achieved a minimum 2-year follow-up. At the last follow-up, the S-Cobb increased from 17.8° ± 11.5° to 24.4° ± 10.8° in U-PVP, and from 15.1° ± 7.4° to 16.5° ± 10.1° in B-PVP. There was an 8.0° ± 5.6° loss of correction in the S-Cobb angle at the last visit for U-PVP and 6.9° ± 5.2° degrees for B-PVP. No significant difference was found between the two approaches in loss of correction in S-Cobb (unpaired-samples t-test, F = 0.113, P = 0.349) (Table 3).


TABLE 3 Preoperative and postoperative sagittal segmental cobb (S-Cobb) angle and loss of correction during the follow-up.
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TABLE 4 Preoperative and postoperative coronal cobb (C-Cobb) angle and loss of correction during the follow-up.
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TABLE 5 The changes of vertebral sides ratio and vertebral compression ratio during follow-up period.
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As for the Coronal Segmental Cobb (C-Cobb) angle, the preoperative C-Cobb angle was 8.8° ± 4.4° and 7.7° ± 3.4° in U-PVP and B-PVP, respectively. At the last follow-up, the C-Cobb increased to 12.1° ± 4.0° in U-PVP, and 7.9° ± 3.3° in B-PVP. Patients in the U-PVP and B-PVP were shown to have 5.0° ± 4.0° degrees and 2.6° ± 2.2° degree loss of correction compared with that of 24 h after surgery. The loss of correction in the C-Cobb of U-PVP was significantly greater than that of B-PVP (unpaired-samples t-test, F = 13.372, P = 0.03) (Table 4).

In the U-PVP, the average vertebral compression ratio (VCR) was restored from 20.5 ± 8.4% preoperatively to 10.2 ± 8.2% postoperatively and increased to 17.0 ± 8.6% at the last follow-up. As for B-PVP, the corresponding percentages were 18.7 ± 8.7%, 11.3 ± 7.5%, and 15.3 ± 8.5%. The two approaches did not differ significantly at three different times (unpaired-samples t-test, F = 0.188, 0.843, 0.014, P = 0.169, 0.400, 0.208, respectively) (Table 5).

The preoperative vertebral sides ratios (VSR) were 10.1 ± 6.7% and 11.2 ± 10.6% in U-PVP and B-PVP, respectively. The postoperative VSR in the U-PVP changed from 9.3 ± 6.9% to 14.0 ± 12.8% during at least two years of follow-up periods. As for B-PVP, the corresponding ratios were 8.3 ± 8.2% and 12.1 ± 11.5%. No significant difference was found between the two approaches in value change of VSR at three different times (unpaired-samples t-test, F = 10.533, 3.129, 0.551, P = 0.431, 0.406, 0.319, respectively) (Table 5).




5. Discussion

Percutaneous vertebroplasty (PVP) is a safe and effective means of treatment for OVCF patients suffering from acute or refractory chronic pain compared with conservative management (8). Furthermore, previous studies reported that PVP performed at a single fracture level or that performed at multiple fracture levels were equally effective and consistent in the reduction of pain and the improvement in functional status (9, 10). However, some studies argued that the patients treated with single-level PVP have better clinical outcomes than multi-level PVP patients owing to factors such as decreased local kyphosis (6, 11). In the present study, we also found both the treatments of unilateral and bilateral PVP could achieve a good therapeutic effect for the patients with multi-level fractures, though we have not compared them with the outcomes of single-level fractures.

Is unilateral PVP or bilateral PVP more effective for OVCF? The choice of puncture routes for PVP raised much debate regarding its clinical efficacy over the past decade. Theoretically, unilateral pedicular PVP can shorten the operation time and reduce x-ray exposure, hence some reported that unilateral PVP was superior to bilateral PVP in terms of shortening the operation time and reduction of operative complications (3, 12). However, some current studies showed that unilateral and bilateral pedicular PVP can achieve equivalent radiographic and clinical outcomes. They reported that unilateral PVP is comparable to the bilateral approach in the significant pain reduction, back dysfunction improvement, and restoration of vertebral body strength (4, 7, 13–16). Tohmen et al. conducted biomechanical tests on cadavers and found that unilateral and bilateral kyphoplasty had no significant difference in restoring vertebral bodies stiffness and strength (4, 13).

Despite the number of studies comparing the efficacy of single-level OVCF using unilateral with bilateral vertebroplasty, studies focusing on multi-level PVP have been rare. In the present study, long-term follow-up assessments were conducted to retrospectively compare the two approaches for the multilevel OVCF. We found that both unilateral and bilateral pedicular PVP led to significant relief of pain and height restoration of vertebrae. S-Cobb and C-Cobb have been used as parameters to describe the thoracolumbar sagittal and coronal balance. Though no significant difference was observed between groups in terms of sagittal balance, the loss of correction in the C-Cobb of the bilateral approach was significantly lower than that of the unilateral approach, which indicated that the bilateral PVP has advantages in stabilizing coronal balance for patients with OVCFs. Furthermore, this difference was not due to variation of single fractured vertebral body heights, which has been found by no significant difference between the two groups in value change of VSR. We believed that the biomechanical balance involved not only the fractured segments but also the adjacent segment and intervertebral disc. All these factors play an important role in preventing secondary scoliosis after surgery.

The cement distribution affects biomechanical balance (17). Symmetric placement of bone cement within the vertebral body during the PVP procedure is recommended (4, 18). For bilateral PVP, there was a more symmetric increase in stiffness on both sides of the vertebrae following cement augmentation. However, for unilateral PVP, the cement augmentation was restricted to one side of the vertebra body, and only that side's stiffness significantly increased. Consequently, the stiffness of the non-augmented side would remain significantly lower than that of the augmented side, leading to a biomechanical imbalance of stress on the vertebrae and adjacent vertebrae (18, 19).

In the present study, enrolled patients had primary or secondary osteoporosis. Multi-level PMMA applied axial load to the lumbar vertebral bodies and intervertebral discs, which significantly affected the biomechanical behavior of the thoracolumbar junction which is the region with the greatest load and mobility in the spine. We took into consideration the effect of the segmental distribution of fractured vertebrae in this study. According to a previous study, PKP was able to achieve better kyphosis correction in thoracic versus lumbar OVCF, and the sagittal alignment was also better maintained in the thoracic spine (11). Hence, we have compared the segmental distribution in the two groups and found no significant differences.

To make the cement distribution more symmetrically, some studies have proposed a unilateral extra-pedicular approach and a transverse process root-pedicle approach (5). however, these approaches may increase the risk such as difficulty puncturing, cement leakage, and pedicle fractures. In our opinion, it is not so easy for the unilateral approach to inject the bone filler to the opposite side and achieve asymmetric cement distributions.

The most common intraoperative complication for PVP was cement leakage, pedicle fracture, and medial transgression. In the presented study, no differences were found in complications between the two groups. However, for bilateral PVP, once PMMA leakage occurred on one side during the surgery, the injection on the other side can compensate for the inadequacy of cement due to the extravasation of PMMA outside the vertebral body. In clinical work, we found that the amount of bone cement injection in bilateral PVP is higher than that in unilateral PVP, which was consistent with the previous study (6, 20). Though only a small amount of bone cement is needed to achieve the effect of pain relief and restore the vertebral stiffness (18, 21). The sufficient cement augmentation contacting both upper and lower endplates can better restore the vertebral body's strength, reduce the risk of the vertebral body recompression, and maintain the height of the vertebral body (22). Moreover, with the application of G-arm x-ray machine and improvement of PMMA properties in clinical practice, there is decreasing difference between bilateral and unilateral PVP in terms of the amount of radiation exposure and the operation time, which is also the reason why bilateral PVP is regarded as the mainstay application of percutaneous vertebroplasty for the treatment of OVCFs in clinical practice.

There are some limitations to our study. This was a retrospective cohort study, so retrospective bias exists in the statistics. Further randomized controlled studies with a larger sample size should be conducted to verify the current result. Secondly, our research and conclusions relied highly on the data from our manual measurement. The bias in manual measurement may influence the radiographic values and outcomes. Thirdly, we did not evaluate the influence factor of bone cement distribution in the two approaches through computed tomography scanning. The location of cement within the vertebrae following injection is an important factor in determining the vertebral biomechanical balance, especially for the multiple fractures treated with multilevel PVP. Moreover, we have not compared the outcomes of multilevel PVP with single-level PVP, so our conclusions may not be generalizable to all patients.



6. Conclusion

Both multi-level unilateral and bilateral pedicular PVP achieved significant pain reduction and vertebral height restoration. However, from a radiographic perspective in the long-term follow-up, the bilateral PVP has shown advantages in stabilizing Coronal Cobb angle in patients with multi-level OVCFs compared to the unilateral approach. Hence, in the treatment of multiple-level OVCFs, we still recommend the use of the bilateral pedicular PVP as the preferred surgical technique.
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Osteoarthritis (OA) causes joint pain, stiffness, and dysfunction in middle-aged and older adults; however, its pathogenesis remains unclear. Circular RNAs (circRNAs) are differentially expressed in patients with OA and participate in a multigene, multitarget regulatory network. CircRNAs are involved in the development of OA through inflammatory responses, including proliferation, apoptosis, autophagy, differentiation, oxidative stress, and mechanical stress. Most circRNAs are used as intracellular miRNA sponges in chondrocytes, endplate chondrocytes, mesenchymal stem cells, synoviocytes, and macrophages to promote the progression of OA. However, a small portion of circRNAs participates in the pathogenesis of OA by intracellular mechanisms, such as protein binding, methylation, or intercellular exosome pathways. In this sense, circRNAs might serve as potential novel biomarkers and therapeutic targets for OA.
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Introduction

Osteoarthritis (OA) is one of the most common joint diseases that result in chronic pain and limited movement in the elderly (1). OA is characterized by the degradation of articular cartilage, subchondral bone sclerosis, osteophyte formation, and chronic synovitis, and is clinically characterized by slow progressive pain, stiffness, and dysfunction in the joints, seriously affecting the quality of life of patients (2, 3). Non-steroidal anti-inflammatory drugs are just an effective means of symptom control, while joint arthroplasty is the first line of treatment for patients with advanced disease. However, the early diagnostic biomarkers remain unexplored (4). Therefore, there is a need to explore the mechanisms underlying the development of OA, identify new biomarkers, and provide a theoretical basis for clinical and transformational research. Circular RNA (circRNAs) are highly conserved and tissue-specific non-coding RNA widely distributed in eukaryotic cells (5). They play important roles in regulating important cellular functions, by acting as miRNA sponges, thus regulating transcription, self-translation, and interacting with proteins (6). With the rapid development of high-throughput sequencing technology, many circRNAs associated with OA have been identified. CircRNAs are expressed differently in OA-related tissues and cells, further suggesting that circRNAs could be potential markers and targets for OA (7). Chondrocytes are cellular components of joint cartilage. Their involvement in inflammation-induced chondrocyte degeneration and loss of the extracellular matrix (ECM), is the main characteristic of OA pathogenesis. This review summarizes the biological mechanisms unraveled for circRNAs in recent years and discusses their involvement in OA pathogenesis, including their multiple forms of action inside and outside the cell.



The formation, properties, and biological functions of circRNA


Formation and properties of circRNA

CircRNAs are a specific type of closed-loop endogenous non-coding RNA. CircRNAs do not contain either a 5′ cap or a 3′ poly A-tail and are produced by reverse splicing of a precursor mRNA (8). The generation of circRNAs can be summarized by the covalent linking of the 5′ splice site of a downstream intron to the 3′ splice acceptor site of an upstream intron (9). CircRNAs can be divided into three main categories based on their mode of formation (Figure 1): exonic circRNAs (EciRNAs), exon-intron circRNAs (EIciRNAs), and circular intronic circRNAs (ciRNAs) (10). Most circRNAs are EciRNAs, which are single-stranded non-collinear molecules composed of single or multiple exons (11). CircRNAs are expressed at much lower levels than linear RNAs. Consequently, The biological relevance of circRNAs was underestimated until advances in next-generation sequencing technology were introduced for their efficient detection. CircRNAs have the following properties: rich content, high stability, high conservation, and tissue specificity (12, 13). Based on these characteristics, it is reasonable to speculate that circRNAs might be ideal biomarkers for certain diseases, as well as novel therapeutic targets with clinical translational research potential.
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FIGURE 1
The formation process of circRNA. (A) The ribosomal protein assembles at the 5' and 3' splice site of the cyclized exon to form a lariat structure, causing exon skipping and driving circularization. (B) To form a mature circRNA, the intron relies on reverse splicing of the motif sequences at the 5' and 3' ends to drive circularization, followed by shearing. (C) The flanking introns of the cyclized exon forme parallel side-by-side duplexes through base-complementary pairing to drive circularization. (D) RNA-binding protein promotes exons circularization by binding to flanking intron sequences.




Biological functions of circRNA


MiRNA sponges

According to the cytoplasmic localization and cell stability of circRNAs, many studies have pursued the idea that circRNAs might function as competing for endogenous RNAs (ceRNAs). The antisense cerebellar degenerative-related protein-1 (CDR1as) gene was the first gene reported to produce circRNA molecules. CircCDR1as contains more than 70 selectively-conserved miRNA target sites that strongly inhibit miRNA activity, proving that circRNAs could function as miRNA sponges (14). CDR1as silences miR-7 by directly binding to it, resulting in the upregulation of miR-7 downstream target gene expression, whereas knockdown of circCDR1as results in the downregulation of miR-7 downstream target genes such as phosphatidylinositol 3-kinase (PI3K) (15). CircRNAs have shown potential as miRNA sponges, but their practical use remains problematic. Despite the widespread presence of circRNAs in nature, most mammals have low levels of circRNA, accounting for only 5%–10% of linear RNA, implying relatively fewer miRNA-binding sites (16) and limiting their use as biomarkers.



Transcriptional regulation

CircRNAs are mainly present in the cytoplasm as exons. However, other types of circRNAs with distinct properties deserve mention. Both ciRNAs and EIciRNAs tend to be enriched in the nucleus to promote RNA Pol II transcription. For example, the ciRNA, ci-ankrd52, binds RNA Pol II to promote gene transcription, and its knockdown results in reduced expression of its parental gene (17). EIciRNAs such as CircEIF3J and CircPAIP2, which are also present in the nucleus, bind to the U-small ribonucleoprotein and then to pol II to similarly regulate gene expression (18). Additionally, many studies have shown that ciRNAs and EIciRNAs may have cis-regulatory effects on the transcription of the coding gene (19).



Protein sponge/decoy

CircRNAs can be involved in RNA-binding protein (RBPs)-related activities, such as acting as super sponges to influence RBP synthesis. For example, circMBL acts as a protein sponge to ensure effective negative feedback loop. When mannose-binding lectin (MBL) protein expression levels are too high, MBL can act as an RBP binding to flanking introns and thus promote circMBL production. This mechanism prevents additional linear MBL mRNA and protein expression (20). However, circRNAs-protein interactions do not fully inhibit protein function, as they can only act as protein scaffolds to co-regulate gene expression. For example, CircAmotl1 can act as a protein scaffold for PI3K and AKT serine/threonine kinase 1 (AKT1), leading to AKT1 phosphorylation and promotion of a cardioprotective nuclear translocation of pAKT in neonates (21). Compared to the ceRNA mechanism, the two unique protein binding functions of circRNAs might be a new direction in the field of circRNA reseach.



Independent translation

In recent years, circRNAs have been found to be independently translatable by two mechanisms, despite the lack of a 5′ cap structure (22). One of their translation mechanisms involves the internal ribosomal entry site (IRES), which is a relatively short RNA-sequence segment that mediates ribosome binding to RNA without relying on the 5′ cap (23). For example, circFBXW7 contains an open reading frame (ORF) initiated by IRES that allows translation initiation, independent of the 5′-cap structure. This translation increases F-box and WD-repeat domain-containing 7 (FBXW7) expression and induces c-Myc ubiquitination degradation in triple-negative breast cancer (24). A second mechanism involves an N6-methyladenosine (m6A)-dependent form of circRNAs that can be translated even without IRES sequences. m6A methylation, at the 6th N position of the RNA adenylate, is a dynamic and reversible modification. Yang et al. identified 499 m6A-related circRNAs, of which 25 were validated by circRNA-m6A-seq (25). m6A-driven circRNA translation was observed to be enhanced by methyltransferase-like 3 (METTL3) and methyltransferase-like 4 (METTL14) complex and demethylated by fat mass and obesity-associated protein (FTO) (25). Many studies have suggested that the translational function of circRNAs may be common in the human transcriptome. However, based on the circular-specific structure of circRNAs, whether the novel pattern of circRNA translation is IRES- or m6A-mediated, still needs to be discussed with caution.





Multiple mechanisms of circRNA-mediated regulation of OA


CircRNA regulates multiple phenotypes of OA in the form of ceRNA


Inflammatory

Previously, OA was thought to be the result of only anatomical and functional joint injuries caused by cartilage degeneration. However, in recent years, the idea that inflammatory mediators produced by synovial, cartilage, and subchondral bone cause the eventual pathogenesis has been increasingly recognized (26). Multiple inflammatory cells are recruited to the synovial joints including T and B cells. The interaction between those immune cells and other joint cells might constitute a vicious cycle (27). During the early stages of OA, chondrocytes are activated in a compensatory manner to enhance ECM synthesis. However, they also produce and release pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin (IL). Inflammatory factors damage cells and the ECM, whereas cell breakdown products stimulate inflammation. CircRNAs mediate inflammatory reactions through ceRNA-mediated mechanisms and participate in OA by combining proliferation and apoptosis, autophagy, oxidative stress, and mechanical stress (Figure 2). For example, circ_0134111 was overexpressed in the CHON-001 cartilage cell line and in an OA rat model induced by IL-1β. It is also a sponge for miR-224-5p to inhibit the C–C motif chemokine ligand 2 (CCL2) gene and promote the synthesis of IL-6 and TNF-α (28). Newly synthesized inflammatory factors continue to degrade the ECM and destroy cells (28). CircVMA21 expression was also decreased in IL-1β-stimulated C28/I2 chondrocytes, and the expression of IL-6, TNF-α, and prostaglandin E2 was enhanced through the miR-495-3p/FBWX7 axis, which led to apoptosis and cartilage degeneration (29). On IL-1β-stimulated chondrocytes, reduced circ0022383 expression enhanced IL-6 and TNF-α synthesis (30), whereas reduced IL-17-dependent circCDRas1 expression (15), with subsequent apoptosis in both cases. In addition, overexpression of IL-6 on IL-1β-stimulated chondrocytes activated the release of the pro-inflammatory cytokine IL-17, which exacerbated OA (31). Caso et al. found that IL-6 and IL-17 were both significantly activated in rheumatoid and psoriatic arthritis, respectively, suggesting that they may be common factors in inflammatory arthropathies (32). Another study showed that IL-1β, IL-6, and IL-17 expression in synovial fibroblasts of OA patients (33). Therefore, we speculate that most circRNAs involved in OA chondrocyte injury are triggered by the expression of pro-inflammatory factors such as IL-1β, IL-6, IL-17, and TNF-α, which eventually lead to the OA progression.
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FIGURE 2
CircRNA regulates multiple phenotypes of OA in several ways. CircRNA activated by inflammatory factors could participate in proliferation, apoptosis and autophagy, thus regulating OA. CircRNA could also participate in the process of OA through differentiation, oxidative stress and mechanical stress alone.




Proliferation and death

A typical feature of OA is that cells stop proliferating and die, which is accompanied by ECM degradation. ECM homeostasis could ensure that articular cartilage maintain a certain functionality, but OA patients are unable to provide such functionality due to a reduction in aggrecan and collagen in the ECM, which in turn causes the collapse of the joint surface. Although inflammatory reactions are the main cause of OA, many circRNAs could participate in OA onset alone without the need for pro-inflammatory factors as circRNAs regulate both proliferation and cell death. For example, lymphoid enhancer factor-1 (LEF-1) acts as a forward transcription factor in primary chondrocytes of OA patients, degrades the ECM via the LEF1/CircRNF12/miR-655/myeloid differentiation factor 88 (MyD88) pathway and reduces the synthesis of the p65 protein. After establishing a model of destabilization of the medial meniscus (DMM) in Sprague-Dawley (SD) rats, CircRNF121 was found to inhibit proliferation and promote apoptosis in the absence of inflammation, thereby exacerbating OA progression (34). CircRNAs can also induce apoptosis as illustrated by the fact that circCTNNA1 expression decreased in OA, incapacitating its association with miR-29a, leading to a decrease in the BCL2 apoptosis regulator (Bcl-2) and an increase in the apoptotic BCL2-associated X apoptosis regulator (BAX, this resulting in synovial cell apoptosis and directly induced diseases (35). Interestingly, circRNAs do not only act on chondrocytes in OA. For example, a reduced expression of circ_0005567 failed to prevent polarization of M1 macrophages by ceRNA-dependent mechanisms. This is important as activated macrophages secrete large amounts of pro-inflammatory factors that indirectly promote chondrocyte apoptosis and accelerate the pathological process of osteoarthritis (36). In previous studies, circRNA changed chondrocyte viability mainly through apoptosis; however, it could also be through autophagy. For example, circRHOT1 enhanced the expression of the G1/S-specific cell cycle protein-D1 (CCND1) by sponging miR-142-5p to decrease the expression of the autophagy-related gene microtubule-associated protein 1 light chain3 (LC3), and then inhibits cellular autophagy to promote proliferation(37). Similar results were obtained from an anterior cruciate ligament transection (ACLT) model in SD rats (37). Although apoptosis and autophagy are mutually exclusive processes, both apoptosis and autophagy cause cell death. However, moderate autophagy can promote cell survival (38). Autophagy is essential for the degradation of proteins that tend to aggregate and dysfunctional organelles, such as mitochondria (39). So, in cases where both autophagy and apoptosis may occur, autophagy should be given more importance For example, circFOXO3 overexpression alleviates OA by activating the forkhead box O3 (FOXO3) parental gene and thus the autophagy pathway, which in turn impairs chondrocyte apoptosis and promote ECM anabolism (40). Conversely, CircMELK exacerbated OA by regulating the miR-497-5p/MYD88/nuclear factor-kappa B (NF-κB) signaling axis, promoting chondrocyte apoptosis and inhibiting autophagy (41). Although circMELK and circFOXO3 are expressed at different levels in OA, their effects promote apoptosis and inhibit autophagy through ceRNA mechanisms, ultimately leading to OA progression. This may be related to the possibility that IL-1β initially stimulates autophagy in chondrocytes, while significantly inhibiting autophagy and activating apoptosis in late OA (31). These examples suggest that the major means to alleviate OA are cell proliferation and ECM synthesis, while at the same time enhancing chondrocyte autophagy to inhibit apoptosis. However, the idea of a therapeutic intervention based on circRNAs needs to be tested in future studies.



Cell differentiation

With the development of regenerative medicine technology, stem cells have been widely used in the treatment of various diseases, including cartilage degenerative diseases, mainly through the direct repair of damaged tissues through multidirectional differentiation potential. Stem cells are transformed into osteoblasts and chondrocytes under specific conditions in vivo and in vitro to repair the articular cartilage (42). CircRNAs are heavily involved in cell differentiation in the musculoskeletal system, especially in pluripotent stem cell differentiation. For example, CircMYL1 inhibits proliferation and promotes differentiation of myoblasts (43), and CDR1as promotes adipogenesis and inhibits osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) in the femoral head osteonecrosis (44). The involvement of circRNAs in the chondrogenic differentiation of BMSC has also been observed in OA. CircZC3H7B overexpression promotes the induction of cartilage-specific genes and proteins through the miR-3677-3p/Sox9 axis, allowing BMSC to differentiate into chondrocytes, which might reduce ECM degradation and enhance collagen synthesis, thereby inhibiting OA progression (45). Other types, such as circRNAs in adipose stem cells (ADSC) have been described to regulate OA. For example, circATRNL1 and circNFIX overexpression enhance the chondrogenic differentiation ability of ADSC (46). CircNFIX acts as a miR-758-3p sponge, targeting the miR-758-3p/lysine demethylase 6A (KDM6A) axis to prevent chondrocyte degradation and attenuate OA in DMM mice, thereby playing a role in cartilage differentiation and chondrocyte degeneration (47). Based on the multidirectional differentiation potential of stem cells, the involvement of CircRNA in stem cell differentiation and their secreted exosome regulatory mechanisms have become widely studied topics in cartilage regeneration research. Under certain conditions, circRNAs could induce stem cells to differentiate into chondrocytes, thereby maintaining their function and stability.



Oxidative stress

Tissue damage can occur when oxidation levels exceed the cellular clearance capacity. The ECM is a hypoxic environment owing to the lack of nerves and blood vessels. As chondrocytes in the ECM are the only cells that form articular cartilage, the loss of chondrocytes under oxidative stress is the main cause of OA (48). For example, increased levels of circ_0136474 in CHON-001 cells decrease the synthesis of reduced glutathione (GSH) and superoxide dismutase through the miR-766-3p/DNA methyltransferase 3 alpha (DNMT3A) pathway, which corresponds to increased reactive oxygen species (ROS) clusters and malondialdehyde as a result of lipid peroxidation. Thus, cells subjected to sustained oxidative stress, undergo accelerated metabolism, cessation of cell proliferation, and apoptosis (49). When mimicking oxidative stress in vitro in primary chondrocytes by the addition of peroxidase, CircRSU1 competitively binds to miR-93-5p and promotes the expression of mitogen-activated protein kinase kinase kinase 8 (MAP3K8). In a DMM model in C57BL/6 mice, the knockdown of CircRSU1 resulted in a significant reduction in cyclooxygenase-2 and inducible nitric oxide synthase levels and the inhibition of oxidative stress while causing enhanced inflammation and metabolism (50). The construction of OA-damaged C28/I2 cell lines resulted in reduced circLRP1B expression and induction of multiple oxidative markers and apoptosis (51). These studies showed that circRNAs are involved in a series of oxidative stress regulatory processes in OA. For example, enhanced catabolism of the ECM induced by oxidative stress is accompanied by an abnormal inflammatory response that dramatically alters the proliferation and death phenotype of cells, suggesting that oxidative stress is a key factor in the development of OA. Several antioxidant drugs have been shown to be effective in treating OA. Quercetin, a novel antioxidant protective drug for chondrocytes, significantly ameliorates oxidative stress-induced apoptosis and ECM degradation(52). Glabridin, a strong antioxidant, protects chondrocytes from oxidative stress-induced apoptosis and increases autophagy to protect articular cartilage from damage in rats with OA (53). These evidences support the idea of a preference for autophagy vs. apoptosis, as discussed above. Unfortunately, no studies have identified circRNAs associated with antioxidant drugs for the treatment of OA.



Mechanical stress

Articular cartilage, that consists mainly of chondrocytes surrounded by synovial fluid and ECM, allows for motion cushioning and pressure absorption (54). An accumulation of joint load, such as weight gain caused by obesity and changes in body composition, significantly increases the risk of OA (55). Pressure-sensitive ion channels are present on the surface of chondrocytes, so an increased mechanical load may open the channels, making the articular cells more sensitive to mechanical stress, mostly when inflammatory signals are present. For example, in OA chondrocytes, the transient receptor potential channel vanilloid 4 (TRPV4), increased chondrocyte apoptosis by Ca2+-mediated mechanical stress (56). It has also been observed that excessive mechanical tension eventually leads to genetic changes in endplate chondrocytes and consequent cartilage degeneration (57). Indeed, tension-sensitive circ_0010026 was detected in human endplate chondrocyte with increased mechanical stress, leading to ECM degradation and degeneration of endplate chondrocytes via the miR-875/TNF-α axis (58). Circ_0058097 is derived from fibronectin1 (FN1). The protein product of the FN1 gene mediates chondrocyte migration and adhesion. When mechanical stress is applied to endplate chondrocytes, circ_0058097 expression increases, inhibiting proliferation and inducing apoptosis via the miR-365a-5p/histone deacetylase 4 (HDAC4) axis (59). Previous studies on mechanical stress have paid more attention to changes in mRNAs and protein levels. These examples showed the same effective increase in stress resistance of endplate chondrocytes after altering circRNA expression levels, as well as a reduction in apoptosis. It is suggested that circRNA involvement in mechanical stress regulation might be an important trigger for the degeneration of endplate chondrocytes. However, mechanical stress may not be an absolute disadvantage. Yang et al. found that moderate mechanical stimulation could alleviate cartilage degeneration and chondrocyte damage by inhibiting the tumor necrosis factor-related apoptosis-induced ligand (TRAIL)/NF-κB/nucleotide-binding and oligomerization domain-like receptor containing protein 3 (NLRP3) signaling pathway (60). It is possible that moderate mechanical stress reduces IL-1β-induced chondrocyte apoptosis by maintaining mitochondrial function by clearing ROS and activating autophagy, whereas excessive mechanical stress might result in strong mitochondrial dysfunction and apoptosis (61). Therefore, circRNAs combined with moderate stimulation may provide a new avenue for the prevention and treatment of mechanical stress-induced endplate cartilage degeneration (Figure 3 and Table 1).
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FIGURE 3
CircRNAs in different cells regulate miRNAs and mRNAs via the ceRNA mechanism. Each of the four types of arrows has a different meaning, as shown in the label at the bottom of the figure.



TABLE 1 CircRNAs involved in OA progression by intracellular ceRNA mechanism.
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CircRNA participates in the regulation of OA in other forms


CircRNA binding to RBP

CeRNA is the most important type of circRNA. However, there are small numbers of circRNAs that impact OA progression via other newly discovered mechanisms, such as RBP, m6A, and exosomes (Figure 4). RBP controls the RNA processes of shear editing, translational regulation, and translational targeting by interacting with RNA, especially non-coding RNA (62). CircRNAs bind proteins or act as linking scaffolds for multiple proteins, mainly affecting transcription, translation, and protein degradation (63). RBP binding in the circRNA mode may be extensively involved in disease progression in the musculoskeletal system. For example, when CircLRP6 is highly expressed, it acts as a protein scaffold to bind to LSD1 and EZH2. This facilitates the binding of transcription factors to promoter regions, thereby inducing proliferation and metastasis of osteosarcoma cells (64). Circ_0066523 inhibits phosphatase and tensin homolog (PTEN) genes via epigenetic inheritance, thereby activating the PI3K/AKT pathway to promote BMSC proliferation and differentiation and effectively alleviating osteonecrosis of the femoral head (65). CircStag1 binds to the HuR protein and promotes its translocation into the cytoplasm, leading to the activation of the Wnt signaling pathway to promote bone tissue regeneration. This mechanism provides a strategy to prevent bone metabolism disorders, such as postmenopausal osteoporosis (66). In OA, CircPDE4B acts as a linking scaffold to midline 1 (MID1) and RIC8 guanine-nucleotide exchange factor A (RIC8A), allowing their direct binding to form a ternary complex that allows RIC8A to be degraded via the ubiquitin-proteasome pathway, thereby preventing cartilage degeneration (67). In recent years, research on OA and circRNA relevance has focused on miRNA sponge mechanisms, with less research on RBP mechanisms. In fact, circRNAs may be involved in both the ceRNA- and RBP-mediated mechanisms. For example, circTHBS1 engages miR-204-5p in a ceRNA-dependent way to promote the expression of inhibin subunit Beta A (INHBA). CircTHBS1 can also bind HuR in an RBP-dependent manner to enhance INHBA mRNA stability and ultimately promote gastric cancer progression (68). However, such combined mechanisms have not been identified in OA and require further investigation. The finding of CircPDE4B suggests that circRNAs research in OA will not be limited to the sponge mechanism of miRNAs, and should be extended to an in-depth study of their direct interactions with RNA-binding proteins.
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FIGURE 4
CircRNA participates in OA in different forms. circRNA could regulate OA between cells through exosomes, while within cells it could regulate OA through ceRNA, RBP, and m6A forms.




CircRNA involved in m6A

m6A is the most common modification in mRNA and ncRNAs, accounting for over 60% of all RNA modifications. m6A modification refers to the dynamic and reversible methylation at the 6th N position of the RNA adenylates. The regulatory factors of the m6A mechanism include methylation transferases, demethylases, and methylated reading proteins, defined as writers, erasers, and readers, respectively. m6A modifications have been found to occur on miRNAs, lncRNAs, and circRNAs, which are widely involved in a variety of bone and joint diseases (69). For writers, such as Methyltransferase METTL3, the main role is to catalyze the m6A modification of adenosine on RNA. METTL3 increases the expression level of CircNRIP1 through m6A modification, while induction of CircNRIP1 exerts oncogenic effects in osteosarcoma by sponging miR-199a (70). Erasers, such as demethylase alkB homolog 5 (ALKBH5), act to demethylate bases that have been modified by m6A. ALKBH5 reversed osteoclast differentiation and subsequent bone resorption induced by circ_0008542 (71). m6A modifications of circRNAs also exist in OA. For readers, such as the methylation reading protein YTH N6-methyladenosine RNA-binding protein 2 (YTHDF2), the main function is to recognize bases on RNA sequences that undergo m6A modification, thereby activating RNA degradation. YTHDF2 recognizes the m6A site of circRERE and leads to its degradation (72). This alters the expression level of circRERE, involved in the ceRNA mechanism, thus allowing the downstream circRERE/miR-195-5p/interferon regulatory factor 2 binding protein-like (IRF2BPL) axis to be repressed. This repression leads to chondrocyte apoptosis, significantly promoting OA progression (72). In summary, m6A regulation of circRNA occurs through the alteration of its own activity, unlike ceRNA and RBP modes of action. While current studies of m6A in OA-related circRNAs are focused on reader mode, further studies of writers and erasers are worth exploring. Moreover, circRNAs not only participate in m6A, but also alter the methylation of downstream target genes to mediate OA. Zhang et al. found that overexpression of circFADS2 significantly increased methylation of the miR-195-5p parental gene and inhibited gene expression, which in turn impaired chondrocyte apoptosis (73). However, this evidence could not sufficiently prove the ability of circRNAs to methylate downstream genes, so further studies are needed. Previously, the participation of circRNAs in m6A models was less significant. Therefore, understanding the role of m6A-modified circRNAs in the pathological progression of OA could provide insight into the overall physiological mechanisms of the disease and promote the development of new biomarkers.



CircRNA involved in exosomes

Exosomes have a bilayer membrane structure that detaches from the cell membrane or is secreted by the cell. They are nanoscale membrane vesicles actively released by cells. They possess strong intercellular transport capacity that mediates the intercellular information exchange (74). Stem cell-derived exosomes tend to contain higher levels of growth factors and have a good effect on tissue repair. Many advances have been made in the direction of identifying miRNAs and lncRNAs in stem cell exosomes for the treatment of OA. For example, umbilical cord mesenchymal stem cell (UMSC) exosomes contain miR-148a and miR-29b, which promote cartilage regeneration and suppress inflammatory responses in rats (75). UMSC exosomes also contain lncRNAH19, which inhibits apoptosis by promoting chondrocyte migration and matrix synthesis through the miR-29b-3p/FOXO3 axis (76). The involvement of intercellular exosome-containing circRNAs in OA has recently been explored. After the addition of BMSC-derived circHIPK3-containing exosomes, C57BL/6 mouse chondrocytes promoted ECM synthesis and inhibited apoptosis via the circHIPK3/miR-124-3p/myosin heavy chain 9 (MYH9) axis (77). DMM mice injected with exosomes containing circZC3H7B reduced the extent of OA via the miR-3677-3p/Sox9 axis (45). Finally, SD rats injected with exosomes containing circRNA3503, isolated from synovial mesenchymal stem cells from the joint cavity, showed improved proliferation and better controlled OA progression (78). Exosomal MSC-derived circPARD3B was also found in the serum of patients with OA, which increased the expression of vascular endothelial growth factor (VEGF) through miR-326 consequently inducing synovial angiogenesis (79). This effect might be one explanation for the inflammatory synovial hyperplasia often associated with patients with OA (79). These exosomes improve chondrocyte viability and various phenotypes mainly through the intercellular ceRNA mechanism, thereby alleviating OA. A better understanding of the intercellular role of circRNAs in OA may show potential for the development of new treatments for OA. Furthermore, chondrocytes that have entered the injury stage can also produce exosomes that cause pathological processes in other adjacent normal or pathologic chondrocytes. lncRNA OANCT exosomes from damaged chondrocytes, which activates the PI3K/AKT mechanistic target of rapamycin kinase (mTOR) pathway, exacerbates OA performance, promotes M1 polarization after entry into M0, and enhances the production of inflammatory factors in the rat cells (80). Similar findings have been reported on circRNA. Inflammatory factors induce normal CHON-001 chondrocytes to produce exosome Circ_BRWD1, which causes an inflammatory response and abnormal proliferation and apoptosis in other chondrocytes via the miR-1277/TNF receptor-associated factor 6 (TRAF6) axis (81). Pathological CHON-001 cells also produce exosomes containing Circ_0001846, which causes inflammation and ECM degradation to accelerate OA progression via the miR-149-5p/Wnt family member 5 B (WNT5B) axis (82). Further examples illustrate the role of exosomes depending on the nature of the donor cells. MSC-derived circRNAs exosomes are therapeutically useful for restoring the structural and functional integrity of joints. However, damaged chondrocytes can also produce circRNAs exosomes to stimulate the deficient development of surrounding OA cells. Although exosomes have advantages in tissue regeneration, they still have several disadvantages, such as low yield, weak function, and low specificity, possess disadvantages that cannot meet the quantitative and qualitative needs in clinical settings. In this sense, further research and translational efforts are required for specific clinical applications.





Conclusions

OA is a widespread joint disease that severely affects patients' quality of life, with no specific drugs or diagnostic methods for its early treatment as the mechanisms of OA progression, remain unclear. CircRNAs, are novel markers in OA and have a potential clinical value in OA development. This review discusses the occurrence, characteristics, and functions of circRNAs, focusing on multiple forms of regulation of circRNA in OA. The inflammatory response is the most dominant manifestation of OA. CircRNAs are involved in OA via inflammation, in combination with proliferation, apoptosis, autophagy, differentiation, oxidative stress, and mechanical stress. Most circRNAs contribute to OA pathogenesis, mainly in the form of intracellular miRNA sponges in chondrocytes, endplate chondrocytes, mesenchymal stem cells, synoviocytes, and macrophages. However, a small number of circRNAs are also involved in OA in other ways, such as RBP, m6A, or intercellular exosomal mechanisms, including ECM metabolic imbalance, local tissue inflammation, and multidirectional cell differentiation. CircRNAs are stable, have a rich source of specimens, are readily available in cartilage and synovial fluid, and can be isolated from peripheral blood in form of microvesicles and exosomes. Their great potential suggests that they might be a new tool for the overall palliation rather than a purely point-to-point treatment of OA. However, there is an urgent need for a common standardized nomenclature to facilitate research. With the gradual discovery of new mechanisms, circRNAs might enable the development of different strategies for the early diagnosis and etiological treatment of OA in the future.
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Objective: To observe and analyze the surgical efficacy of arthroscopic debridement of calcified deposits and arthroscopic debridement combined with subacromial decompression in patients with supraspinatus tendon calcific myositis. To observe the effect of Subacromial decompression on the efficacy of arthroscopic treatment of shoulder calcific tendinitis.



Patients and methods: From 2016 to 2021, 48 cases of shoulder arthroscopic debridement due to supraspinatus calcific tendinitis met the inclusion criteria and were included, with 24 cases assigned to the arthroscopic debridement group and 24 cases to the arthroscopic debridement combined with subacromial decompression group. Changes between preoperative and postoperative shoulder pain and shoulder function were statistically analyzed.



Results: The 24 patients in the arthroscopic debridement group were better than the arthroscopic debridement combined with subacromial decompression group in terms of short-term postoperative shoulder pain and shoulder joint function recovery (P < 0.05). There was no significant difference in the postoperative long-term shoulder pain and shoulder function recovery between the two groups (P > 0.05).



Conclusions: Compared with arthroscopic debridement combined with subacromial decompression, arthroscopic debridement alone is a better surgical option for the treatment of calcific tendinitis.
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Introduction

Shoulder calcific tendinitis, which usually affects patients between the ages of 30 and 60 years and is more common in women than men, is a painful disease characterized by single or multiple calcium eposits within the rotator cuff (1). The deposits, composed of crystalline or amorphous hydroxyapatite (2), are most often located at the midsection or insertion of the supraspinatus tendon (3, 4). Uhthoff and Loehr described three clinical stages of the disease: precalcification, calcification, and postcalcification (6). In the early stages of calcification, fibrocartilaginous metaplasia and matrix vesicles combine to form calcified deposits. During the resting phase (calcification phase), the condition is dormant. When resorption finally occurs, fibroblasts and granulation tissue replace most of the calcified deposits (5, 6). The main clinical manifestation of calcific tendinitis of the shoulder joint is acute pain at onset, which may be accompanied by limitation of motion and muscle spasm (1). However, acute pain episodes with intermittent episodes of tendinopathy can also be observed in the chronic phase (7).

Rotator cuff calcific tendinitis is a recognized clinical disease of unknown etiology. Codman (8) first described the morphology and composition of calcified deposits and proposed that they typically occur within 1 cm proximal to the insertion of the greater tubercle of the humerus. The hypovascular area of the tendon has the worst blood supply and is most affected by stress. This area is often referred to as the “danger zone” because it is where tendon degeneration and necrosis are most likely to occur during the repair of tendon fiber ruptures. The local environment is acidic, which is conducive to the precipitation of amorphous free calcium ions and the formation of calcium salts. These calcium salts are deposited in tendon fibers, causing supraspinatus calcific tendinitis. McLaughlin (9) proposed that the earliest damage to myofibers is hyaline degeneration, followed by fibril formation and separation from the surrounding normal tissue. Continued wear results in the formation of necrotic fragments of the detached, crimped tendon. This is followed by the formation of atheroma, which leads to calcification. A nondegenerative, cell-mediated mechanism of calcification was subsequently proposed by Uthoff et al. (6) This mechanism induces metaplasia of normal tendons, which proceeds through cycles of formative and absorptive calcification. It is mediated by multinucleated giant cells and ultimately leads to a remodeling process whereby affected tendons reform into normal tendons. Several treatment options have been described for managing rotator cuff calcific tendinitis, but the consensus is that conservative management should be the first choice (3, 5). Nonsurgical interventions focus on reducing pain, including rest, non-steroidal anti-inflammatory drug (NSAIDs), steroid injections, and physical therapy. Minimally invasive techniques include ultrasound-guided lavage and extracorporeal shockwave therapy. Ultrasound-guided lavage and puncture aspiration can be performed under local anesthesia, and satisfactory results have been reported after 3 months. According to Hurt and Baker (10), in roughly 90% of patients, nonsurgical treatment provides relief. However, Wittenberg (11) and others have contended that surgical treatment can produce better long-term outcomes. Surgical treatment usually involves debridement of calcified deposits or debridement of calcified deposits with subacromial decompression. However, whether subacromial decompression with removal of calcified deposits improves patient outcomes remains unclear.

This retrospective study thus compared the outcomes of two surgical procedures for calcific tendinitis: arthroscopic debridement alone (Group A) and arthroscopic debridement with subacromial decompression (Group B). We hypothesized that arthroscopic debridement of calcified deposits alone would be equal, in terms of efficacy, to arthroscopic debridement combined with subacromial decompression in patients with calcific tendinitis of the supraspinatus tendon.



Patients and methods

This retrospective study included 48 patients with symptomatic supraspinatus tendon calcification who underwent surgery in Shanxi Provincial People's Hospital from 2016 to 2021. All methods were carried out in accordance with relevant guidelines and regulations. All experimental procedures followed the Declaration of Helsinki.

Patients were included if they were between the ages of 18 and 60 years and exhibited isolated calcified deposits in the supraspinatus tendon with an intact rotator cuff before surgery. Patients received one or more of the following interventions: oral antibiotics, anti-inflammatory medications, subacromial steroid injections, supervised physical therapy, and a self-directed exercise program. We followed patients for at least 6 months.

Patients with other shoulder pathologies, such as biceps longus pathology, shoulder instability, significant acromion impingement, acromioclavicular osteoarthritis, or dystrophic calcification, were excluded. Patients were excluded if their calcified deposits were found on radiographs or magnetic resonance imaging or during surgery. Patients were also excluded if they had undergone previous shoulder surgery or trauma or had experienced symptoms for more than 12 months.


Surgical procedures

All operations were performed by the same senior surgeon. Surgeons in Group A performed arthroscopic debridement of calcified deposits only. Surgeons in Group B performed debridement in the same manner but with subacromial decompression. All patients in both groups were under general anesthesia. After the anesthesia was administered, the patients were placed in the lateral decubitus position. The affected shoulder was suspended and fixed with traction of the clavicle and acromion. The coracoid process was marked, and routine disinfection and draping were performed. A standard posterior approach was adopted, and an observation channel was established. The surgeon first examined whether the glenoid joint was intact, the long head of the biceps tendon was intact, and the hyperplasia in the shoulder joint was severe. Subsequently, a standard anterior approach was established, and the glenohumeral joint and subacromial space were examined. Microscopically, the surgeon looked for whether synovial tissue in the joint cavity exhibited congestion and edema and whether the joint capsule exhibited an inflammatory reaction. The subacromial bursa and the synovial membrane of the joint capsule were examined for villi-like adhesions and dot-like white calcified deposits. When clearing the subacromial bursa space, the surgeon examined whether the joint capsule showed the “strawberry sign” indicating local congestion and edema. The surgeon then made an incision along the direction of the supraspinatus tendon and longitudinally cut the surface capsule of the calcification, prompting the flow of toothpaste-like white calcifications, with high tension. The surgeon used soft-tissue-grasping forceps, nucleus pulposus forceps, and a planing knife to fully debride the surrounding calcifications. The assistant rotated and squeezed the shoulder joint to remove the calcification to the maximum extent possible. Finally, the tension and continuity of the supraspinatus tendon were examined. The surgeons performed subacromial decompression on patients in Group B (Figure 1).


[image: Figure 1]
FIGURE 1
Intraoperative images: (A) Group A clean the synovium in the joint cavity, and toothpaste-like white calcification spillage can be seen. (B) Group A stripped the calcified surface capsule to promote the flow of toothpaste-like white calcification. (C) Group A used soft tissue grippers and planers to debridement around calcifications. (D) Group B images before subacromial decompression. (E) Group B used a planer to debridement the acromion. (F) Picture of the surgical area after subacromial decompression in Group B.


On the first postoperative day, passive shoulder exercise (pendulum movement) was started, and the abduction and flexion angle of the shoulder joint was controlled within 90°. The passive forward flexion and abduction of the shoulder joint gradually reached the normal range, and x-rays were reviewed. At 3 weeks after the operation, the active exercise of the shoulder joint helped the shoulder joint to be able to abduct more than 90°. To strengthen the shoulder joint, exercises included climbing the wall with fingers and other active activities. In the third week after the operation, we focused on exercising the rotator cuff muscles and deltoid muscles.



Evaluation indicators

All patients were followed up for at least 6 months after the operation and underwent outpatient reexamination. The patients were regularly reexamined in the orthopaedic outpatient clinic at 1 week, 1 month, 3 months, and 6 months after the operation. The VAS pain score was used to evaluate the shoulder joint pain at each follow-up. At 1 month, 3 months, and 6 months after the operation, the Constant–Murley score was used to evaluate the shoulder joint function before and after treatment, and the postoperative rehabilitation exercise plan was adjusted according to the shoulder joint function.



Statistical analysis

We used t test or ×2 test to compare the age distribution, preoperative shoulder VAS score, and Constance-Murray score of the two groups to determine whether the preoperative data were comparable. After that, the independent sample paired t test was used to analyze the VAS pain and Constant–Murley score of the two groups of patients before and after surgery to determine whether there was statistical significance. All analyses were performed with SPSS 28.0 statistical software for statistical analysis of the sorted data.




Results

From 2016 to 2021, 48 patients with shoulder pain and calcific tendinitis were treated. Group A included 10 male patients and 14 female patients who were aged 40 to 68 years (49.93 ± 6.773 years). The preoperative VAS score (Visual analogue scale) in group A was (7.85 ± 1.37) points, and the Constant–Murley score was (45.54 ± 12.53) points. Group B included 11 male patients and 13 female patients aged 46 to 67 years (52.14 ± 7.211 years). The preoperative VAS score in Group B was 7.54 ± 1.42 points, and the Constant–Murley score was 46.17 ± 11.54 points.

During the follow-up period, all patients' symptoms improved significantly (Figures 2–4). No significant difference existed in age distribution between the two groups (P = 0.532). In terms of shoulder joint function, 1 month after the operation, the difference in Constant–Murley scores of Group A (65.50 ± 10.65) and Group B (54.23 ± 11.35) was statistically significant (P < 0.01). However, no significant difference existed between the two groups at 3 months and 6 months after the operation. Significant differences existed in postoperative VAS scores between the two groups at 1 week and 1 month after operation (P < 0.05), but with no significant difference at 3 months and 6 months after operation. See Tables 1, 2.
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FIGURE 2
(A) Preoperative x-ray of the patient with supraspinatus calcific tendonitis calcifications. (B) 1 week after surgery, calcifications cannot be detected on x-rays.
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FIGURE 3
(A) Calcification foci of supraspinatus tendonitis on preoperative CT. (B) Calcific tendonitis calcification foci on preoperative shoulder. Ultrasound.
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FIGURE 4
Preoperative MRI images: (A) calcified foci of supraspinatus tendonitis in preoperative T1WI. (B) Calcific tendonitis calcifications in preoperative T2WI.



TABLE 1 Comparison of Constant–Murley scores at each follow-up point in the two groups.
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TABLE 2 Comparison of VAS scores at each follow-up point in the two groups.
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Discussion

The calcific tendonitis of the shoulder joint is most common with calcification of the supraspinatus tendon, and the incidence in women is higher than that in men (1, 12, 13). The etiology of calcific supraspinatus tendonitis is not fully understood. Local pain in the shoulder joint is the main manifestation in patients with early calcific supraspinatus tendinitis, with or without shoulder joint movement limitation. In the advanced stage, the pain of the shoulder joint is gradually aggravated, and the pain is more obvious at night. It is easy to radiate to the neck and back and it is often combined with the limitation of shoulder joint movement. Some patients have severe pain during an acute exacerbation and severe pain at rest. Their pain becomes worse after the activity, which makes people afraid to actively move the shoulder joint. Eventually patients develop shoulder adhesions and eventually lose range of motion in the shoulder joint, which seriously affects their quality of life.

Conservative treatment can be used in the early stage of the disease, such as oral drugs, irrigation, mashing, partial closure, etc. And 90% of patients can be cured by conservative treatment. Some qualified hospitals can provide ultrasound or physical rehabilitation treatment, and most patients can obtain satisfactory results after a series of standardized non-surgical treatments (14). However, in some patients, conservative treatment is not effective, and surgery can be used at this time. Surgical treatment is divided into incision cleaning and arthroscopic treatment. Open surgery is gradually not accepted by patients and doctors due to its large trauma and slow postoperative recovery. The advantages of arthroscopic surgery for calcific supraspinatus tendinitis are that it is minimally invasive and less bleeding. It can avoid the deltoid muscle damage caused by open surgery. It can also avoid damage to the deltoid muscles during open surgery and reduce postoperative re-adhesions. Because of the rapid recovery of shoulder function after surgery, the arthroscopic surgery has gradually become the best choice for the treatment of this disease.

At present, there were two main views on the cleaning of calcifications in the shoulder joint. Some scholars believed that complete removal of the calcification of rotator cuff calcific tendinitis could ensure the effect of minimally invasive arthroscopic surgery for rotator cuff calcific tendinitis and adequate relief of postoperative shoulder pain (15, 16). Other scholars believed that good curative effect could be obtained by partially clearing the calcifications. Completely clearing the calcifications in the shoulder joint would result in damage to the normal tendon tissue in the shoulder joint. It did not affect the postoperative recovery effect (17, 18).

There was still a big controversy about whether or not acromoplasty was needed during the operation. Balke (19) advocated routine prophylactic acromoplasty for all patients. They believed that this would widen the subacromial space and avoid pain caused by subacromial impingement during postoperative shoulder movement. Marder (20) believed that whether or not acromoplasty was performed at the same time had no significant effect on the functional prognosis of the shoulder joint. Marder believed that simply cleaning up the calcified foci could reduce the surgical steps, shorten anesthesia and shorten the operation time. Finally, the incidence of complications was reduced.

This study compared and analyzed the therapeutic effects of arthroscopic debridement alone and arthroscopic debridement combined with subacromial decompression. The results demonstrated that arthroscopic debridement alone and arthroscopic debridement combined with subacromial decompression, in terms of VAS scores and Constant–Murley scores of the patients, both achieved significant improvement compared with their condition before surgery. However, the VAS scores of patients in Group A and Group B were significantly different at 1 week and 1 month after surgery. Compared with those in Group A, patients in Group B had slower recovery of shoulder joint function after the operation. No significant difference existed in VAS score or Constant–Murley score between Group A and Group B at 3 months and 6 months after the operation.

In general, arthroscopic calcification debridement has the advantages of less overall trauma, faster postoperative recovery, less deltoid muscle damage. And it is conducive to early postoperative rehabilitation exercises. It has the advantages of clear field and real-time detection of subacromial space lesions and timely treatment. There is no residual calcification after simple arthroscopy calcification foci cleaning compared with subacromial decompression, and there are no serious complications such as deltoid muscle injury and vascular injury. Most importantly, the overall satisfaction of the patients is high.



Conclusion

This study found that compared with arthroscopic debridement alone, the simultaneous use of subacromial decompression delayed the time to return to normal motion of the shoulder joint, with no significant improvement in long-term outcomes and prolonged operation time. Patients spend more money on surgery. Therefore, we believe that subacromial decompression has no benefit as an additional procedure to remove calcified deposits in patients without significant acromial impingement. We believe that pure debridement of calcified deposits is a better surgical option for the treatment of calcific tendinitis.



Limitation

This study had several limitations, and most importantly the location/size of the calcifc deposit and the severity of symptoms was diferent for each case, and this may have infuenced clinical outcomes in a manner that was difcult to control. This study was a short-term retrospective study with a short follow-up period, and the long-term efficacy of the surgery remains to be confirmed. Secondly, the number of cases in this study was small, the pathogenesis of calcific tendinitis was not clear, and a larger number of cases would help to understand the prognosis more accurately.
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Acute abdomen after vertebroplasty-A rare complication
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Introduction: In recent years, as the concept of minimally invasive treatment has been accepted by the majority of patients, the application of percutaneous vertebroplasty in osteoporotic vertebral compression fractures has gradually increased, and research on the adverse complications of bone cement leakage has gradually deepened.



Case: Here, we report a rare case of acute pancreatitis after vertebroplasty. The patient had no previous history of pancreatitis and presented with obvious abdominal pain after vertebroplasty. Abdominal CT examination revealed that the leaking bone cement penetrated the anterior wall of the L1 vertebral body into the diaphragm, and the heat released by the polymerization reaction caused inflammation and damage to the adjacent pancreas, resulting in poor blood flow to the pancreatic tissue and leading to acute pancreatitis. Early postoperative symptomatic treatment was given to the patient, and the corresponding symptoms were gradually relieved. During postoperative follow-up, the leaking cement did not degrade, but the patient had no symptoms.



Conclusion: Lesions of adjacent organs caused by bone cement leakage are rare, and clinicians often ignore the association between such complications and vertebroplasty. This case report will provide guidance and a reference for clinicians.
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osteoporotic vertebral compression fractures, vertebroplasty, bone cement leakage, pancreatitis, Case report, acute abdomen





Introduction

Vertebroplasty is a minimally invasive surgical method for the treatment of osteoporotic vertebral compression fractures. With the advantages of simple operation, high safety, accurate analgesic effect, rapid pain relief, early postoperative activities, and the avoidance of various bed complications, it is widely used in clinical practice by an increasing number of spine surgeons (1). However, vertebroplasty requires the injection of bone cement into the affected vertebra through percutaneous puncture, so complications associated with cement leakage are also frequent. Most bone cement leaks are asymptomatic (2). In the past, several studies have reported serious complications of pulmonary embolism caused by bone cement leakage to the inferior vena cava (3). However, it is rare that bone cement leakage causes lesions in adjacent organs, and inexperienced doctors may overlook the association between these conditions and vertebroplasty. Recently, a case of acute pancreatitis caused by intraoperative bone cement leakage occurred in our department. The detailed medical records are reported as follows.



Case presentation

A 65-year-old man complained of chest and back pain, with mild pain when standing and walking and obvious pain when turning over in bed. After admission, the physical examination showed that there were no abnormalities in the heart, lung or abdomen, mild kyphosis of the lumbar spine, obvious tenderness at the spinous process of the L1 vertebral body, and no neurological radiation symptoms of the lower limbs. Preoperative MRI of the thoracic and lumbar vertebrae confirmed the diagnosis of fresh compression fracture of the L1 vertebrae (Figure 1). Therefore, he was scheduled for L1 vertebroplasty. During the operation, the diseased vertebral body was located by C-arm fluoroscopy, and 3 ml of bone cement was injected as usual. Then, we immediately stopped the injection. C-arm examination was performed again, and it was found that there was partial leakage of bone cement at the anterior edge of the vertebral body (Figure 2). We carefully observed the patient's vital signs and found no obvious symptoms. Therefore, we cleaned and bandaged the wound and returned to the ward for intensive monitoring. The day after surgery, the patient suddenly developed abdominal pain. Physical examination revealed left upper abdominal deep tenderness. Urgent examination of routine blood, electrolyte and amylase showed leukocyte 11*109/L and blood amylase 122.6 Abdominal Doppler ultrasonography revealed peripancreatic effusion. Abdominal CT showed obvious peripancreatic effusion, increased pancreatic volume with fuzzy edges, and a high-density bone cement shadow in the right anterior L1 vertebra (Figure 3). Three-dimensional reconstruction showed that the cement was located in the diaphragm, thickened and adjacent to the inferior vena cava and abdominal aorta (Figure 4). Given that the patient had no abnormality in preoperative examination and no previous history of pancreatitis and that the pancreas was located behind the peritoneum and in front of lumbar vertebral body 1, we speculated that the thermal effect and corresponding inflammatory reaction of bone cement leaking through the anterior vertebral wall during surgery may directly damage pancreatic tissue and cause acute pancreatitis. The patient was immediately treated with fasting, gastrointestinal decompression, acid inhibition, fluid rehydration, etc. Four days later, the patient's condition improved significantly, and all indexes were normal. At 6 months of follow-up, abdominal CT showed that the pancreas was normal in shape, and the bone cement in the diaphragmatic crura still existed, but the thickening of the diaphragm was significantly reduced (Figure 5).


[image: Figure 1]
FIGURE 1
MRI showing fresh compression fracture of L1 vertebrae.



[image: Figure 2]
FIGURE 2
Intraoperative C-arm fluoroscopy showed bone cement penetrating the anterior wall and leaking into the surrounding area.



[image: Figure 3]
FIGURE 3
Abdominal CT showing obvious peripancreatic effusion with fuzzy edges, and high density bone cement shadow was seen in the right anterior of L1 vertebra.



[image: Figure 4]
FIGURE 4
Postoperative 3D reconstruction showing that the cement was located in the right anterior of L1 vertebra, adjacent to the pancreas.



[image: Figure 5]
FIGURE 5
Abdominal CT showed no signs of pancreatitis and bone cement remained inside the diaphragm at 6 months of follow-up.




Discussion

Percutaneous vertebroplasty is one of the main methods for the treatment of osteoporotic vertebral compression fractures. It is widely used in clinical practice because of its obvious efficacy in enhancing the strength of the affected vertebral body, restoring the height of the vertebral body, relieving pain and improving the quality of life of patients compared with conservative treatment. However, with the deepening of research, the resulting complications have also been increasingly studied by scholars, and bone cement leakage is one of the most common complications (4). According to the different locations of bone cement leakage, it can be divided into six types: pervertebral leakage, intraspinal leakage, intervertebral foraminal leakage, intervertebral space leakage, paraspinal soft tissue leakage and mixed leakage (5). Direct leakage of bone cement into the vascular system is the most serious complication of vertebroplasty, which may cause pulmonary embolism, cerebral infarction, right heart embolism or peripheral venous system organ disorders (6, 7). To the best of our knowledge, in the current cases of bone cement leakage, there are few reported cases causing lesions of adjacent organs and tissues, which are often ignored by clinicians because the symptoms are not serious and there is no reasonable explanation for the pathogenesis. In this case, a typical bone cement leaked into the paravertebral tissue during infusion, damaging the adjacent pancreas and resulting in signs of postoperative peripancreatic exudation.

Common reasons for bone cement leakage are improper puncture techniques and operating procedures. Repeated punctures or improper punctures resulting in rupture of the pedicle or posterior cortex may cause bone cement to leak out of the rupture into the spinal canal. In addition, some patients with fractures spread to the vertebral wall, resulting in an incomplete vertebral wall, which also increased the probability of bone cement leakage.

At the same time, premature needle removal after the injection or failure to insert the needle core after the injection easily causes cement leakage. Second, there is an inappropriate amount and timing of bone cement injection. The injection of bone cement should be performed in the late wire-drawing phase (8). Premature injection of bone cement can lead to surrounding leakage due to its fluidity. At the same time, there was a positive correlation between the amount of bone cement injection and the incidence of leakage. Experts suggested that the amount of bone cement injection in the thoracic vertebra and the amount of bone cement injection in the lumbar vertebra should be within 3 ml and 5 ml, respectively, to achieve satisfactory clinical results (9). Excessive bone cement injection would lead to a significant increase in the incidence of leakage.

In this case, the acute pancreatitis caused by bone cement leakage may be related to inaccurate intraoperative positioning, improper puncture operation and imperfect preoperative evaluation of the location of vertebral fracture. We analyzed the possible pathogenesis as follows: Due to the severe osteoporosis in the patient, during the injection of bone cement, the working channel or push rod easily breaks through the lateral wall of the pedicle and the vertebral body wall, resulting in leakage to the surrounding tissues. Due to the rapid solidification of the bone cement during the injection, the bone cement was confined to the diaphragm and did not lead to further diffusion and wider injury. However, because the pancreatic tissue is located in the anterior and upper part of the L1 vertebral body, the exothermic reaction of leaking bone cement monomer in the polymerization process may directly cause the injury and inflammatory reaction of pancreatic ducts and microvessels in the adjacent pancreatic tissue, which leads to poor blood flow and pancreatic edema and ultimately to the occurrence of acute pancreatitis.

This case has some defects. Before the operation, only x-ray and magnetic resonance examinations were performed to prove the existence of a fresh vertebral compression fracture, and there was no detailed evaluation of the CT examination. If there is bone destruction in the vertebral wall before operation, the leakage of bone cement during the operation has much to do with it, and more attention should be given to the timing of the operation. The amount of bone cement injection is not necessarily the key factor of leakage. For the follow-up clinical operators, the situation of vertebral fracture should be strictly evaluated before operation, and the timing of injection should be strictly grasped.



Conclusion

At present, percutaneous vertebroplasty is a minimally invasive method for the treatment of osteoporotic vertebral fractures, and its efficacy has been verified by a large number of clinical trials. Although it is undoubtedly less traumatic and effective, the complications related to bone cement leakage caused by this operation still need to be carefully considered, and the incidence of related complications can be reduced through strict grasp of the operation points. However, for patients with atypical abdominal pain symptoms after surgery, clinicians should pay attention to the possibility of bone cement leakage injury to adjacent organs to avoid missed diagnosis and misdiagnosis resulting in the delay of the disease.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of the first affiliated Hospital of Xi'an Jiaotong University. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Funding

This study was supported by the Clinical Research Award of the First Affiliated Hospital of Xi'an Jiaotong University, China (No. XJTU1AF-CRF-2019-025); the fellowship of China Postdoctoral Science Foundation (No. 2021M692604); Natural Science Basic Research Plan in Shaanxi Province of China (2022JQ-945); and the Fundamental Research Funds for the Central Universities (No. xzy012021076).



Author contributions

XZ: article writing. AC: performed image acquisition. XL: data collection. YZ: revised and improved the article. All authors contributed to the article and approved the submitted version. All authors contributed to the article and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Wang Q, Sun C, Zhang L, Wang L, Ji Q, Min N, et al. High- versus low-viscosity cement vertebroplasty and kyphoplasty for osteoporotic vertebral compression fracture: a meta-analysis. Eur Spine J. (2022) 31(5):1122–30. doi: 10.1007/s00586-022-07150-w.35249143

2. Zidan I, Fayed AA, Elwany A. Multilevel percutaneous vertebroplasty (more than three levels) in the management of osteoporotic fractures. J Korean Neurosurg Soc. (2018) 61(6):700–6. doi: 10.3340/jkns.2017.0253

3. Myers Jr. SD, Streiff M, Dulberger AR, American M, Sanders CD. Polymethylmethacrylate pulmonary embolism following vertebroplasty. Cureus. (2021) 13(8):e17314. doi: 10.7759/cureus.17314

4. Gao T, Chen ZY, Li T, Lin X, Hu HG, Yuan DC, et al. Correlation analysis of the puncture-side bone cement/vertebral body volume ratio and bone cement leakage in the paravertebral vein in vertebroplasty. BMC Musculoskelet Disord. (2022) 23(1):184. doi: 10.1186/s12891-022-05135-w

5. Saracen A, Kotwica Z. Complications of percutaneous vertebroplasty: an analysis of 1100 procedures performed in 616 patients. Medicine (Baltimore). (2016) 95(24):e3850. doi: 10.1097/MD.0000000000003850

6. Patel Z, Sangani R, Lombard C. Cement pulmonary embolism after percutaneous kyphoplasty: an unusual culprit for non-thrombotic pulmonary embolism. Radiol Case Rep. (2021) 16(11):3520–5 doi: 10.1016/j.radcr.2021.08.047

7. Wang B, Li Y, Peng Y, Wu Y, Zhang L, Li H, et al. Vertebroplasty and right heart cement embolism. QJM. (2021) 114(2):124–6.doi: 10.1093/qjmed/hcaa307

8. Wen H, Liu Y, Zhang K, Guo R, Kong L, Hao D, et al. Advances in research on complications and prevention of bone cement leakage in percutaneous vertebral augmentation. Orthopedic J China. (2019) 27(12):1111–5.

9. Sun HB, Jing XS, Liu YZ, Qi M, Wang XK, Hai Y. The optimal volume fraction in percutaneous vertebroplasty evaluated by pain relief, cement dispersion, and cement leakage: a prospective cohort study of 130 patients with painful osteoporotic vertebral compression fracture in the thoracolumbar vertebra. World Neurosurg. (2018 Jun) 114:e677–88. doi: 10.1016/j.wneu.2018.03.050












	
	TYPE Original Research

PUBLISHED 09 January 2023
DOI 10.3389/fsurg.2022.1005243






[image: image2]

Integrative analysis of microRNA-320a-related genes in osteoarthritis cartilage

Hao Peng1 and Haibin Lin2*

1The Third Clinical College of Southern Medical University, Guangzhou, China

2Department of Orthopedics, Affiliated Hospital of Putian University, Putian, China

EDITED BY
Xiaojian Wang, Shanxi Provincial People's Hospital, China

REVIEWED BY
Zhicheng Hu, The First Affiliated Hospital of Sun Yat-sen University, China
Qian YI, Southwest Medical University, China

*CORRESPONDENCE Haibin Lin ptyygklhb@163.com

SPECIALTY SECTION This article was submitted to Orthopedic Surgery, a section of the journal Frontiers in Surgery

RECEIVED 28 July 2022
ACCEPTED 16 December 2022
PUBLISHED 09 January 2023

CITATION Peng H and Lin H (2022) Integrative analysis of microRNA-320a-related genes in osteoarthritis cartilage.
Front. Surg. 9:1005243.
doi: 10.3389/fsurg.2022.1005243

COPYRIGHT © 2023 Peng and Lin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Objectives: To investigate microRNA-320a-related differentially expressed genes (DEGs) and pathways in osteoarthritis (OA) by bioinformatic analysis.



Methods: The target genes of microRNA-320a were searched and collected from MiRTarBase microRNA Targets dataset, the TargetScan Predicted Nonconserved microRNA Targets dataset and the TargetScan Predicted Conserved microRNA Targets dataset. OA-related microRNAs and OA-related target genes were collected from GeneCards databases. The pathway enrichment analysis of miRNAs ware performed by Funrich analysis tool. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was obtained from Database for Annotation, Visualization and Integrated Discovery (DAVID). GeneMANIA and STRING are used for protein-protein interaction (PPI) network analysis. Module analysis was performed by Cytoscape.



Results: A total of 176 OA related miRNAs were searched and collected for enrichment analysis, and microRNA-320a was one of OA related miRNAs. Enrichment pathway and analysis of 1721 miRNA-320a-related target genes from MiRTarBase and TargetScan were performed using the online tools Metascape. And results shown that the biological processes were remarkably enriched in chromatin organization, cellular response to DNA damage stimuli, mRNA metabolic process, protein ubiquitination, and regulation of cell adhesion. And then we analysed miRNA-320a-targeted OA genes via KEGG, GO enrichment and PPI Network. Our results showed that miRNA-320a played a role in OA through FoxO signaling pathway, PI3K-Akt signaling pathway, focal adhesion, MAPK signaling pathway, HIF-1 signaling pathway and cellular senescence. And we speculate that MAPK signaling pathway plays a key role in the effect of miRNA-320a on OA.



Conclusion: This study implied microRNA-320a-related DEGs and dysregulated pathways in OA. The aim is to screen miRNA-320a-related genes and pathways in OA and, eventually, to improve the understanding of underlying mechanisms of miRNA-320a in OA.
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Introduction

As one of the most common chronic degenerative articular cartilage diseases, osteoarthritis (OA) has a positive correlation with age, and its incidence is increasing, seriously affecting people's quality of life and physical and mental health, and causing a heavy burden to families, society and the country. The main pathological features of OA include wear and tear of articular cartilage, degeneration and excessive apoptosis of chondrocytes, degeneration of articular chondrocytes (1–3).

MiRNA (MicroRNA) is a class of endogenous small RNAs with about 20–24 nucleotides in length, and plays important roles in cell differentiation, biological development and disease occurrence and development. Bastami et al. developed a bioinformatics method to identify miRNAs target sites polymorphisms related to obesity or colorectal cancer (CRC), which could provide potential biomarkers for diagnoses, prognoses and treatment for CRC or obesity (4). And exosomal miRNAs are associated with many diseases, and provided diagnoses potential biomarkers and therapy targets for diseases (5). The pathogenesis of osteoarthritis is a very complex process involving many aspects, including cartilage degradation and gene expression changes in chondrocytes, including miRNA changes, with familial heritability (6). More and more studies have shown that miRNA plays an important regulatory role in the pathological development of OA. For example, miR-495 inhibits chondrogenic differentiation, and miR-127 regulates the MMP-13 expression (7, 8). miRNA-320a is closely related to the pathogenesis of a variety of diseases, including tumors, immune diseases, inflammatory diseases and so on (9, 10). Wang et al. reported that miRNA-320a inhibited cell growth ability, migration, and invasion by targeting the 3′-UTR of cytoplasmic polyadenylation element-binding protein 1 (CPEB1) in osteosarcoma, which might as a potential therapy target for osteosarcoma (11). And miRNA-320a has also been shown to regulate the expression of MMP-13 in chondrogenesis and interleukin-1β (IL-1β)-induced chondrocyte responses. Therefore, the specific mechanism of miRNA-320a in the pathogenesis of osteoarthritis is the focus of current research.

In this study, MiRTarBase microRNA Targets dataset, TargetScan Predicted Nonconserved microRNA Targets dataset and the TargetScan Predicted Conserved microRNA Targets dataset were analyzed to identify the target genes of miRNA-320a. Subsequently, GO and KEGG pathways were enriched, PPI network was established, and modules were analyzed. OA related miRNAs and target genes were collected from GeneCards. Enrichment pathway and analysis were performed using the online tools Metascape. This work aims to screen miRNA-320a-related genes and pathways in OA and, eventually, to improve the understanding of underlying mechanisms of miRNA-320a in OA.



Methods


Database establishment

The target genes of the microRNA-320a were searched and collected from MiRTarBase microRNA Targets dataset (http://mirtarbase.mbc.nctu.edu.tw/php/index.php), the TargetScan Predicted Nonconserved microRNA Targets dataset and the TargetScan Predicted Conserved microRNA Targets dataset (https://www.targetscan.org/vert_80/). OA-related microRNAs and OA-related target genes were collected from GeneCards databases (https://www.genecards.org/).



Functional enrichment analysis

The pathway enrichment analysis of miRNAs ware performed by Funrich analysis tool. The difference was statistically significant at P < 0.05. Enrichment Pathway and Analysis were performed by Metascape (https://metascape.org/gp/index.html#/main/step1). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was obtained from DAVID (https://david.ncifcrf.gov/), and the visualization of the signaling pathways was drawn by bioinformatics (http://www.bioinformatics.com.cn/).



Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses

In order to predict protein-protein interaction (PPI), GeneMANIA in Cytoscape is used for PPI network analysis. Nodes represent genes and edges represent connections between genes. Molecular complex detection (MCODE) plug-in component in Cytoscape v3.8.2 software is used to find key sub-networks and genes in a huge network according to the relationship between edges and nodes (degree cutoff = 2, node score cutoff = 0.2, k-core = 2, and max.depth = 100), so as to facilitate downstream analysis.




Results


Enrichment analysis of OA-related miRNAs

A total of 176 OA related miRNAs were searched and collected from the GeneCards, and were all uploaded to Funrich. The results of enrichment analysis on biological pathway were mainly enriched in Btra1 integrin cell surface interactions, proteoglycan syndecan-mediated signaling events, glypican pathway, TRAIL signaling pathway, integrin family cell surface interactions, and sphingosine 1-phosphate (S1P) pathway (Figure 1A). The biological process enriched included regulation of nucleobase, nucleoside, and nucleic acid metabolism, signal transduction, cell communication, transport, apoptosis, and regulation of cell growth (Figure 1B). The molecular function enriched included transcription factor activity, GTPase activity, protein serine/threonine kinase activity, transcription regulator activity, receptor signaling complex scaffold activity, and ubiquitin-specific protease activity (Figure 1C). The cellular component enriched mainly included nucleus, cytoplasm, golgi apparatus, and lysosome (Figure 1D).
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FIGURE 1
Enrichment analysis of OA-related miRNAs. (A) Biological pathways were analysis by Funrich. (B) Biological process was analysis by Funrich. (C) Molecular function was analysis by Funrich. (D) Cellular component was analysis by Funrich.




Enrichment pathway and analysis of miRNA-320a-targeted genes

Between these OA related miRNAs, we focus on the role and mechanism of miRNA-320a in OA. We searched and collected target genes of miRNA-320a from MiRTarBase and TargetScan. 480 target genes of the miRNA-320a were obtained from the MiRTarBase microRNA Targets dataset, 788 target genes of the miRNA-320a predicted using conserved miRNA seed sequences and 535 target genes of the miRNA-320a predicted using nonconserved miRNA seed sequences were obtained from the TargetScan microRNA Targets dataset. By integrating these data, we get 1,721 target genes of the miRNA-320a. And then Pathway enrichment analyses of miRNA-320a-targeted genes were performed using the online tools Metascape. It was shown that the biological processes were remarkably enriched in chromatin organization, cellular response to DNA damage stimuli, mRNA metabolic process, protein ubiquitination, and regulation of cell adhesion. The biological pathway was significantly enriched in cellular responses to stimuli, cell cycle, transcriptional regulation by RUNX1, signaling by Rho GTPases, Miro GTPases and RHOBTB3 (Figures 2A,B). KEGG functional analysis revealed that the miRNA-320a-targeted genes were significantly enriched in signaling pathways regulating pluripotency of stem cells, cellular senescence, hippo signaling pathway, focal adhesion, tight junction, cell cycle, mRNA surveillance pathway, MAPK signaling pathway and adherens junction (Figure 2C).


[image: Figure 2]
FIGURE 2
Enrichment pathway and analysis of microRNA-320a-targeted genes. (A) Bar graph of 20 enriched terms were colored by p-values, and p-value < 0.01 was statistically significant. (B) Network of enriched terms colored by cluster ID, where nodes sharing the same cluster ID are usually close to each other. (C) The top 20 remarkably enriched signaling pathway were analysis by KEGG analysis.




Enrichment pathway and analysis of OA-related genes

3,183 OA-related target genes were collected from GeneCards. And then Pathway enrichment analyses of OA-related target genes were performed using the online tools Metascape. It was shown that the biological processes were remarkably enriched in inflammatory response, positive regulation of cytokine production, cell adhesion, Mitogen-activated protein kinases (MAPK) cascade and cell population proliferation. The biological pathway was significantly activated in extracellular matrix organization, cytokine-cytokine receptor interaction, and signaling by interleukins (Figures 3A,B).
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FIGURE 3
Enrichment pathway and analysis of OA-related genes. (A) Bar graph of 20 enriched terms were colored by p-values, and p-value < 0.01 was statistically significant. (B) Network of enriched terms colored by cluster ID, where nodes sharing the same cluster ID are usually close to each other.




KEGG and go pathway enrichment analysis of miRNA-320a-targeted genes within OA-related genes (miRNA-320a-targeted ORG)

We intersected miRNA-320a-targeted genes with OA-related genes. Based on overlapping results in the Venn diagrams (Figure 4A), 259 genes were identified. We first used David online database for miRNA-320a-targeted ORG pathway enrichment analysis. As shown in Figure 4B, miRNA-320a played a role in OA through FoxO signaling pathway, PI3K-Akt signaling pathway, Focal adhesion, MAPK signaling pathway, HIF-1 signaling pathway and Cellular senescence. And then we conducted GO enrichment analysis from three functional categories, including BP, MF and CC. The biological process of these genes mainly included positive regulation of transcription from RNA polymerase II promoter, transcription, pre-miRNA transcription from RNA polymerase II promoter and cell proliferation, inflammatory response, and age (Figure 4C). The molecular functions of these genes mainly included identical protein binding, protein kinase binding, transcriptional activator activity, DNA binding, and transcription factor activity (Figure 4D). The cellular component of these genes mainly included nucleus, nucleoplasm, chromatin, focal adhesion, membrane, and cytosol (Figure 4E).
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FIGURE 4
KEGG and GO pathway enrichment analysis of microRNA-320a-targeted genes which have the effect on OA. (A) PPI network was obtained from GeneMANIA database. The nodes represent genes and the edges represent connection between genes. Five key modules were identified by MCODE, which was used for network gene clustering. (B) Cluster 1 with 11.067 score. (C) Cluster 2 with 9.579 score. (D) Cluster 3 with 6.1 score. (E) Cluster 4 with 3.778 score. (F) Cluster 5 with 2.5 score. (G) Pathway enrichment analysis of cluster 1. The MAPK signaling pathway was significantly enriched. (H) Pathway enrichment analysis of cluster 2. The MAPK signaling pathway was significantly enriched.




Protein–protein interaction (PPI) network analysis of miRNA-320a-targeted ORG

We obtained the PPI network from by GeneMANIA. Our study showed that physical interactions account for 56.93%, co-expression accounts for 25.69%, genetic interactions account for 7.76%, predicted accounts for 4.18%, co-localization accounts for 3.78%, pathway accounts for 1.63, and shared protein domains account for 0.04% (Figure 5A). To further examine the key modules, we used the application of MCODE from Cytoscape to facilitate clustering analysis of gene networks. Five key modules with 76 genes were established, and the scores were 11.067, 9.579, 6.1, 3.778 and 2.5 respectively (Figures 5B–F). Pathway enrichment analyses of top two key modules were performed using the Metascape. It showed that the pathway of genes in modules-1 were mainly involved intrinsic pathway of apoptosis, FoxO signaling pathway, cell senescence, and regulation of MAPK cascade (Figure 5G). And the pathway of genes in modules-2 were mainly involved Ras signaling pathway, MAPK signaling pathway, signaling by receptor tyrosine kinases, regulation of cell cycle process, and response to mechanical stimulus (Figure 5H). Form these results, we speculate that MAPK signaling pathway plays a key role in the effect of miRNA-320a on OA.
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FIGURE 5
Protein–protein interaction network analysis of microRNA-320a-targeted genes which have the effect on OA. (A) PPI network was obtained from GeneMANIA database. The nodes represent genes and the edges represent connection between genes. Five key modules were identified by MCODE, which was used for network gene clustering. (B) Cluster 1 with 11.067 score. (C) Cluster 2 with 9.579 score. (D) Cluster 3 with 6.1 score. (E) Cluster 4 with 3.778 score. (F) Cluster 5 with 2.5 score. (G) Pathway enrichment analysis of cluster 1. The MAPK signaling pathway was significantly enriched. (H) Pathway enrichment analysis of cluster 2. The MAPK signaling pathway was significantly enriched.





Discussion

OA is the most common joint disease in the elderly population. Affected by age, gender, obesity, genetics, mechanical stress and other pathogenic factors, the incidence of OA is getting higher and higher. With the increase of age, the disease gradually worsens, resulting in joint deformity and seriously affecting the quality of life of patients (12, 13). At present, the understanding of the pathogenesis of OA is still incomplete, and the treatment options provided to patients still have certain limitations, which often cannot effectively curb the development of OA (14).

A total of 176 OA related miRNAs were searched and collected from the GeneCards. Biological pathways, biological processes and cell components were enriched and analyzed. Pathway analysis demonstrated that Btra1 integrin cell surface interactions, proteoglycan syndecan-mediated signaling events, glypican pathway, TRAIL signaling pathway, integrin family cell surface interactions, and sphingosine 1-phosphate (S1P) pathway play important roles. OA is associated with extracellular matrix (ECM) changes and tissue degeneration. The integrin protein family connects structural information in the extracellular matrix of OA to the complex response mechanisms inside the cell (15). Fibronectin (Fn) is a glycoprotein that is highly expressed in arthritic joints and mediates various physiological processes by regulating interactions between cell surface integrin receptors and growth factors (16). Because a single miRNA can regulate a large number of genes, and a single molecule can be targeted by many miRNAs, it is a rather complex cross-chain regulatory network (17).Therefore, analyzing the overall expression profile of miRNAs during OA may help us better understand the pathogenesis of OA.

1,721 target genes of miRNA-320a from MiRTarBase and TargetScan were performed using the online tools Metascape. It was shown that the biological processes were remarkably enriched in chromatin organization, cellular response to DNA damage stimuli, mRNA metabolic process, protein ubiquitination, and regulation of cell adhesion. The biological pathway was significantly enriched in cellular responses to stimuli, cell cycle, transcriptional regulation by RUNX1, signaling by Rho GTPases, Miro GTPases and RHOBTB3. MiRNA silences gene expression through transcription, post-transcription, and chromatin dependent pathways (18, 19). Aging is associated with the pathophysiology of OA, and miRNAs are closely associated with the control of aging (20, 21). Studies have found that the growth factors released from the degraded matrix during early OA provide a powerful pro-mitotic stimulus, and the mitotic stimulation of damaged chondrocytes induces senescence (22–24). Runx1 has been shown to be an important factor in early chondrogenic differentiation and can restore cartilage anabolism by promoting chondrocyte differentiation (25, 26). The target genes of miRNA-320a are closely related to OA, suggesting that miRNA-320a might play important roles in the occurrence and development of osteoarthritis.

Many signaling pathways are involved in the progression of OA (27–33), including NF-κB signaling pathway, JNK signaling pathway, MAPK signaling pathway, Wnt signaling pathway, PI3K/AKT/mTOR signaling pathway, and so on. Among them, NF-κB signaling pathway is reported to be involved in chondrocyte catabolism, chondrocyte survival and synovial inflammation (30). And MAPK signaling pathway is reported to be play a pivotal role in inflammatory factor production and the cartilage degeneration process in OA (28). Researches on signaling pathways involved in regulating the progression of OA will provide potential therapeutic targets for OA. Our current study showed that there are 259 miRNA-320a-targeted genes in OA related genes. As shown in Figure 4B, miRNA-320a played a role in OA through FoxO signaling pathway, PI3K-Akt signaling pathway, Focal adhesion, MAPK signaling pathway, HIF-1 signaling pathway and Cellular senescence. FoxO is an evolutionarily conserved transcription factor family, which consists of four members (FoxO1, FoxO3, FoxO4 and FoxO6) (34, 35). FoxO transcription factor can prevent aging of cells and organisms, and its expression in cartilage is reduced with aging and in OA (36). A large number of miRNAs can directly regulate FOXO transcripts (37). PI3K/AKT/mTOR is an important and very complex signaling pathway, and more and more evidences support the involvement of PI3K/AKT/mTOR in the development of OA (38, 39). Compared with normal cartilage, the PI3K/AKT pathway was down-regulated in OA cartilage tissue and involved in ECM synthesis (40). Evidences have shown that microRNAs play important roles in regulating PI3K/AKT/mTOR pathway and its impact on OA development, suggesting that microRNAs may become potential therapeutic targets for OA (41, 42).

PPI Network Analysis of miRNA-320a-targeted ORG also showed that MAPK signaling pathway plays a key role in the effect of miRNA-320a on OA. MAPK serine/threonine protein kinase family is widely present in eukaryotes and regulates a variety of cellular processes including proliferation, differentiation, survival and apoptosis (43, 44). LAN et al. showed that MAPKs inhibition had a protective effect on OA by restoring damaged OA autophagy (45). MiRNA-320a is regulated by the P38 MAPK/JNK pathway in tumor cells (46). Inhibition of miRNA-320a synthesis through AMPK and P38 signaling pathway may improve the pathogenesis of OA (47).

MiRNA-320a is a very important miRNA that can regulate the expression of multiple target genes. This study implied microRNA-320a-related DEGs and dysregulated pathways in OA. The aim is to screen miRNA-320a-related genes and pathways in OA and, eventually, to improve the understanding of underlying mechanisms of miRNA-320a in OA.
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Background: Depression is a highly prevalent mental disorder, and we found that patients with preoperative depression had worse postoperative improvement in lumbar fusion. Are mental factors related to the prognosis of laminoplasty?



Objective: To analyze the relationship between depression and clinical outcomes after laminoplasty for the treatment of multilevel CSM.



Methods: In this retrospective study, 115 patients with multilevel cervical spondylotic myelopathy (CSM), who underwent laminoplasty and were followed up for more than 1 year, were enrolled in this study from October 2018 to October 2021. Patients with the scores of 21-item Beck Depression Inventory (BDI) ≥ 15 or Hamilton Depression Scale-24 (HAMD-24) > 20 were included in the depression group. The clinical outcomes were evaluated by the changes and recovery rate (RR) of Japanese Orthopaedic Association Scores (JOA) and Neck Disability Index (NDI) respectively. Univariate and multiple linear regression analyses were performed to reveal the relationship between preoperative depressive states and clinical outcomes.



Results: Fourteen patients were diagnosed with depression by BDI and twenty-nine by HAMD-24. Between the depression group and the non-depression group, the age, gender, smoking history, and duration of symptoms were statistically significant (P < 0.05). Multiple linear regression showed that the BDI scores had a negative relationship with the changes and RR of JOA and NDI, and the HAMD-24 scores had a negative relationship with the changes and RR of JOA.



Conclusions: Preoperative depression in patients with multilevel CSM can lead to worse prognosis. In order to improve the curative effect of the operation, we should pay attention to the psychological state monitoring and intervention of patients before they receive laminoplasty.



KEYWORDS
cervical spondylotic myelopathy (CSM), laminoplasty, depression, clinical outcomes, 21-item beck depression inventory (BDI), Hamilton depression scale-24 (HAMD-24)





Introduction

Cervical spondylotic myelopathy (CSM) is a disease with cervical spinal cord damage as the main manifestation due to cervical degenerative changes (1). Multilevel CSM is often accompanied by a variety of serious symptoms, and conservative treatment is often not easy to alleviate. Surgical treatment is particularly important for patients with failed conservative treatment of multilevel CSM. There are two options for the surgical approach, anterior and posterior. Anterior approach includes anterior cervical discectomy and fusion (ACDF) and anterior cervical subtotal corpectomy and fusion (ACCF), while posterior approach includes laminoplasty and laminectomy (1–3). Compared with anterior approach, posterior approach can avoid postoperative complications such as dysphagia, hoarseness, postoperative cervical instability, kyphosis, and delayed deterioration of neurological function (4–7). In posterior approach, laminoplasty is suitable for most patients, especially the elderly patients. At the same time, due to the preservation of vertebral lamina, laminoplasty can maintain the overall stability of cervical spine and reduce the incidence of postoperative complications such as axial pain and scar formation (8–10). The postoperative outcome of patients not only depends on the approach of operation, but also relates to many factors, including patient's age, duration of symptoms, neurological status and so on (11–15).

Depression is a highly prevalent mental disorder. There are about 322 million patients with depression worldwide, and the prevalence rate is about 4.4% (16). As many as 40% of people have depression symptoms at a young age, and the incidence rate of depression reaches a peak between 50 and 60 years old (17). In daily life, psychosocial and biological stressors are both the causes of depression (17, 18). At least one of the symptoms of depression must be either depressed mood or decreased positive affect (19). Depression is a common comorbidity among patients with musculoskeletal pain, and patients who are depressed complain more physical symptoms than patients who are not (20). At present, there are many screening tools for the diagnosis of depression, including the 21-item Beck Depression Inventory (BDI) (21), Hamilton Depression Scale-24 (HAMD-24) (22), the Patient Health Questionnaire-9 (23), and the Depression in the Medically ill (DMI) (24). The BDI is widely used in depression screening in view of their sensitivity, specificity and diagnostic validity (25).

In our previous study, we found that patients with preoperative depression had worse postoperative improvement in lumbar fusion (26). Are mental factors related to the prognosis of laminoplasty? In order to explore the relationship between preoperative mental disorders and postoperative effect in patients with multilevel CSM, we conducted a retrospective study to investigate the impact of preoperative depression assessed using both BDI and HAMD-24 on clinical outcomes following laminoplasty. We reviewed the literature and found that there was no study to analyze this relationship between depression and the prognosis of laminoplasty, and this study might be the first study to analyze this relationship using BDI and HAMD-24 scales.



Materials and methods


Patient population

This was a retrospective clinical study. This study was approved by the ethics statement of our hospital (First Affiliated Hospital of Dalian Medical University, Dalian). Between October 2018 and October 2021, 121 patients with multilevel CSM, who underwent laminoplasty took part in the study. The inclusion criteria were: (1) age ≥ 18 years old; (2) diagnosed as multilevel CSM; (3) posterior cervical approach was underwent; (4) the follow-up time was > 1 year. The exclusion criteria were: (1) previous spine surgery history; (2) postoperative surgical site infection or reoperation; (3) severe postoperative complications occurred; (4) severe mental disorder or confusion; (5) with serious underlying diseases.



Data collection and outcome evaluations

The data collected included the patient's age, gender, body mass index (BMI), smoking history, drinking history, comorbidities (diabetes, hypertension, rheumatism), symptom duration, and surgical levels. All patients were evaluated for depressive symptoms by BDI and HAMD-24 before operation. The BDI scores ≥15 or HAMD-24 scores >20 were diagnosed as depression. BDI is widely used in clinical epidemiological investigation. It consists of 21 items, including a series of indicators such as self, environment, work, life, and future, etc. The total scores rank from 0 to 39. The higher the scores, the more serious the depressive symptoms are. BDI is a comprehensive depression assessment tool. HAMD-24 is the most widely used scale in clinical evaluation of depression, which includes 24 indexes. The HAMD-24 evaluation method is simple and the standard is clear. The total scores of HAMD-24 can reflect the severity of the disease, and can be used to evaluate the depressive symptoms of depression, bipolar disorder, neurosis and other diseases, especially for depression.

The Japanese Orthopaedic Association Scores (JOA) and Neck Disability Index (NDI) scores were used to evaluate the severity of patient's symptoms before surgery and 1 year after surgery. JOA mainly evaluates the motor function, sensation and bladder function of the limbs, the total scores are between 0 and 17, the lower the scores, the more obvious the dysfunction. The NDI scores include two parts: neck pain-related symptoms and assessment of the ability of daily living, the total scores rank from 0 to 50, higher scores predict more severe symptoms.

We used the preoperative and postoperative changes of JOA and NDI scores to indicate the patient's improvement, the changes were calculated by JOA as follows: |postoperative JOA−preoperative JOA|, by NDI scores as follows: |postoperative NDI scores−preoperative NDI scores|. The recovery rate (RR) was calculated by JOA as follows: (postoperative JOA−preoperative JOA)/(17−preoperative JOA) × 100% (27), by NDI scores as follows: (postoperative NDI scores−preoperative NDI scores)/(1−preoperative NDI scores) × 100%.



Statistical analysis

Statistical analysis was performed with the Statistical Package for Social Sciences (v.23.0, IBM Statistics, Armonk, NY, United States). All continuous variables were expressed as mean (SD, standard deviation) and compared by analysis of one-way ANOVA test or t test. Categorical variables were expressed as the number of patients with a percentage and compared by χ2 test or Fisher's exact test. In the final analysis, Univariate and multiple linear regression analysis were used to analyze the relationship between BDI and HAMD-24 scores and postoperative outcomes. P < 0.05 was considered statistically significant.




Results

Ultimately, a total of 121 patients underwent laminoplasty were enrolled in this study, but 6 patients were excluded, because 3 patients had surgical site infection and the other 3 had hematoma after surgery. Screened by BDI, the depression group included 14 patients, including 4 males (28.6%), the mean age of patients was 72.7 ± 2.6 years, average BMI was 25.0 ± 4.3, mean hospital stay was 14.4 ± 2.3 days. Meanwhile, 8 smokers (57.1%), 1 drinker (7.1%), 2 with diabetes (14.3%), 1 with hypertension (7.1%), 3 with rheumatism (21.4%), 14 patients with >5 years (100%) of symptoms duration, and 8 with three surgical levels (57.1%), 6 with four surgical levels (42.9%). Screened by HAMD-24, the depression group included 29 people, including 10 males (34.5%), the mean age of patients was 69.4 ± 4.5 years, average BMI was 24.9 ± 3.4, mean hospital stay was 14.6 ± 2.0 days. Meanwhile, 8 smokers (27.6%), 1 drinker (3.4%), 4 with diabetes (13.8%), 2 with hypertension (6.9%), 3 with rheumatism (10.3%), 4 patients with 3–5 years (13.8%), 25 patients with >5 years (86.2%) of symptoms duration, and 15 with three surgical levels (51.7%), 14 with four surgical levels (48.3%). Similarly, patient characteristics in the non-depression group were summarized in the same way. Patients with depression screened by BDI or HAMD undergoing laminoplasty are older in age, higher in smoking proportion and females (P < 0.001), and have a longer duration of symptoms (P < 0.001)   (Table 1).


TABLE 1 Characteristics statistics of cohort by BDI and HAMD-24.
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The analysis of postoperative outcomes and improvement showed that there were statistically significance in postoperative JOA, NDI scores and RR between patients with depression and patients without depression in both BDI and HAMD-24 group (P < 0.05). In the BDI group, patients with depression had worse postoperative results, including postoperative JOA (13.5 ± 1.8 vs. 10.0 ± 1.1, P < 0.001), JOA changes (6.3 ± 1.6 vs. 3.0 ± 0.8, P < 0.001), RR (65.2 ± 16.9 vs. 30.1 ± 7.5, P < 0.001), postoperative NDI scores (16.9 ± 4.8 vs. 25.1 ± 3.3, P < 0.001), NDI changes (18.0 ± 3.9 vs. 10.1 ± 2.3, P < 0.001), RR (53.6 ± 12.0 vs. 29.6 ± 7.0, P < 0.001). Similarly, in the HAMD-24 group, patients with depression had worse postoperative results (Table 2).


TABLE 2 Postoperative outcomes and improvement comparison in BDI and HAMD-24 groups.
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The results of univariate linear regression analysis showed that the higher the preoperative BDI and HAMD-24 scores, the worse the postoperative clinical outcomes (P < 0.05). After considering confounding factors, multivariate linear regression analysis showed that the BDI scores were recognized as a negative predictor of postoperative JOA (β = 0.171, P = 0.017), JOA changes (β = −0.147, P = 0.020), RR (β = −1.225, P = 0.036), and a negative predictor of postoperative NDI scores (β = 0.472, P = 0.020), NDI changes (β = −0.327, P = 0.010) and RR (β = −0.919, P = 0.027). Besides, HAMD-24 scores were negative predictor of postoperative JOA (β = −0.067, P = 0.030), changes (β = −0.065, P = 0.017) and RR (β = −0.554, P = 0.028) (Table 3).


TABLE 3 Correlation between preoperative BDI, HAMD-24 and postoperative clinical outcomes and improvement by using regression analysis.
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Discussion

Posterior cervical approach is a common surgical method for the treatment of multilevel CSM. Liu et al. (28) indicated that ACDF was recommended when there were no more than three cumulative segments in CSM, but when there are three or more segments involved in the vertebral bodies, laminoplasty should be selected to treat multilevel CSM in order to avoid surgical complications and reoperation related to complications. Some scholars also reported that patients with ACDF and patients with laminoplasty had similar postoperative recovery, but the incidence of reoperation and complications in ACDF group was higher than that in laminoplasty group (29). Similarly, Liu et al. (30) conducted a meta-analysis, contained 11 studies with a total of 712 patients, which showed that patients in the posterior approach group had more postoperative JOA than patients in the anterior approach group. What factors cause the worse effect of posterior cervical surgery?.

Previous studies have shown there are some factors which can affect the curative effect of posterior cervical surgery, such as age (31), gender (32), smoking (33), symptom duration (34) and so on (35). Other studies have confirmed that mental factors affect the results of surgery in heart surgery, brain surgery, transplantation surgery and thoracic surgery (14, 36–40). In spinal surgery, there are some similar studies (41–43). Tuomainen et al. (44) conducted a 10-year prospective study that included a total of 102 patients with lumbar spinal stenosis and found that even patients with mild depressive symptoms had an increased risk of postoperative pain and disability. A retrospective study by Kevin et al. (45) on patients who underwent ACDF found that patients with depressive symptoms postoperatively had a significantly higher Nurick score than patients without depression. At present, there is no study on the relationship between depression and postoperative results of laminoplasty.

Therefore, we conducted this retrospective study where a total of 115 patients were included and followed up for more than 1 year. The result demonstrated that there was a relationship between preoperative depression and postoperative outcomes in patients with multilevel CSM, and patients with depressive symptoms had poorer symptoms improvement after laminoplasty. In addition, BDI and HAMD-24 were used to assess the mental state of patients, which could assess the patient's depressive symptoms more accurately. BDI includes a series of indicators, such as self-evaluation, environment, work, life, future, and so on, to judge depression symptoms, while HAMD evaluates individual depression symptoms through mental, weight, cognitive impairment, block, sleep disturbance, etc. BDI and HAMD cooperate and complement each other, at the same time, BMI can exclude the influence of anxiety disorder included in HAMD on the experimental results.

The baseline data analysis showed that compared with the patients without depression, the patients with depression screened by BDI and HAMD-24 were older in age, higher in female and smoking proportion, and had a longer duration of symptoms. Factors, such as aging of population, socioeconomic status, disability and cognitive impairment, widowhood, might lead to the result that patients with depression have an elder age (19). That Females in depression group are more is related to susceptibility, gender differences, and environmental factors, the conclusion is consistent with other research (46). The reason why there are more smokers in depression group may be related to the fact that smoking behavior and nicotine intake can enhance pleasure in people with lack of pleasure (47, 48). The longer the duration of symptoms, the longer the dysfunction associated with the disease bothers patients, which will lead to the incidence of depression (49, 50). In addition, HAMD-24 had screened more patients with depression than BDI, which might be because HAMD-24 also diagnosed some patients with anxiety symptoms as depression. In this study, the postoperative JOA and NDI scores of all patients were improved compared with those before operation, and the improvement of depressed patients was worse than that of non-depressed patients. Linear regression analysis showed that the higher the preoperative BDI scores, the worse the postoperative outcome, and the higher the preoperative HAMD-24, the worse the postoperative JOA recovery.

The effect of depression on clinical outcomes may be caused by the following factors. Depression is closely related to pain and will affect the prognosis of patients. Studies have shown that one suffering from physical diseases is often accompanied by mental symptoms, and long-term illnesses will increase their psychological burden (51). The main symptoms of multilevel CSM include pain and dysfunction. Long-term pain will seriously affect the patient's psychological mood and the quality of life (52). When the pain reaches moderate to severe, impaired body function and/or is difficult to treat, it has a clear correlation with depressive symptoms (53). In addition, depression can also cause somatization symptoms in patients, including pain, discomfort, neurasthenia, gastrointestinal symptoms, and somatosensory amplification (54, 55). Consequently, when multilevel CSM patients with depression receive a questionnaire after surgery, their pain scores may be relatively higher, leading to worse postoperative results.

Postoperative functional exercise is an important way to determine the prognosis of patients, which is helpful to the recovery of body function and the healing of surgical incision (56). Patients with depression are depressed, lack of confidence to overcome the disease, and resistance to rehabilitation training and exercise, which may lead to worse surgical results. Patients with depression also have different degrees of cognitive impairment, which may lead to a lack of correct and rational understanding of the disease and postoperative treatment, and also lead to worse prognosis (57). In addition, it has been confirmed that individuals with depression have a high level of inflammation marks (58). Depression is related to the changes of neuroendocrine immunity, which will lead to more inflammatory cytokines (59), thus affecting the rehabilitation process.

There are some limitations in this study. First of all, the sample size of the study is relatively small, with only 115 patients included in the study, which may be statistically biased, leading to inaccurate conclusions. Secondly, this is a retrospective study with a few factors included in the analysis. Some factors that have an impact on the clinical outcome may be overlooked, such as the lack of evaluation of the surgical quality, which will also have an important impact on the surgical outcome. Therefore, in order to clarify the relationship between psychological factors and surgical results more clearly, further prospective, multi-center and large-sample studies are needed.




Conclusion

Laminoplasty can alleviate the symptoms of patients with multilevel CSM, but the improvement of symptoms in patients with depression after surgery is relatively worse. In order to improve the curative effect of laminoplasty, we should pay attention to the psychological state monitoring and intervention of patients before they receive laminoplasty.
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Background: Intradural lumbar disc herniation (ILDH), especially upper lumbar intradural disc herniation, is a rare type of lumbar disc herniation (LDH). However, it may have severe and complex symptoms, causing serious impact on the patients. Additionally, it is difficult to be diagnosed with limited experience. Few studies on L2–L3 ILDH have been reported in the literature. This study presents such a case and reviews the incidence, etiology, symptoms, diagnosis and treatment of this disease, so as to provide guidance and experience for clinicians.



Case presentation: A 27-year-old male patient had a one-month history of severe lower back pain and left lower extremity weakness after lumbar sprain. He could not walk due to progressive symptoms. Physical examination revealed that straight leg raising and femoral nerve stretch tests on the left side were positive. Magnetic resonance imaging of lumbar showed an intradural disc protruding into the ventral dural sac at the L2–L3 level. He was diagnosed ILDH of L2–L3, finally. An urgent operation was performed to remove the intradural disc fragment. The patient's symptoms improved significantly, postoperatively. After eight months of follow-up, he returned to normal life with only slight lower back pain.



Conclusions: ILDH at the L2–L3 level is an extremely rare type of LDH. Its diagnosis often requires a combination of symptom, physical examination, and imaging examination due to no typical symptoms or imaging features. A detailed preoperative plan including the definition of the position, calcification, migration, and adhesion of intradural intervertebral discs to decrease the risk of surgery, prevent the occurrence of complications, and promote postoperative prognosis of patients.
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Introduction

Intradural lumbar disc herniation (ILDH) is a rare type of lumbar disc herniation (LDH), and its incidence is 0.04–0.33% of LDH (1). ILDH occurs more rarely in the upper lumbar spine than the lower lumbar spine (1). The etiology of ILDH is still uncertain. The most widely accepted mechanism is adhesion between the posterior longitudinal ligament (PLL) and ventral dural sac. For ILDH, there are atypical and complex symptoms, such as low back pain, radiation pain, or lower extremity weakness. More seriously, ILDH may cause cauda equina syndrome (CES) (2). Prompt surgery is used in the treatment of ILDH, so as to alleviate severe symptoms, avoid aggravation of the condition, and prevent adverse events. ILDH may be misunderstood as intradural extramedullary tumor, hematomas, or synovial cyst based on preoperative radiographic imaging (3, 4). It is difficult to make definitive preoperative diagnosis, which increases the risk of surgery and reduces the prognosis. According to literature reports, there have been few studies on L2–L3 ILDH. The purpose of this study is to describe a case with L2–L3 ILDH, to review the incidence, etiology, symptoms, diagnosis and treatment of this disease, and to provide guidance and experience for orthopedic surgeons.



Case presentation

A 27-year-old male patient who suffered from severe lower back pain and left lower extremity pain due to lumbar sprain a month ago. The patient accepted some conservative treatments such as non-steroidal anti-inflammatory drugs and bed rest. However, the symptoms did not alleviate, or even worsened. He experienced the left lower extremity weakness, and then he could not walk due to progressive symptoms. No further treatment was adopted. The movement was limited, and the patient failed to take part in social activities or even look after himself. Therefore, the patient was admitted to our hospital for treatment. He denied having a similar medical history and a family history of genetic disorders. Physical examination revealed muscle weakness in the left lower extremity, especially left ankle dorsiflexion and great toe dorsiflexion. The left-side straight leg raising and femoral nerve stretch tests were positive. The bowel and bladder functions were normal. Lumbar computed tomography (CT) showed that intervertebral disc herniation, loss of disc height, and osteophyte hyperplasia at the L2–L3 level (Figures 1A,B). Lumbar magnetic resonance imaging (MRI) demonstrated that extruded intervertebral disc, loss of continuity of the PLL, and intradural masses at the L2–L3 level (Figures 1C–F). The masses with T1-weighted and T2-weighted signals equaled to those of intervertebral discs. ILDH was preoperative diagnosis on the basis of medical history, symptoms, physical examination, and radiographic findings. Its differential diagnosis, such as intradural tumor and cyst, still needs to be considered. A laminectomy was performed under general anesthesia. The dura sac in the spinal canal was exposed by removing the ligamentum flavum. Extruded intervertebral disc was not found in the extradural space, but there were tight adhesions between the PLL and the ventral dural sac. A durotomy of the dorsal dural sac was completed and the nerve rootlets were separated. There was a mass revealed disc-like substance in the dura sac (Figure 2). A defect of the ventral dural sac was observed after the mass was removed. The dorsal and ventral dural sacs were sutured continuously. Cerebrospinal fluid (CSF) leakage was not discovered, and there was no obvious compression of the nerve root and dural sac after careful inspection. Transforaminal lumbar interbody fusion and transpedicular screw fixation were performed to prevent the recurrence of ILDH and spinal instability. Subsequently, the incision was sutured and the drainage was placed. Antibiotics were injected intravenously for 3 days after the surgery. Postoperative radiographs revealed that the extruded intervertebral disc was removed and the position of internal fixation was good (Figure 3). The patient's pain improved significantly, postoperatively. The patient was followed up by outpatient review. Lower extremity weakness gradually improved, and no complications such as infection, cerebrospinal fluid leakage, or epidural hematoma were found during the follow-up period. Eight months postoperatively, the patient could return to normal life, walk freely, and participate in social activities with only slight lower back pain. Physical examination showed the muscle strength of the left lower extremity was significantly improved compared with that before surgery. The left-side straight leg raising and femoral nerve stretch tests were negative. The visual analogue scale score and the Oswestry disability index significantly improved from 7 and 72 preoperatively to 2 and 18, respectively. The patient was satisfied with the efficacy.


[image: Figure 1]
FIGURE 1
Preoperative radiographic images (A–F). (A,B) CT showed intervertebral disc herniation, loss of disc height, and osteophyte hyperplasia at the L2–L3 level. Sagittal T1-weighted (C) and T2-weighted (D) MRI revealed extruded intervertebral disc, and loss of continuity of the PLL at the L2–L3 level. (E,F) Axial T2-weighted MRI demonstrated the intradural mass.
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FIGURE 2
Interoperative image revealed the extruded intervertebral disc.
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FIGURE 3
Postoperative radiographic images (A–D). (A,B) MRI revealed that the extruded lumbar intervertebral disc was removed. (C,D) Plain radiographs showed interbody fusion with posterior instrumentation.




Discussion

ILDH was first described by Dandy in 1942 (5). ILDH is rare with an incidence of 0.04–0.33% of LDH, however, ILDH at the L2–L3 level is even rarer with an incidence of only 9.5% of all ILDH (1). To our knowledge, there are 21 patients with ILDH at L2–L3 level in the literature (Table 1). ILDH often occurs in patients over 50 years old, and it is more common in men than in women (1). We reported a male patient with ILDH at the L2–L3 level who was only 27 years old.


TABLE 1 Summary of reported cases of ILDH at the L2–L3 level.

[image: Table 1]

The etiology of ILDH remains uncertain. Adhesions of the PLL and the ventral dural sac may be a predisposing factor for ILDH and could occur in congenital conditions such as congenital lumbar spinal stenosis, or in chronic degenerative diseases (17, 26–28). The adhesion may cause dural erosion, followed by herniation of the intervertebral disc into the dural sac. D'Andrea et al. (16) found that 33.3% of ILDH patients had a history of previous surgery. Previous surgery may contribute to intradural disc herniation due to postoperative adhesions of the PLL and the ventral dural sac. Jang et al. (29) revealed that an acute trauma may lead to the occurrence of ILDH. The symptoms of ILDH are atypical and complex, including low back pain, radiation pain, or lower extremity weakness, which is more serious than epidural disc herniation. Moreover, the incidence of CES in ILDH is higher than extradural lumbar disc herniation (2).

The diagnosis of ILDH is still difficult and challenging. Some characteristics of imaging should be noticed to rule out some differential diagnoses. Hidalgo-Ovejero et al. (9) demonstrated that an intradural herniated disc was associated with the presence of epidural gas on CT scans and suggested that ILDH should be considered when epidural gas was observed. Sasaji et al. (10) reported that the “Y sign” formed by the ventral dura and arachnoid on sagittal T2-weighted MRI could contribute to the diagnosis of ILDH. Choi et al. (30) found that the “hawk-beak sign” on the axial imaging and loss of continuity of the PLL on T2-weighted sagittal MRI could indicate the occurrence of ILDH. Wasserstrom et al. (31) reported that ILDH was diagnosed by rim enhancement of herniated disc on gadolinium-enhanced MRI. Rim enhancement on gadolinium-enhanced MRI were used to rule out some differential diagnoses such as meningioma and schwannoma (32, 33). Note that rim enhancement of herniated disc occurred due to peripheral neovascularization and chronic granulation tissue (33). Myelography could be used to diagnose ILDH. Kataoka et al. (1) revealed that 71% and 15% of ILDH patients showed complete block and incomplete block in myelogram, respectively. However, myelography failed to rule out intradural tumors and huge central herniation (34, 35).

The optimal and effective treatment of ILDH is surgery that completely removes intradural intervertebral discs. Laminectomy is considered as the mainstream procedure and is widely used to treat ILDH. CSF leakage may be a serious complication. Pedaballe et al. (36) concluded that the defect of the ventral dura should be sutured. Some hemostatic materials should be placed on the ventral dural sac to prevent the occurrence of CSF leakage (37). A study by Serikyaku et al. (38) demonstrated that no postoperative CSF leakage was found in all patients of ventral durotomy without repair. The treatment of ventral dural defect remains controversial. Note that intradural migration of intradural disc fragment was easily misdiagnosed as intradural extramedullary tumor, and also increased the risk of surgical failure (22). Kobayashi et al. (15) reported that transforaminal lumbar interbody fusion was performed to treat ILDH, so as to prevent recurrence. Recently, Kim et al. (12) has been found that percutaneous endoscopic lumbar discectomy was successfully conducted in the treatment of ILDH. However, Moon et al. (11) reported the conversion to microscopic surgery after the failure of percutaneous endoscopic lumbar discectomy for treatment of ILDH.

There are some limitations to our study. First, pathological examination of extruded intervertebral disc was not performed. Second, the follow-up period of the patient was short. Third, only one case was analyzed in this study.



Conclusions

ILDH at the L2–L3 level is an extremely rare type of LDH. The etiology of ILDH is multifaceted. Its symptoms and preoperative radiological findings are often atypical. The diagnosis of ILDH is often based on the combination of symptom, physical examination, and imaging examination, and is confirmed during operation. Orthopedic surgeons should make detailed preoperative plans including the definition of the position, calcification, migration, and adhesion of intradural intervertebral discs to decrease the risk of surgery, prevent the occurrence of complications, and promote postoperative prognosis of patients.
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Background: The study aimed to compare the area changes of CT (computed tomograghy) imaging of psoas major muscle (PM) in patients with lumbar disc herniation (LDH) mainly based on low back pain (LBP) and lower limb pain (LLP), and to analyze the correlation among them.



Methods: We retrospectively analyzed the lumbar CT imaging data of 120 patients with LDH and 60 healthy control people in our hospital from July 2017 to August 2019. They were divided into LBP group (60 cases), LLP group (60 cases) and healthy controls group (60 cases). According to the pain duration and pain degree, LBP group and LLP group were divided into three subgroups respectively. The maximum cross-sectional area (CSA) of PM and the CSA of L5 vertebral body were calculated by Image J software, and the ratio of them was the maximum CSA index of PM. The maximum CSA indices of PM among three groups and three subgroups were compared, respectively.



Results: The baseline data among the three groups weren’t significantly different (P > 0.05), yet the maximum CSA index of PM did (P < 0.05). In the LBP group, the maximum CSA indices of PM among the three subgroups (short, medium and long) according to the pain duration were significantly different (P < 0.05), and those among the three subgroups (light, medium and heavy) according to pain degree did (P < 0.05). In the LLP group, the maximum CSA indices of PM among the three subgroups (short, medium and long) were compared, but there was not statistical difference among the three subgroups (P > 0.05). No statistical difference in terms of the maximum CSA indices of PM among the three subgroups (light, medium and heavy) was observed (P > 0.05).



Conclusion: The atrophy and thinning of PM may be related to LDH. The correlation between the atrophy of PM and LBP was greater than that of LLP. The atrophy of PM in LDH patients with LBP increased with the prolongation of pain duration and aggravation of pain degree.
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Introduction

Lumbar disc herniation (LDH) is a degenerative disease of spine in which the herniated nucleus pulposus compresses or stimulates the sinus nerve and nerve roots, causing clinical symptoms such as low back pain (LBP), lower limb pain (LLP) with or without numbness. The incidence of LDH is higher in middle-aged and elderly patients (1). It was reported that 80% of adults had experienced LBP in their lifetime, and 10% of them had chronic LBP (2), which originated from degenerative lesions of lumbar intervertebral disc that may lead to intervertebral disc herniation. Most of LDH have LBP as the first symptom, with or without limited lumbar movement, and some have some degree of unilateral or bilateral lower limbs numbness and pain. Patients with LBP and radicular pain or radiculopathy have been reported to be more serious and have a worse prognosis than those with only LBP (3). Lumbar computed tomography (CT) or magnetic resonance imaging (MRI) can clearly show the location and degree of nucleus pulposus herniation, which can be used as the basis for the diagnosis of LDH (4, 5).

LDH is caused by some risk factors, such as gender, weight, occupation, and bad living habits, and intervertebral disc degeneration is the main cause (1). However, some studies of spinal biomechanics demonstrated that the main factor of lumbar disc degeneration and even LDH was lumbar imbalance. Psoas major muscle (PM) has been widely studied in terms of lumbar imbalance. It is generally believed that the vertical alignment of PM provides stability for the lumbar spine. However, bilateral asymmetric or atrophic PM can lead to the weakening or asymmetric force of the spinal stability system, which increases the shear stress of the intervertebral disc and causes intervertebral disc herniation. Danneels et al. (6) proposed that the LBP of LDH reduced the activity of PM on the herniated side, leading to its atrophy and thinning. However, the atrophy and thinning of the PM may further aggravate the occurrence and development of LDH. It was thought that only patients with LBP had atrophy and thinning of PM. However, some studies reported that the ipsilateral PM also had atrophy and thinning in cases of LLP caused by LDH (7–9). Kim et al. (10) compared the cross-sectional area (CSA) of the PM on the lesioned and normal side in 76 patients with LDH, but found no statistically significant results.

Currently, the correlation between LDH and atrophy of the PM is highly controversial. Therefore, this study analyzed CT imaging of the PM in LDH patients with mainly based on LBP and LLP and healthy control people, so as to investigate the relationship between LDH and PM, and to analyze its possible mechanism.



Materials and methods


Study subjects

From July 2017 to August 2019, the case data of patients with LDH and healthy control people without LDH who underwent lumbar CT scanning in our hospital were retrospectively analyzed. And the study obtained the support of the Ethics Committee of our institution and informed consent of all patients, and was also in accordance with the Helsinki declaration. A total of 180 cases were included in this study and were divided into the LDH with LBP group (LBP group, 60 cases), the LDH with LLP group (LLP group, 60 cases), and the healthy control without LDH group (control group, 60 cases). The inclusion criteria for LBP and LLP groups were as follows: (1) either LBP or LLP, and the pain duration for at least 6 months; (2) unilateral LDH at the L4–L5 level diagnosed by CT or MRI; (3) female 45–65 years old; (4) without a history of heavy physical labor or strengthening training of lumbar muscles. The exclusion criteria for LBP and LLP groups were as follows: (1) patients without LDH; (2) patients with BMI less than 18 or greater than 24; (3) combination of other spinal diseases, such as spinal spondylolisthesis, scoliosis deformity, stenosis, tumors, vertebral fractures, and infections; (4) those with lumbar spine surgery; (5) incomplete imaging data or poor image quality. The inclusion criteria for control group included healthy population without LDH confirmed by lumbar CT or MRI at the same time, women aged 45–65 years old, and no symptoms of LBP or LLP. The exclusion criteria for control group included patients with BMI less than 18 or greater than 24, combined with diseases related to muscle area changes, such as malignant tumors, and incomplete imaging data. Note that LLP is defined as pain or numbness in the back of thigh or down referred to posterior aspect of leg and foot and diagnosed by two independent experienced orthopedic surgeons.



Procedure

The lumbar CT images of all participants were reconstructed in three dimensions in our hospital. According to the direction of PM, the maximum horizontal cross section of PM at the side of herniation that was perpendicular to the longitudinal axis of PM, was intercepted on three-dimensional reconstruction CT. The cross section of L5 vertebral body was intercepted at the lower edge of L5 vertebral body (Figure 1A). The maximum CSA of the PM at the side of herniation was measured by Image J soft (National Institutes of Health, USA) (Figure 1B). The ratio of the maximum CSA of the PM divided by the CSA of the L5 vertebral body was used as the maximum CSA index of the PM. The maximum CSA index of the PM was more accurate because it could exclude the interference of some factors, such as height, weight and age (11, 12). All measured data of all participants were recorded.


[image: Figure 1]
FIGURE 1
The CSA of L5 vertebral body and PM (A,B). (A) The CSA of L5 vertebral body. (B) The maximum CSA of the left PM.




Measures

The baseline data, including sex, age and body mass index (BMI), and the visual analog scale (VAS) were collected from medical record. The LBP group and LLP group were divided into 3 subgroups that were short subgroup (6 months ≤ pain duration < 12 months), medium subgroup (12 months ≤ pain duration < 18 months), and long subgroup (18 months ≤ pain duration) on the basis of pain duration, and were also divided into 3 subgroups that were light subgroup (1–3 points), moderate subgroup (4–6 points), and severe subgroup (7–10 points) according to pain degree evaluated by VAS score, respectively. The CSA of L5 vertebral body and the maximum CSA of PM were measured on CT in this study. All the data obtained from the images were measured by two independent professional radiologists.



Statistical assessments

All the data were enrolled and analyzed by the SPSS 25.0 statistical software (IBM Corporation, USA). The measurement data were expressed as the mean ± standard deviation (M ± SD). The baseline data and the maximum CSA index of the PM among the three groups were compared by one-way analysis of variance (ANOVA), while multiple comparison between groups were compared by Dunnett t test. The data that were not normally distributed were compared by nonparametric test. The count data were compared by chi-square test. The difference was statistically significant if P < 0.05.




Results

No statistical difference was found among the three groups in terms of the mean age and BMI (P = 0.129 and P = 0.771, respectively) (Table 1). There was statistical difference among the three groups with regards to the maximum CSA index of PM (0.55 ± 0.09 vs. 0.61 ± 0.07 vs. 0.71 ± 0.08, F = 60.66, P < 0.001) (Table 2). In the LBP group, the maximum CSA indices of PM among the three subgroups (short, medium and long) according to the pain duration were significantly different (0.66 ± 0.04 vs. 0.55 ± 0.03 vs. 0.45 ± 0.04, F = 135.48, P < 0.001), and those among the three subgroups (light, medium and heavy) according to pain degree did (0.66 ± 0.04 vs. 0.53 ± 0.05 vs. 0.42 ± 0.04, F = 90.79, P < 0.001) (Table 3). In the LLP group, the maximum CSA indices of PM among the three subgroups (short, medium and long) were compared, but there was not statistical difference among the three subgroups (0.64 ± 0.07 vs. 0.61 ± 0.07 vs. 0.58 ± 0.07, P = 0.085). No statistical difference in terms of the maximum CSA indices of PM among the three subgroups (light, medium and heavy) was observed (0.64 ± 0.07 vs. 0.60 ± 0.08 vs. 0.58 ± 0.05, P = 0.090) (Table 4).


TABLE 1 Comparison of baseline data among the three groups.
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TABLE 2 Comparison of the maximum CSA indices of PM among three groups.
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TABLE 3 Comparison of the maximum CSA indices of PM of three subgroups in the LBP group.
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TABLE 4 Comparison of the maximum CSA indices of PM of three subgroups in the LLP group.
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Discussion

Previous studies have shown that the atrophic changes of PM are associated with unilateral LBP (13, 14). In addition, PM was smaller in patients with LBP compared to controls (15). In this study, we found that the atrophy and thinning of PM may be associated with LDH. Moreover, the correlation between the atrophy of PM and LBP was greater than that of LLP.

There was statistical difference among the three groups in terms of the maximum CSA index of PM. This showed that LDH was correlated with the atrophy of PM. At present, the mechanism of psoas muscle atrophy caused by LDH is uncertain. In our opinion, LBP or LLP limited the activity of PM, which may be the cause of psoas muscle atrophy. Moreover, the herniated intervertebral disc may limit the activity of the ipsilateral PM by stimulating the ipsilateral PM to produce pain, which may lead to atrophy of the PM. With the increase of age, muscle tissue may atrophy to varying degrees, and the decrease of muscle may reduce the tension and strength of muscle (16, 17). However, the atrophy and thinning of PM reduced the stability of the spine and caused lumbar imbalance due to weaken the lumbar support force or uneven stress, and the asymmetric changes of bilateral PMs increased the shear forces between spinal segments, aggravated the degenerative changes of intervertebral disc and increased the possibility of LDH (10). The interaction between LDH and PM may be a so-called vicious circle. A prospective study conducted by Dangaria demonstrated that the CSA of the ipsilateral PM was reduced in unilateral LDH (7). Our results were the same as those of the prospective study. More importantly, our study also found that LBP had a greater impact on the atrophy of PM compared with LLP. This may be due to the fact that LBP was more restrictive to human activity as well as PM movement compared to LLP.

In LBP groups, the maximum CSA indices of PM between the two subgroups (short, long) according to the pain duration and between the two subgroups (light, heavy) according to the pain degree were significantly different, but there was no statistical difference in LLP groups. This revealed that pain duration and pain degree of LBP were related to the atrophy of PM. The severe the pain degree and the longer the pain duration, the more severe the atrophy of the PM and the smaller area of the PM, which seemed to be related to the lower activity of the patients. A recent study showed that preoperative atrophy of the PM may affect the outcome of surgery for lumbar spine disease (18). Patients with LDH, especially with LBP symptoms, should be treated as soon as possible by appropriate treatment methods to avoid the atrophy of PM. Compared to before exercise, Tetsushi et al. (19) reported that PM may increase significantly in a short period of time after exercise. A study by Tawara et al. (20). demonstrated that the PM increased significantly on an exercised side compared to the non-exercised side. If patients suffer from LDH mainly based on LBP and LLP, especially those with long pain duration and severe pain, they should be treated as early as possible and take appropriate activities and exercises to avoid atrophy of PM.

There were some limitations in the study. Firstly, to some extent, there may be selection bias in this retrospective study. Secondly, the sample size was small in this study, with only 180 patients. Prospective randomized controlled trials with large sample size and multicenter are still needed to better investigate the correlation between LDH and PM, and to analyze its possible mechanism.



Conclusion

The atrophy and thinning of PM may be associated with LDH. The correlation between the atrophy of PM and LBP was greater than that of LLP. The atrophy of PM in LDH patients with LBP increased with the prolongation of pain duration and aggravation of pain degree.
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Background: Gorham-Stout disease (GSD) is a rare osteolytic disease with unknown etiology, varied clinical manifestations and unpredictable prognosis. This disease is characterized by progressive massive local osteolysis and resorption caused by intraosseous lymphatic vessel structure and thin-walled vascular proliferation. The diagnosis of GSD has not yet formed a uniform standard, but the combination of clinical manifestations, radiological features and unique histopathological examinations and excluding other diseases contribute to early diagnosis. Although medical therapy, radiotherapy and surgical interventions or combinations have been used for the treatment of GSD, there is currently still no recommended standardized treatment regimen.



Case report: This paper presents a case of a previously healthy 70-year-old man presented with a 10-year history of severe right hip pain and progressive walking disorder of the lower limbs. Based on the patient's clear clinical presentation, unique radiological features, and histological findings, a diagnosis of GSD was made with the exclusion of other potential diseases. The patient was treated with bisphosphonates to slow the progression of the disease followed by total hip arthroplasty to help restore walking function. At the 3-year follow-up, the patient returned to normal walking and no recurrence was observed.



Conclusion: Bisphosphonates combined with total hip arthroplasty may be an effective method for the treatment of severe GSD in the hip joint.
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Introduction

Gorham-Stout disease (GSD), also termed idiopathic massive osteolysis, vanishing bone disease, phantom bone disease, acute spontaneous absorption of bone, and Gorham disease, is an exceedingly rare osteolytic disease characterized by progressive massive local osteolysis and resorption caused by spontaneous intraosseous lymphatic vessel structure and thin-walled vascular proliferation (1–3). At present, approximately 400 cases have been reported in the literature. Due to the low incidence and high misdiagnosis rate of GSD, the cases reported in the literature are case reports and small sample series cases (4). Although some researchers have conducted the cytology and molecular studies, the etiology and pathogenesis of GSD are still unclear (4, 5). The incidence of GSD does not differ significantly among genders, ages, regions, or ethnicities, although most cases occur in children as young as 1 month old and young adults under 40 years old (4, 6). In elderly patients, it often predicts a poor prognosis.

In most cases, GSD usually occurs in a single bone, and in a few cases, it occurs in multiple bones. GSD occurs in a wide range of bones and has been reported to involve the femur, ribs, jaw, humerus, tibia, fibula, and spine (7–9). The clinical symptoms of GSD are diverse, depending on the lesion accumulation and the rate of disease progression. A small number of patients are asymptomatic, and most cases show unspecific symptoms such as pain, swelling, and dysfunction in the affected bones (10–12). The incidence of chylothorax caused by GSD is as high as 17%, and the mortality rate is as high as 34% (13–15). When the cervical spine is involved, it can show spinal cord compression and neurological deficits (5).

Laboratory examinations, radiological examinations and histopathological examinations are crucial for the diagnosis of GSD. Laboratory blood tests can provide evidence to rule out infections, myeloma, hyperparathyroidism, and other diseases, but they are less specific for diagnosis (4, 11). Osteolysis is the most prominent feature of GSD on radiological examinations, which include radiography, computed tomography (CT) scan, magnetic resonance imaging (MRI), emission computed tomography (ECT), and positron emission tomography (PET)/CT (1). Pathological examination is the gold standard for the diagnosis of GSD (4, 9). In 1963, Heffez et al. (16) proposed 8 diagnostic criteria for Gorham-Stout disease, which can provide references for the diagnosis (Table 1). The treatment of GSD includes medical therapy, radiotherapy and surgical intervention or combination therapy (5, 11). In this report, we studied a case of GSD in the right hip joint that was treated with bisphosphonates followed by a total hip arthroplasty.


TABLE 1 Eight criteria proposed by heffez et al. (16) for the diagnosis of Gorham-Stout disease.
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Case report

A 70-year-old man presented with a 10-year history of severe right hip pain and a 2-month history of progressive walking disorder of the lower limbs. The patient was previously treated with nonsteroidal anti-inflammatory drugs elsewhere due to pain, but the pain relief was not significant until the patient was unable to walk and was admitted to the emergency department of our hospital in May 2018. The patient had no history of alcoholism, hormone use, or trauma. Initial physical examination revealed positive tenderness in the right groin, positive patrick's sign, and rotation and abduction significantly less than the left hip joint. No redness or skin temperature increase was observed in the right hip joint.

Preliminary anteroposterior (Figure 1A) and lateral (Figure 1B) radiograph examinations of the right hip joint indicated that the femoral head had disappeared and that the margins of the femoral neck and acetabulum were incomplete, which were further confirmed by 3D reconstruction images (Figure 1C) and CT scan images (Figures 1D,E). In particular, the 3D reconstruction and CT scan images clearly demonstrated the range of local osteolysis involving the acetabulum and femoral neck. MRI images (Figures 1F–I) showed hypointensity on T1-weighted images, extensive hyperintensity on fat-suppressed T2-weighted images, and massive joint effusion in the right hip joint. To further clarify the progression of the disease, ECT examination (Figure 2) was performed and the results showed increased focal concentrations of radiotracers in the right femoral head, femoral neck, and acetabulum. Therefore, we highly suspected that this patient may be diagnosed with a malignant bone tumor with aggressive osteolytic lesions. In addition, the chest radiograph was normal, and no obvious signs of tuberculosis were found. Laboratory blood tests showed normal levels of leukocytes, neutrophil granulocyte ratio, hypersensitive C-reactive protein, erythrocyte sedimentation rate, serum calcium, phosphorous, alkaline phosphatase, and parathyroid hormone. Oncology indicators such as alpha fetoprotein, carcinoembryonic antigen and PSA were all within the normal range. The T-SPOT test was negative. To further clarify the diagnosis, an open biopsy of the right hip joint was performed under general anesthesia. A total of 6 cm3 tissues were obtained from the right femoral neck, synovial membrane, and acetabulum. Subsequent histological examinations showed that the necrotic bone tissue was accompanied by focal aggregation of osteoclasts, giant cells and plasma cells without cellular atypia, some proliferative thin-walled capillaries and lymphatic structures, and replaced by fibrous connective tissue (Figure 3). Combined with clinical manifestations, laboratory blood tests, radiological features and histopathology examinations, the patient met seven out of the eight diagnostic criteria for GSD proposed by Heffez et al. (16) (Table 1). Eventually, the patient was diagnosed with GSD. The patient was then treated with medication, including bisphosphonates (4 mg/week, iv), vitamin D (600 UI/day), and calcium (600 mg/day) for one month. The surgical criteria for total hip replacement in patients with GSD were considered as follows: (i) the patient was 70 years old; (ii) The GSD lesions had involved the acetabulum and the neck of the femur, and in a serious case, the femoral head had completely disappeared. (iii) Contraindications to surgery have been ruled out by relevant examinations. (iii) The patient has a strong need to restore lower limb motor function. We first completely removed the GSD-accumulated bone with the assistance of intraoperative pathologic examination, and then fitted a total hip arthroplasty rather than femoral head arthroplasty to account for the GSD lesions that had accumulated in the acetabulum. To restore the normal walking function of the lower limbs, we performed complete excision of the necrotic tissue followed by total hip arthroplasty. At the 3-year follow-up after surgery, the patient had no pain in the right hip when walking long distances or bearing weight. Radiographs showed that the hip prosthesis was in place and not loose. Moreover, no signs of recurrence were observed in the right hip joint (Figure 4).
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FIGURE 1
Radiograph images, 3D reconstruction image, CT scan images and MRI images of the hip joint revealing massive osteolysis in the right femoral head, femoral neck, and acetabulum. Anteroposterior (A) and lateral (B) radiographs of the hip joint show massive osteolysis in the right femoral head, femoral neck, and acetabulum. The 3D reconstruction image (C), coronal (D), and horizontal (E) CT scan images confirm the complete disappearance of the right femoral head and destruction of the femoral neck and acetabulum. Coronal (F) and horizontal (H) T1-weighted images show extensive hypointense osteolytic lesions involving the right femoral head, femoral neck, and acetabulum. Coronal (G) and horizontal (I) fat-suppressed T2-weighted images indicate extensive hyperintensity osteolytic lesions.
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FIGURE 2
ECT with 99mTc-methylene diphosphate indicates increased focal concentrations of radiotracers in the right femoral head, femoral neck and, acetabulum.
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FIGURE 3
Histopathological examination of a biopsy in the right femur reveals small fragments of destroyed trabeculae with osteoclasts and proliferating thin-walled blood vessels.
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FIGURE 4
Anteroposterior (A) and lateral (B) radiographs of the hip joint 3 years after total hip arthroplasty surgery.




Discussion

GSD is a rare benign osteolytic disease characterized by trabecular destruction and resorption of bone, thin-walled capillaries and lymphatic hyperplasia, and the absence of cellular heterogeneity (1–3). This disease was first reported in 1,838 (17) and later in 1,872 by Jackson (18). Subsequently, Gorham et al. (19) reviewed 24 cases in the literature and named the disease Gorham-Stout disease in 1955. Although this disease was discovered more than 180 years ago, its etiology and pathogenesis are still unknown. Moreover, there is no clear uniform standard for diagnosis and treatment. In our case, GSD involved the right hip joint, leaving the patient unable to walk. At present, there are very few cases of GSD involving the joints. Cases involving the hip joint and leading to complete dissolution and absorption of the femoral head by nontraumatic causes have rarely been reported.

GSD pathology includes osteoclast activation, angiogenesis and lymphatic angiogenesis caused by cytokines such as TGF-β, PDGF-BB, and VEGF produced by bone macrophages (4). T cells participate in the activation of osteoclasts through the RANKL/RANK signaling pathway. In addition, the crosstalk between osteoclasts and T cells through the RANKL/RANKR pathway is also involved in the pathological changes of GSD (4). Clinical manifestations, laboratory blood examinations, radiological examinations and histopathological examinations provide strong evidence for the diagnosis of GSD (4, 9, 11). Although some cases of GSD are self-limiting and have no symptoms, the majority of cases progress slowly and the symptoms are nonspecific. Therefore, when the diagnosis of GSD is confirmed, massive osteolysis has formed in the involved bone (9). Therefore, it may not attract the attention of patients and miss the optimal time for treatment of GSD. Insufficient attention or misdiagnosis can lead to missed optimal treatment opportunities for GSD, which can be life-threatening (2). In our case, the patient presented with right hip pain 10 years ago, but the right femoral head had completely disappeared by the time he arrived at our hospital. The results of laboratory blood tests of GSD are usually normal (11, 20). Relevant blood indicators such as serum calcium, phosphorus, alkaline phosphatase, neutrophil ratio, and leukocyte count can help us exclude bacterial and fungal infections, tuberculosis, metabolic diseases (such as renal osteodystrophy), and endocrine diseases (such as hyperparathyroidism) (2, 4, 11). Radiographs are not sensitive enough to identify the early intramedullary or subcortical radiopaque areas in GSD lesion (1). When the course of GSD reaches the second stage and beyond, the radiological examination can reveal the bone atrophy, dissolution, and fragmentation of the affected part until the dissolved bone is completely absorbed and replaced by fibrous connective tissue (21). In contrast, CT scan, 3D reconstruction and MRI imaging can be more sensitive to detect the intramedullary and subcortical lesions of GSD in the first stage (21, 22). CT scan and MRI imaging are usually necessary to determine the range of lesions that require surgical removal. ECT and PET/CT are widely recommended as alternative diagnostic examinations because they can assess bone metabolism to determine GSD progression and the effectiveness of treatment (1, 23). ECT is less costly than PET/CT, but the sensitivity and specificity of ECT in excluding bone tumors and other metabolic diseases are lower than those of PET/CT. Biopsy histopathological examinations are necessary for the diagnosis of GSD in the exclusion of osteosarcoma, metastatic bone tumor, multiple myeloma, and hemangioma.

Medical therapy, radiotherapy, and surgical interventions or combinations are currently available for the treatment of GSD (2, 5, 11). Medical therapy is used to prevent or slow the progression of GSD. The current medical therapy includes bisphosphonates, calcium, vitamin D, steroids, procalcitonin, bevacizumab, and interferon-alpha (5, 24–27). Among them, bisphosphonates are the most widely used to treat GSD. The pharmacological effects of bisphosphonates include inhibition of osteoclast activity, promotion of osteoclast apoptosis, and inhibition of angiogenesis (5, 23, 26, 27). Local administration has fewer side effects, such as gastrointestinal irritation, osteonecrosis of the jaw, and eye inflammation (5, 27). It is recommended to combine calcium and vitamin D as essential basic supplements when using bisphosphonates (11, 23). The course of interferon-alpha treatment for GSD is usually more than 1 year, and it has a wide range of side effects, mainly including blood toxicity, hepatotoxicity and, mental effects (5, 28). It is necessary to closely monitor blood-related indicators during application. The radiotherapy treatment for GSD is controversial. Radiotherapy of 40–45 Gy at 2 Gy per fraction has been reported to effectively inhibit the activity of osteoclasts (29, 30). It may have an inhibitory effect on growth in younger patients. Elderly patients may be unable to tolerate radiotherapy and may even develop radiation-induced tumors. Jose R et al. (31) reported a case of radiotherapy-induced sarcoma in a GSD patient in the left maxilla. Surgical treatment provides the best chance of cure for GSD, especially for patients with massive osteolysis (5, 11, 32). Surgical interventions include resection alone, biological reconstruction using autogenous or allogeneic bone after resection and artificial prosthesis reconstruction after resection (5, 11, 32). Regardless of the surgical approach, complete removal of the osteolytic lesion is a prerequisite to avoid recurrence of GSD. Considering that the GSD lesion had accumulated in the localized the acetabulum and femoral neck and more complete debridement of diseased tissue, we opted for total hip replacement instead of femoral head arthroplasty. Preoperative use of bisphosphonates to prevent disease progression can help control lesion size (2, 11). In the literature, GSD patients with joint involvement treated with artificial prostheses have achieved good results with no recurrence (2, 32). However, there are also risks of loosening, infection, and fractures around the prosthesis. In our case, preoperative use of bisphosphonates to inhibit osteolysis followed by total hip arthroplasty achieved excellent results in restoring hip function.



Conclusion

GSD is a rare benign osteolytic disease, and its etiology and pathogenesis are still unclear. There are no uniform standards for diagnosis and treatment. The combination of clinical manifestations, laboratory examinations, imaging features, and histopathological characteristics is helpful for diagnosis. Medical therapy, radiotherapy, and surgical interventions or combinations are the options for the treatment of GSD. In our case, the combination of bisphosphonates and artificial prosthesis reconstruction achieved good results in the treatment of GSD involving the hip joint, and there was no recurrence at the 3-year follow-up. Medical therapy combined with artificial prosthesis reconstruction may be an effective treatment approach for GSD.
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Background: In sports medicine, tendon and ligament injuries are the most prevalent conditions, and with the booming of sports competition, the incidence of sports injuries is gradually increasing, investigating more potent therapeutic options is therefore becoming increasingly crucial. Platelet-rich plasma therapy has gained popularity as an effective and secure treatment in recent years. Currently, a faceted systematic and clear visual analysis is lacking in this research area.



Methods: The literature related to using platelet-rich plasma to treat ligament and tendon injuries from 2003 to 2022 in the core dataset of the Web of Science database was collected and analyzed visually using Citespace 6.1 software. Research hotspots and development trends were analyzed in terms of high-impact countries or regions, authors, research institutions, keywords, and cited literature.



Results: The literature comprised a total of 1,827 articles. The annual publication volume of relevant literature has demonstrated a significant development tendency as the field of platelet-rich plasma research for tendon and ligament injuries has heated up in recent years. With 678 papers, the United States came in top place, followed by China with 187 papers. Hosp Special Surg ranked first with 56 papers. The hot research topics analyzed by keywords were tennis elbow, anterior cruciate ligament, rotator cuff repair, achilles tendon, mesenchymal stem cells, guided tissue regeneration, network meta analysis, chronic patellar tendinopathy, and follow up.



Conclusion: Analysis of the research literature over the past 20 years shows that the United States and China will continue to dominate in terms of volume of publications based on annual volume and trends, with some collaboration among high-impact authors and further collaboration still needed in different countries and institutions. Platelet-rich plasma is widely used in the treatment of tendon ligament injuries. Its clinical efficacy is influenced by a number of factors, the main ones being the inconsistency in the preparation and composition of platelet-rich plasma and its related preparations, and the differences in efficacy due to different activation methods of platelet-rich plasma, as well as factors such as injection time, injection site, administration method, number of administrations, acidity and evaluation methods, In addition, the applicability to different injury diseases remains controversial. In recent years, the molecular biology of platelet-rich plasma for tendon ligament therapy has received increasing attention.
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1. Introduction

In sports medicine, rehabilitation medicine, and orthopedics, tendon and ligament injuries are the most common soft tissue injuries and are most prevalent in athletes, sports enthusiasts, and other people involved in high-load weight-bearing activities (1). It is the most common soft tissue injury, and it is highly prevalent in athletes, sports enthusiasts, and other people who are involved in high load bearing activities. Approximately 30% of current clinical consultations for musculoskeletal disorders involve tendinopathy, which is characterized by pain, swelling, dysfunction of the tendon and peritendinous tissues, and long-term or permanent deficits in the function of the patient's motor system (2). The current treatment of tendon injuries is mainly non-surgical, mostly aimed at relieving painful symptoms, while the healing treatment of tendon tissue injuries is less effective and often results in weakened tendon function (3). ACL injuries are ligament injuries with a high incidence, with approximately 250,000 ACL injuries occurring each year in the United States (4). ACL injuries often occur during landing, sharp stops, and changing directions (5). The current treatment is mainly surgical and aims to restore structural function, while it takes a long time for the athlete to return to the field. In recent years, the role of platelet-rich plasma(PRP) in muscle, tendon, and ligament healing has become more familiar, especially for the treatment of refractory tendon and ligament degenerative lesions with good clinical efficacy (6–8). Currently, there is literature measuring trends in the use of platelet-rich plasma in osteoarthritis of the knee (9) and orthopedics (10). As platelet-rich plasma continues to be intensively studied in the field of sports medicine and rehabilitation medicine, it is important to explore the research hotspots and trends regarding platelet-rich plasma in the treatment of tendon ligament injuries, but there are currently no relevant bibliometric studies addressing this research area. Therefore, this paper is the first to use a visual research tool to map the scientific knowledge of platelet-rich plasma for tendon ligament injury research. This study only included English-language literature studies from the core dataset of the Web of Science database and may have ignored high-quality literature from other databases or other languages in the field, which has limitations in literature retrieval. Due to the different algorithms, there is no standardized setting process for time partitioning, thresholding, and cropping methods in the process of generating visual atlases for the time being, which may cause some bias. The purpose of this paper is to analyze its hotspots, frontiers and evolutionary paths to gain insight into the research status and development trend of this field, with a view to providing reference and reference for researchers.

The VOSviewer program, created by Professors Van Eck and Waltman, and the CiteSpace software, created by Professor Chen C, co-citation networks are generated using reference citations, revealing the structure of specific research fields. Visualization of critical most-cited documents, research topics, and areas of expertise to detect and visualize trends and patterns within knowledge areas (11). Using CiteSpace 6.1, VOSviewer 1.6.18, and R-bibliometrix 4.6.1 visualization software, the relevant literature in the Web of Science database for the last 20 years was studied in terms of high-impact countries or regions, institutions, authors, journals, keywords, and co-cited literature. We analyzed and tracked the hot spots and cutting-edge trends of using platelet-rich plasma to treat ligament and tendon injuries research and provided some reference and support for the development of research and related disciplines in this field.



2. Methods


2.1. Methodology data sources and retrieval strategies

The Web of Science database core dataset was searched.The search results show that the earliest research in this field appeared in 2003, so the search period starts from 2003, the articles were well-representative and peer-reviewed journal papers. Add search terms to the basic search, select “Article” and “Review” for the document type, “English” for the language, and the search period was selected from 2003 to 01–01 to 2022–09–25. The search formula “TS = (Platelet Rich Plasma OR Platelet-Rich Plasma AND Tendon OR Ligament OR Tendinopathy)” was used in the advanced search section to retrieve a total of 2040 relevant articles. A total of 1,827 documents were included after filtering and excluding conference abstracts, proofreading notices, news, conference papers, and retraction notices by the document types included in the Web of Science database. The retrieved literature records were exported in “plain text” format, including “complete records and references”, and a file was generated for every 500 records, renamed as “download”, and then imported into the “input” folder of citespace software, and finally start the visual analysis. The workflow diagram is shown in Figure 1.
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FIGURE 1
Workflow diagram.




2.2. Literature selection

Two reviewers independently read the literature. Articles were initially screened by title and abstract before inclusion and exclusion criteria were applied. During screening, if a dispute arises, a third reviewer is assigned to read the entire paper and make a decision.



2.3. Data analysis and descriptive analysis

CiteSpace 6.1 identifies the information relationship in literature based on relevant information in articles. According to the parameters setting for CiteSpace 6.1 visualization software, 2003–2022 is the period, one year is the time division, the threshold item is selected as “Top N” and set to 50, then select “Pathfinder” as a cut link to simplify the network structure and highlight key features. For the node type, country (region), institution, author, journal, cited author, keyword, and cited literature are selected for co-occurrence analysis and visualization mapping (12). The visualization was done. We also use CiteSpace to explore the rate of change of keywords and key literature proliferation by using the CiteSpace prominence detection function and generate the ranking table of keywords and key literature with high-intensity mutation rates to analyze the current situation and predict prospects (13). The keyword and key literature ranking table are generated to analyze the current status and predict prospects.

In this paper, three scientometric software and Microsoft Excel programs were used to perform the bibliometric analysis: CiteSpace version 6.1R3, VOSviewer version 1.6.18, and the R-Studio-based visualization software R-bibliometrix version 4.6.1. Citespace and VOSviewer were mainly used to visualize and analyze the knowledge structure and evolutionary trends of the scientific literature in a given field (14). In addition, sub-clusters can be extracted from the overall structure of the literature network through cluster analysis to identify research sub-domains, i.e., research hotspots (15). Identification of research frontiers through overlap analysis using R-bibliometrix, VOSviewer, and CiteSpace software can largely predict the research directions that may yield major breakthroughs in the coming years. Through an in-depth review of the results, researchers can quickly grasp the knowledge base and trends in the field to improve their research results and adjust their research strategies.




3. Results


3.1. Bibliometrics of publication output

The Web of Science database is one of the largest citation databases in the world, and the accessibility of this study was obtained through the library of the University of Science and Technology of China. A total of 1,827 papers on using platelet-rich plasma to treat ligament and tendon injuries were retrieved, and Figure 2A shows the annual publication volume in different countries. The number of research papers on using platelet-rich plasma to treat ligament and tendon injuries generally maintained a gradually increasing trend from 2003 to 2022, and in 2010 the field began to grow by leaps and bounds, with nearly three times the number of papers published in 2009. The United States accounts for the largest number of publications per year, followed by China, especially in recent years, with a significant increase year by year.
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FIGURE 2
(A) bibliometric analysis of the WoS core database output. The number of publications on platelet-rich plasma studies for tendon and ligament injuries published in different countries has changed year by year from 2003 to 2022. (B) Publication trends in the field of platelet-rich plasma for tendon and ligament injury research and corresponding polynomial fit curves. (C) Collaborative bibliometric analysis of countries in the field of platelet-rich plasma for tendon and ligament injury research, with darker colors representing more publications and connecting lines representing collaborative relationships. (D) Institutional co-occurrence network diagram of using platelet-rich plasma to treat ligament and tendon injuries. Note: The circle in the chart indicates the volume of articles issued. The larger the circle indicates the more articles issued by the institution, the thickness of the purple outer circle represents the centrality of the institution, and the connecting line represents the existence of cooperation or co-occurrence.


We discovered substantial connections between the number of publications and the year of publication using a polynomial fit analysis (coefficients of determination (R2) of 0.9432, 0.8844, 0.9835, and 0.7456 for total papers, articles, reviews, and randomized controlled trials, respectively). According to the polynomial fit study, we forecast that there will be around 222 published publications in 2025, comprising of 110 articles, 109 reviews, and 30 randomized controlled trials, as shown in Figure 2B. Overall, the boom in this field in orthopedics and sports medicine has led to an increasing depth of research. However, it can be observed that despite the yearly increase in the number of publications, there still needs to be more high-quality RCT studies.



3.2. Countries or regions and cooperation networks

A total of 68 countries or regions were included in the obtained visualization, among which 14 countries or regions have ≥ 50 articles and the highest number of articles is United States with 678 articles, the second is China with 187 articles, and the third is Italy with 172 articles. The visualization of research countries suggests that the top 3 nations in terms of centrality are United States (0.27), ENGLAND (0.19), and SWITZERLAND (0.17). The graph demonstrates that these 3 nations have had successful research partnerships with other nations, see Figure 2C, Table 1.


TABLE 1 Top 10 high-impact countries and institutions for platelet-rich plasma for tendon and ligament injury research.
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3.3. Research institutions and cooperation networks

Using platelet-rich plasma to treat ligament and tendon injuries is a hot spot for institutional collaborative research. A total of 1,684 nodes, 3,707 connections, and a topological network density of 0.0026 were generated. 1,684 institutions published research on using platelet-rich plasma to treat ligament and tendon injuries, with 14 institutions publishing ≥ 20 articles, the most prolific being Hosp Special Surg (New York Hospital for Special Surgery) with 56 articles, the second being Stanford Univ (Stanford University) with 43 articles, and the third being Univ Pittsburgh (University of Pittsburgh) with 43 articles. Univ Pittsburgh (University of Pittsburgh) with 43 articles; the top 3 institutions in terms of centrality, as suggested by the visualization of research institutions, were Univ Pittsburgh (0.2), Hosp Special Surg (0.13), and Univ Milan (0.13). These three institutions have well-established research collaborations with other institutions. See Figure 2D, Table 1.



3.4. High-Impact authors and collaborative networks

The most prominent author was Maffulli N, University of Salerno, Italy (48 articles); the second most frequent author was Murray M, Harvard Medical School, United States (42 articles); the third most frequent author was Andia I, University of Cruces, Spain (34 articles); the highest document centrality was achieved by Zhang J, University of Pittsburgh, United States and Su CA, Case Western Reserve University, United States, both with 0.07 centrality. The highest cited authors are Anitua E of the Eduardo Anitua Institute of Biomedical Research, Spain (478 citations), followed by Mishra A of Stanford University, United States (390 citations) and Anton Anton, The Netherlands. (390 times) and de Vos RJ, Antoniushove Medical Center, The Hague, The Netherlands (389 times). Among the highly prolific posting authors, the research team represented by Italian scholars Maffulli N, Denaro V, and Longo UG has a strong collaborative relationship and forms a research group with a dense aggregation. The results of the members of this team regarding this study are focused on clinical studies and experimental animal models of platelet-rich plasma on tendinopathy; the research team centered on Murray M, Vavken P and Fleming B from Harvard Medical School, United States, whose research area is collagen-platelet-rich plasma hydrocoagulation scaffold promotion on histological repair of central anterior cruciate ligament wounds The research team is centered on Andia I, Sanchez M and Anitua E from the University of Cruces, Spain, whose members are working on the in vitro cellular molecular biology of growth factor (PRGF)-rich preparations on tendon cells, the molecular biology of platelets in healing and tissue regeneration and their potential impact on different disciplines; and the research team is centered on Wang J, Zhang J and Zhang Y of the University of Pittsburgh, United States, the research team whose members' research area is the cellular molecular biology of platelet-rich plasma release agents promoting the differentiation of tendon stem cells into live nature cells. The figure shows that there is some author team collaboration, however it is more pronounced among the high-yield authors and there aren't many authors who are high centrality to the literature, see Figure 3A–C, Table 2.
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FIGURE 3
(A) author co-occurrence network diagram of using platelet-rich plasma to treat ligament and tendon injuries. Note: The circles in the chart indicate the volume of posts. The larger the circle, the more the author posts, the thickness of the purple outer circle represents the author's centrality, and the connecting line represents the existence of cooperation or co-occurrence. (B) Plot of high yield authors over time for using platelet-rich plasma to treat ligament and tendon injuries. Note: The top twenty most prolific researchers in the field and their publications. The larger the node, the more literature is published. The darker the color, the more citations. The color represents the number of publications, and the color represents the number of citations per year. (C) The three-field plot shows the knowledge flow of platelet-rich plasma for the treatment of tendon and ligament injuries. (D) Distribution of hot research disciplines in the literature on using platelet-rich plasma to treat ligament and tendon injuries.



TABLE 2 Top 10 high-impact authors of platelet-rich plasma studies for tendon and ligament injuries.

[image: Table 2]



3.5. Hot disciplines in literature research

The distribution of research hotspots in the literature was analyzed, and 25 categories were created from the 1,827 documents that were successfully recovered. Among them, 711 were in the orthopedic category, 534 in the sports science category, and 321 in the surgery category. From the data, it can be seen that using platelet-rich plasma to treat ligament and tendon injuries has been extensively researched and developed in orthopedics, sports science, and surgery, Figure 3D.



3.6. High impact journals and citation relationships

The top three journals in terms of the number of articles were AMERICAN JOURNAL OF SPORTS MEDICINE (121 articles, total citations 3854, average citations 31.85), ARTHROSCOPY-THE JOURNAL OF ARTHROSCOPIC AND RELATED SURGERY (71 articles, total citations 1119, average citations 15.76) and KNEE SURGERY SPORTS TRAUMATOLOGY ARTHROSCOPY (53 articles, total citations 484, average citations 9.13). (53 citations, 484 total citations, 9.13 average citations). The top three journals with high H-index for using platelet-rich plasma to treat ligament and tendon injuries were AMERICAN JOURNAL OF SPORTS MEDICINE (16), ARTHROSCOPY-THE JOURNAL OF ARTHROSCOPIC AND RELATED SURGERY (17), and JOURNAL OF ORTHOPAEDIC RESEARCH (18); based on the co-citation analysis of journals produced by VOSviewer, platelet-rich plasma The top three cited research studies for the treatment of tendon and ligament injuries were AMERICAN JOURNAL OF SPORTS MEDICINE (1090), JOURNAL OF BONE AND JOINT SURGERY-AMERICAN VOLUME (849), and JOURNAL OF ORTHOPAEDIC RESEARCH (770) Figure 4A,B, Table 3. currently, the impact of journals publishing in this research area is high.
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FIGURE 4
(A) H-index of high-impact journals for platelet-rich plasma for tendon and ligament injury research, 2003-2022. (B) Cluster visualization of journal co-citation analysis generated based on VOSviewer software. Note: Each node represents a journal, and the size of each circle is determined by the journal's co-citation. (C) Double graph overlay of cited and cited journals in the field of platelet rich plasma for tendon and ligament injury research. Note: Cited journals are on the left, cited journals are on the right, and the line represents the citation status.



TABLE 3 Status of high-impact journals for platelet-rich plasma for tendon and ligament injury research, 2003-2020.
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The biplot overlay's colored paths connecting journal groups depict the citation relationships between the citing and cited journals, illuminating the knowledge flow and citation trajectory (19). The colored paths indicate that studies published in pharmaceutical/medical/clinical journals typically cite studies published in sports/rehabilitation/exercise, health/nursing/medicine, molecular/biology/genetics, and veterinary/zoology/quarantine.More information about representative citations and cited journals in each cluster can be found in Figure 4C. For instance, the American Journal of Sports Medicine, Arthroscopy, Journal of Bone and Joint Surgery American Volume, Journal of Orthoptera Research, and British Journal of Sports Medicine are the most typical journals in the Sports/Rehab/Exercise cluster.




4. Keyword visualization analysis


4.1. Analysis of research hotspots based on keyword co-occurrence clustering

Keyword analysis plays a key role in summarizing research hotspots and exploring research trends (14). After removing the subject terms related to the search strategy, a topological network density of 0.0094 was developed, resulting in a total of 481 nodes and 1,084 connections, and the keywords with higher co-occurrence are represented in Figure 5A,B, Table 4. The research hotspots at that time are represented by keywords with a higher centrality and frequency. Analysis of popular keywords revealed that research in this field focused on growth factor, mesenchymal stem cell, repair, randomized controlled trial, double blind, injection, in vitro, stem cell, corticosteroid injection, anterior cruciate ligament, rotator cuff repair, proliferation, lateral epicondylitis, injury, management, achilles tendon, and follow up. Figure 5C exhibits the keyword co-occurrence clustering map in this domain. Using the classical LLR algorithm, a total of 13 clusters were formed, and the keyword clustering analysis showed that the homogeneity between research was greater the higher the degree of aggregation (20). The higher the degree of aggregation, the better the homogeneity among studies. The cluster number is inversely proportional to the cluster size, with the largest cluster marked by #0 and so on. The keyword clusters from #0 to #12 were tennis elbow, in vitro, tissue engineering, rotator cuff, platelet-rich plasma, reconstruction, wound healing, cell, growth factor, follow up, achilles tendon, suture repair, and guided tissue regeneration. The clusters #0, #2, #3, #7, #8, #9, and #10 are most intersectingly linked, followed by #2, #9, and #11 intersectingly linked, and #4, #12 intersectingly linked. Keyword co-occurrence and cluster analysis yielded that tennis elbow, in vitro, anterior cruciate ligament, rotator cuff repair, mesenchymal stem cell, growth factor, follow up, achilles tendon, suture repair, and guided tissue regeneration are current research hotspots in this field.
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FIGURE 5
(A) keyword co-occurrence plot of using platelet-rich plasma to treat ligament and tendon injuries. Note: The circles in the figure represent keywords, and the larger the circle indicates the higher the frequency of the keyword. The dark to light colors represent the years from far to near, the connecting lines represent the links between the keywords, and the thickness of the purple outer circle represents the centrality of the keywords. (B) VOSviewer-based clustering density view of using platelet-rich plasma to treat ligament and tendon injuries keywords. (C) Cooccurrence clustering of keywords for using platelet-rich plasma to treat ligament and tendon injuries. Note: Dark to light colors represent years from distant to recent, and connecting lines represent associations between keywords.



TABLE 4 Using platelet-rich plasma to treat ligament and tendon injuries high frequency keywords and centrality TOP10.
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4.2. Trend analysis of research frontiers based on the keyword timeline view

A timeline view of the literature that the Web of Science database has filtered reveals the temporal dynamics of the clustered keywords, Figure 6. Cluster modularity (Q value) = 0.6433 > 0.5, indicating significant cluster structure; cluster Silhouette (S value) = 0.8587 > 0.5, indicating convincing clustering (21). From 2003 to 2005, the keywords repair, expression, growth factor, differentiation, extracellular matrix, cell, platelet-rich plasma, ligament, in vitro, matrix, cruciate ligament reconstruction, plasma-rich, endothelial growth factor, gel, growth factor beta, guided tissue regeneration, proliferation and regenerative medicine received extensive attention; from 2005 to 2010, the keywords treatment, tendinopathy, achilles tendinopathy, gene expression, stem cells, anterior cruciate ligament, tissue engineering, rotator cuff repair, tear, efficacy, tendon repair, surgical treatment, sports medicine, jumpers knee, patellar tendon, in vivo, patellar tendinopathy, reconstruction, graft, mesenchymal stem cells, tendon, platelet-rich plasma, follow up, achilles tendon and injury began to receive attention; 2010 to 2015 chronic achilles tendinopathy, injection, lateral epicondylitis, double blind, tennis elbow, randomized controlled trial, management, corticosteroid injection, hyaluronic acid, pain, stromal cells, fibrin matrix, arthroscopic repair, rotator cuff and anterior cruciate ligament reconstruction are getting attention; 2015 to 2020 intra-articular injection, rotator cuff tear, clinical outcome, meta-analysis, conservative treatment and muscle are getting attention; 2020 to 2022 centrifugal motion, progenitor cells, sodium hyaluronate, platelet-rich fibrin, physical therapy, greater trochanteric pain syndrome, classification, and partial meniscectomy are new terms. It is predicted that using platelet-rich plasma to treat ligament and tendon injuries will continue to be studied in depth around centrifugal exercise therapy, sodium hyaluronate, physical therapy, platelet-rich fibrin for external epicondylitis, ex vivo injection of progenitor cells and mesenchymal stem cells for rotator cuff tears, and classification and follow up related to growth factors.
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FIGURE 6
Keyword timeline view of using platelet-rich plasma to treat ligament and tendon injuries. Note: The circles in the figure represent keywords, and the larger the circle indicates the higher the frequency of the keyword. The dark to light colors represent the years from far to near, the connecting lines represent the links between the keywords, and the thickness of the purple outer circle represents the centrality of the keywords.




4.3. Trend analysis of research frontiers based on emergent word emergence

Among the 20 mutation words with the highest frequency of cited literature screened by the Web of Science database, mutation words represent keywords that are frequently cited during a certain period of time, such that hotspots and trends can be identified. There are 8 mutation words with a mutation period from 2017 to 2022. The strongest mutation was “growth factor beta” (13.98), followed by “efficacy” (13.78), and in third place was “guided tissue regeneration” (13.08). The keywords with high mutation intensity in the past 5 years include: “outcm” (2017–2022), “rotator cuff tear” (2017–2022), patellar tendinopathy” (2018–2020). Figure 7A. Combining the temporal dynamics of the keywords and Burst analysis, it is possible to form a general picture of the development and future research trends in the field of using platelet-rich plasma to treat ligament and tendon injuries. “outcm”, “rotator cuff tear”, “efficacy”, “pain”, “ hyaluronic acid” and “intraarticular injection” all continue to be studied to this day and are likely to remain so.
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FIGURE 7
(A) keyword emergent plots of using platelet-rich plasma to treat ligament and tendon injuries. Note: The figure of “–” is 1 year keyword mark, “–” is the emergence of the year of the word. (B) Co-citation network of using platelet-rich plasma to treat ligament and tendon injuries. Note: The circles in the figure represent keywords, the larger the circle means the higher the frequency of keywords, the dark to light color represents the year from far to near, the connecting line represents the connection between keywords, the thickness of the purple outer circle represents the centrality of keywords, this figure is arranged in chronological order from dark to light by clustering color. (C) Clustering of co-cited literature on using platelet-rich plasma to treat ligament and tendon injuries. Note: The circles in the figure represent keywords, the larger the circle means the higher the frequency of keywords, the dark to light color represents the year from far to near, the connecting line represents the connection between keywords, the thickness of the purple outer circle represents the centrality of keywords, this figure is arranged in chronological order from dark to light by clustering color. (D) Summary of key literature on using platelet-rich plasma to treat ligament and tendon injuries. Note: The “–” in the figure are the years in which the unexpected citations appeared, and the “–” in the figure are the nodes in which the number of citations for the unexpected citations suddenly rose, arranged in chronological order from top to bottom.





5. Visual analysis of key documents


5.1. Analysis of research hotspots based on key literature

A total of 1,827 papers were retrieved in this field, with a total citation frequency of 8,136, and the co-citation graph of research literature generated 1,131 nodes and 3,594 connections, with a topological network density of 0.0056. The top 10 rankings of literature with high citation frequency and high centrality are shown in Figure 7B, Tables 5, 6. One of the key markers of the research hotspots is the citation situation and centrality, and by studying the literature that has a lot of citations and centrality. It is possible to comprehend some research findings carefully in order to identify the areas of interest in the field. The top 10 documents with high citation and centrality were read and analyzed.


TABLE 5 Top 10 cited literature centrality rankings for using platelet-rich plasma to treat ligament and tendon injuries.
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TABLE 6 Top 10 cited literature frequency ranking of using platelet-rich plasma to treat ligament and tendon injuries.
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The key node literature is usually the literature that presents significant theoretical or innovative concepts in the field and is also the literature that is most likely to generate new research hotspots. Based on the analysis of the co-citations of the key nodes and the most frequently cited literature, we can sort out the research hotspots and evolutionary trajectory of platelet-rich plasma in the field of tendon ligament injury treatment. These 20 pieces of literature are the most important classical literature in the study and can represent the key research contents in the field. Based on the classification of research objects, they can be divided into 3 categories: clinical studies, in vitro experimental studies and reviews. The 1st, 2nd, 6th centrality and 1st, 2nd, 3rd, 4th, 5th, 8th, 9th, and 10th citation frequency are clinical studies, the 4th, 9th centrality and 7th citation frequency are in vitro experimental studies, and the 3rd, 5th, 7th, 8th, 10th centrality and 6th citation frequency are review studies. The highly cited literature in clinical studies involved achilles tendinopathy (centrality 1, 2 and cited frequency 1, 5 studies), humeral epicondylitis (centrality 3, 6 and cited frequency 2, 9 studies), rotator cuff tears (cited frequency 3, 4, 8 studies), patellar tendinitis (cited frequency 10 studies) and anterior cruciate ligament tears (centrality 4 studies), respectively. According to research, tennis elbow, rotator cuff tendon damage, achilles tendon tendinopathy, and patellar tendinopathy had the highest prevalence of various tendinopathies (37). The results of the study were consistent with the highly cited literature. The research methods used in the literature were double-blind, randomized controlled method (centrality 6th and cited frequency 2nd and 9th studies) and experimental method (centrality 1st, 2nd and cited frequency 1st, 3rd, 4th, 5th, 8th and 10th studies), and for the assessment of treatment outcomes, most of them used visual analog rating scale as a test indicator, as shown in Table 7 which examines the clinical treatment of tendon ligament injuries in the above mentioned 20 significant literature The additional bioactive compounds, doses, therapies and clinical outcomes of the studies are summarized. The effectiveness of platelet-rich plasma in the treatment of tendon ligament injuries was illustrated by comparing the changes in the values of the visual analog scale through a certain period of follow up. By using platelet-rich plasma for the treatment of different tendinopathies, the results of all clinical studies showed that the use of platelet-rich plasma and its related agents had a better effect on tendon and ligament injuries in terms of long-term prognosis, with significant differences in visual analog score scale values before and after treatment. However, in the study with the 1st literature centrality and 1st citation frequency, the authors found that although there was a significant change in the visual analog score values during the follow up period after the use of platelet-rich plasma, no significant difference was observed when compared with other controls.


TABLE 7 Additional bioactive compounds, dose, therapy, quantity, duration and clinical outcomes of PRP in the adjunctive treatment of tendon ligament healing.
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Notably, in the 2nd most cited study, the investigators compared autologous platelet-rich plasma with corticosteroid injections for the first time as a treatment option for patients with failed nonsurgical treatment of humeral epicondylitis to investigate the efficacy of platelet-rich plasma vs. corticosteroids in the treatment of chronic epicondylitis. Prior to the publication of this study, corticosteroid injections for tendinopathy had been used as the gold standard for the treatment of epicondylitis, and while this treatment had good short-term efficacy, adverse outcomes were often seen after 12 weeks of follow up (38). A single injection of platelet-rich plasma provided better improvements in pain and dysfunction than corticosteroid injections, and these improvements persisted over time. In addition, in the Cited Frequency 10 study, investigators used multiple injections of platelet-rich plasma as a treatment modality for patients with chronic jumper's knee disease who failed both nonsurgical or surgical treatment, exploring the efficacy of multiple consecutive platelet-rich plasma injections for chronic jumper's knee disease, after the vast majority of previous studies were single injections with little or late onset of treatment effects for chronic tendinopathy (22, 27). Successive PRP injections have shown satisfactory clinical results in difficult cases of chronic refractory tendinopathy after the failure of previous classical treatments. In all clinical trial studies involving rotator cuff tear repair, investigators have used platelet-rich fibrin matrix (PRFM) as an adjunct to repair. Autologous PRFM does not improve the healing of small to medium rotator cuff tears repaired with double-row anchor staples and may even have a negative effect. PRFM promotes pain reduction and recovery of external rotation strength in patients with complete rotator cuff tears repaired with single-row anchor staples.

In an in vitro experimental study, three papers selected complete tears of the anterior cruciate ligament in dogs (centrality study 4) and human tendon cells (centrality study 9 and cited frequency study 7) as subjects respectively. Repaired complete tears of the anterior cruciate ligament in dogs using collagen-PRP stent links, and measured fibronectin, fibrinogen, PDGF-A, TGF-b1, FGF-2, procollagen I, and vWF (revascularization markers) levels were measured in the ACL after a period of repair and compared with the repair of complete tears of the medial collateral ligament, with the aim of investigating whether collagen-PRP hydrogel could partially improve the repair as a temporary replacement scaffold at the ACL wound site. Platelet-rich plasma (centrality study #9), platelet-rich plasma clot releasers, and platelet-poor plasma clot releasers (cited frequency study #7) at different concentrations were selected as culture media for tendon or tendon cells. After a period of culture, the expression of type I collagen, type III collagen, cartilage oligomeric matrix proteins, matrix metalloproteinases, and the expression of proteins or protein genes related to tendon cell anabolism, such as vascular endothelial growth factor, hepatocyte growth factor, and transforming growth factor, were measured in tendon or tendon cells, with the aim of studying the cellular, molecular biology related to platelet-rich plasma on tendon cell synthesis.



5.2. Analysis of research hotspots based on co-occurrence clustering of key literature

Cluster analysis based on co-cited literature can present subfields that represent major research hotspots (39). Cluster modularity (Q value) = 0.8231 > 0.5, indicating significant cluster structure; cluster silhouette (S value) = 0.8681 > 0.5, indicating convincing clustering (21). The classical LLR algorithm was used. The classical LLR algorithm was used to form a total of 16 clusters, and the keyword clustering analysis showed that the homogeneity between research was greater the higher the degree of aggregation (20). The cluster number is inversely proportional to the cluster size, and the largest cluster is marked with #0, and so on, Figure 7C. The keyword clusters from #0 to #15 are network meta-analysis, achilles tendinopathy, articular cartilage avulsion, platelet-rich plasma therapy, different platelet-rich plasma concentration, pilot study, chronic patellar tendinosis, collagen hydrogel, musculoskeletal lesion, platelet concentrate graft, shoulder surgeon, new horizons, porcine anterior cruciate ligament, hgf production, lysophosphatidic acid, and connective tissue craft harvesting. In terms of the order of clustering, the top research trends in the field were literature review of network meta-analysis, achilles tendinopathy, different platelet-rich plasma concentrations, pilot studies, and chronic patellar tendinopathy; in terms of lighter colored clusters, the trends in the field were different platelet-rich plasma concentration, pilot study, articular cartilage avulsion, musculoskeletal lesion, and collagen hydrogel.



5.3. Trend analysis of research frontiers based on the emergence of key literature

The citations represent key literature that has been frequently cited over a period of time, thus indicating hot spots and trends, Figure 7D. Among the 25 most frequently cited citations screened by the Web of Science database, the strongest mutation was found by de Vos RJ in 2010, who found that PRP injections did not lead to greater improvement in pain and activity compared to saline injections in patients with chronic achilles tendinopathy treated with centrifugal exercise (41.18), followed by Sanchez M in 2007, who found that the use of a platelet-rich fibrin matrix did not lead to greater improvement in pain and activity. In third place, de Mos M in 2008 found that platelet-rich clot releasers (PRCR) stimulated cell proliferation and total collagen production. Proliferation and total collagen production slightly increased the expression of matrix degrading enzymes and endogenous growth factors. Platelet-rich plasma was found to enhance tendon repair from a cell culture perspective (32.79). The literature can be broadly divided into four parts based on the emergence of the literature, the first part focusing on the in vitro cellular molecular biology of platelet-rich plasma and its preparations on tendon and ligament cells (2003–2014) (33, 40–42) The second part focuses on the comparative efficacy of platelet-rich plasma and its preparations on specific tendon and ligament injuries (chronic epicondylitis, rotator cuff repair, jumper's knee, chronic achilles tendinopathy) (based on intention-to-treat principles) and longer-term follow up studies (≥1 year) after treatment (2011–2016) (30, 35, 43); the third part focuses on a large sample size double-blind clinical randomized controlled study of the efficacy of platelet-rich plasma and its preparations in tendon injuries (2014–2019) (27, 44); Part IV focuses on a meta-analysis of the efficacy of platelet-rich plasma on tendon and ligament healing and an investigation of the efficacy of sequential multiple injections of PRP on tendon or ligament healing (2017-present) (18, 45) Based on a careful reading of the high-burst citations, it is possible to foresee future research trends exploring the efficacy of platelet-rich plasma and its preparations on tendon and ligament healing, longer follow up, network meta-analyses based on a large body of literature, studies on the efficacy of multiple consecutive injections of PRP on tendon or ligament healing, the role of PRP in acute, chronic and Severe tendon and ligament healing, comparative studies of the optimal concentration of PRP for injection time or residence time at the site of injury, studies of standardized doses and composition of PRP and formulations, and studies of the effects of injectable agents and injection site PH.



5.4. Analysis of research hotspots and frontier trends based on thematic maps

A two-dimensional matrix is used to illustrate the thematic maps created with the R-Bibliometrix software. The x-axis and y-axis, respectively, indicate the two dimensions of matrix centrality and density. The y-axis represents density, or the centrality of the subject, while the X-axis represents centrality, or the salience of the subject. Thus, the upper right quadrant refers to motor themes that are both important and well developed, the upper left quadrant refers to niche themes that have been well developed but are not important to the current field, the lower left quadrant refers to emerging or declining themes that are not well developed and may have just emerged and perhaps are about to disappear, and the lower right quadrant refers to basic topics that are important to the field but have not been well developed. It generally refers to the basic themes, Figure 8. One can find one keyword bubble for tendinopathy and lateral epicondylitis in the motor theme quadrant; two keyword bubbles for platelet lysate, proliferation, mesenchymal stromal cells and osteogenic differentiation, periodontal ligament stem cells in the niche theme quadrant; two keyword bubbles for clinical trials and achilles tendinopathy, plantar fasciitis, allografts in the emerging or declining theme quadrant; and two keyword bubbles of tissue engineering, regenerative medicine, stem cells, and platelet-rich plasma, growth factors, PRP in the basic theme quadrant; the keyword bubble of periodontal regeneration, platelet-rich fibrin, and guided tissue regeneration spanning both the motor theme and the niche theme; and the keyword bubble of tendon, horse, and ligament spanning both the motor theme and the basic theme. Based on the quadrant where the key bubbles are located, it can be speculated that tendinopathy, lateral epicondylitis, horses, guided tissue regeneration, and ligaments are the hotspots of research in this field; while achilles tendinopathy, plantar fasciitis, allograft, and clinical trial themes may be developed or disappear in the future, while in the direction of tissue engineering, regenerative medicine, horses, stem cells and platelet-rich plasma, growth factors, and PRP themes need to be more in-depth research.
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FIGURE 8
Thematic map of using platelet-rich plasma to treat ligament and tendon injuries.





6. Discussion


6.1. Platelet-rich plasma is widely used in the treatment of tendon ligament injuries

Since its discovery, platelet-rich plasma has been widely used in the fields of dentistry, orthopedics, ophthalmology, and otorhinolaryngology, especially in the direction of orthopedics and sports medicine research gradually increased, often applied to fracture non-healing, tendon and ligament injuries, osteoarthritis, muscle injuries, etc., especially in refractory tendinopathy and ligament degenerative lesions, with better clinical efficacy (46, 47).

Platelet-rich plasma injections are a common clinical treatment for chronic tendinopathies. According to statistics, approximately more than 86,000 athletes in Europe and the United States receive platelet-rich plasma treatment for tendon, ligament, or muscle injuries each year (48). The reason for this is that platelet-rich plasma is thought to contain concentrated amounts of a variety of growth factors, including platelet-derived growth factor, transforming growth factor beta and insulin-like growth factor, which have the ability to promote tendon healing (49, 50). Platelet-rich plasma is largely prepared from the patient's own plasma in clinical applications and has an excellent safety profile, with few adverse effects in published randomized controlled clinical trials (51). Many platelet-rich plasma kits are commercially available for use in orthopedic clinics. In addition, platelet-rich plasma is non-invasive in its injectable form and can be easily administered in the clinical setting (16). Researchers have mostly studied the efficacy of platelet-rich plasma in tendinopathies using a randomized controlled clinical trial approach, with a particular focus on the treatment of humeral epicondylitis (35) ZHANG et al. (52) used data from United States. health insurance agencies to count patients treated with platelet-rich plasma injections across the United States between 2010 and 2011 and found that the main tendinopathies treated with platelet-rich plasma injections included rotator cuff injuries, humeral epicondylitis, and plantar fasciitis.

Platelet-rich plasma is often used in combination therapy for tendon ligament injuries and is often combined with physiotherapy based on a centrifugal exercise in platelet-rich plasma injections for rotator cuff injuries (31), humeral epicondylitis (30), Achilles tendinopathy (22), and patellar tendinopathy (36), with good clinical outcomes. Platelet-rich plasma combined with stenting techniques to promote ACL injury repair has also been studied to a small extent (25). In recent years, platelet-rich plasma combined with mechanical stimulation for tendon ligament injuries has gradually gained attention. Currently, animal studies have shown that mechanical stimulation combined with platelet-rich plasma can effectively promote early healing of the bony-tendon interface after rotator cuff injury (53).



6.2. Effectiveness of platelet-rich plasma for tendon ligament injuries is influenced by several factors

Although platelet-rich plasma is widely used in the treatment of tendon ligament injuries, there are many conflicting results reported on the therapeutic effects of platelet-rich plasma.DRAGOO et al. (8) Injected platelet-rich plasma combined with centrifugal exercise accelerated the recovery of patellar tendinitis in patients with patellar tendinitis.BOESEN et al. (54) evaluated patients' pain scores (VISA-A) before and 6, 12, and 24 weeks after injection, and found that platelet-rich plasma combined with centrifugal training for chronic achilles tendinopathy was more effective in reducing pain, improving mobility, reducing tendon thickness and intra-tendon vascular density. In contrast, de Vos RJ et al. (24) used a randomized control method to randomize 54 patients (>2 months duration) with chronic mid-portion achilles tendinopathy into two groups after platelet-rich plasma or saline injection combined with 12 weeks of centrifugal exercise training. Patient pain scores (VISA-A) were assessed before and 6, 12, and 24 weeks after injection, and showed that platelet-rich plasma injection did not improve patient pain scores compared with placebo. For this contradictory result to occur, it may be closely related to some influencing factors.


6.2.1. Non-uniformity in preparation methods and composition of platelet-rich plasma and its related preparations

Since platelet-rich plasma has been widely used in the treatment of tendinopathies, there has been controversy regarding its preparation standards. Different platelet-rich plasma preparation systems differ in terms of equipment materials, the volume of whole blood used for centrifugation, anticoagulation method, speed, number and time during centrifugation, and separation method of each group after centrifugation. Therefore, the composition of platelet-rich plasma preparations produced by different preparation systems has a large variation (55, 56). For example, there were significant differences in platelet-rich plasma prepared by three different systems, Cascade, Magellan, and Biomet GPS III, in terms of platelet capture efficiency, leukocyte concentration, platelet-derived growth factor AB, platelet-derived growth factor BB, and vascular endothelial growth factor concentration (57). Currently, there are no uniform standards for platelet, leukocyte and related factor concentrations in platelet-rich plasma, and most experiments tend to mention only the brand of platelet-rich plasma preparation kits without detailing the specific parameters of the extracted platelet-rich plasma (58) The specific parameters of platelet-rich plasma extraction are not detailed. Currently, a PRP platelet count of 1 million/μl measured in a standard 6 ml aliquot has become the benchmark for “therapeutic PRP (29). In addition, classification systems exist for analyzing platelet-rich plasma (45, 55). Among them, DELONG et al. (56) The PAW (platelet, activation, white blood cells) system created by DELONG et al. is considered to be a reasonable classification system for platelet-rich plasma and provides a relatively accurate comparison of the therapeutic effect of platelet-rich plasma with different component concentrations on tendinopathies by evaluating the absolute platelet count, activation mode, and leukocyte and neutrophil concentrations of platelet-rich plasma.

Platelet-rich plasma can be prepared by plasma exchange and density-gradient centrifugation, the former using automatic separation equipment for medical blood components, with a higher concentration and purity of platelets in the preparation, which is essentially free of red and white blood cells and is a platelet-rich plasma preparation with a lack of white blood cells. Compared with the density gradient centrifugation method, the plasma separation and replacement method can achieve rapid preparation of platelet-rich plasma, and the concentration of each component of platelet-rich plasma is more stable, but the expensive equipment system and high operating technology threshold limits its widespread application, most of the relevant basic experiments and clinical research still use the traditional density gradient centrifugation method to prepare platelet-rich plasma. The density gradient centrifugation method is simple, easy to use and inexpensive. The mainstream density gradient centrifugation methods include the plasma layer method and the white film layer method. The former preparation is basically free of red blood cells and leukocytes and has a low platelet content of 1.5–3 times the baseline level, making it a leukocyte-deficient platelet-rich plasma preparation. The latter preparation usually has a higher platelet content, 3–8 times the baseline level, and a higher leukocyte content, making it a leukocyte-rich platelet-rich plasma preparation (37).. The leukocyte-rich platelet-rich plasma produced from the latter can be filtered out to produce platelet-rich plasma with a high platelet concentration of leukocytes (59). A variety of commercial platelet-rich plasma preparation systems are available, which can be divided into low yield and high yield systems based on platelet concentration: low yield systems include Arthrex ACP, Cascade PPRtherapy, PRGF, RegenKit-BCT, and high yield systems include BiometGPS, Harvest SmartPRep 2 APC+, Arterio (60). However, current clinical trials generally need more detailed documentation of platelet-rich plasma preparation protocols and formulation components to reproduce experiments or to compare differences in the efficacy of different components of platelet-rich plasma (61). For example, in a meta-analysis assessing the use of platelet-rich plasma in the musculoskeletal field, only 11 (10%) of the 105 clinical studies included provided a comprehensive report of the platelet-rich plasma preparation protocol, and 17 (16%) provided a report of the composition of the platelet-rich plasma preparation (55).

The optimal platelet concentration of platelet-rich plasma in the treatment of tendinopathies has yet to be discovered. It is currently believed that low platelet concentration platelet-rich plasma is of limited therapeutic benefit in tendinopathies. The effectiveness of platelet-rich plasma of moderate platelet concentration, produced by the plasma layer method, in the treatment of tendinopathies has been demonstrated in numerous trials (40, 62, 63). Platelet-rich plasma preparations with excessive platelet concentrations may lead to local apoptosis, downregulation of growth factor receptor numbers and desensitization, thereby inhibiting the therapeutic effect on tendinopathies (64). In addition, different preparation systems produce platelet-rich plasma with different proportions of neutrophils, lymphocytes, and monocytes (65). The role of leukocytes is controversial, and some authors believe that leukocytes in platelet-rich plasma have a positive effect, with leukocytes having an antimicrobial effect and modulating the local immune environment, helping to prevent or control infection in damaged tendons (57) In addition, leukocytes further increase the concentration of growth factors in platelet-rich plasma by releasing growth factors or stimulating platelets to release growth factors (66). Another group of scholars has argued that leukocytes are not an ideal component of platelet-rich plasma and that the release of collagenases such as matrix metalloproteinase 8 and matrix metalloproteinase 6 by leukocytes has a detrimental effect on tendon matrix deposition (67, 68).



6.2.2. Diversity of activation modes for platelet rich plasma

The prepared platelet-rich plasma can maintain an anticoagulant state for more than 8 h. However, platelet-rich plasma must be activated to release the platelet granule contents for therapeutic action (69).. There are five main activation methods for platelet-rich plasma: ① the use of bovine thrombin, but activated platelet-rich plasma releases growth factors too quickly and with limited bioactivity, risking coagulopathy in patients and is not recommended. ② Using calcium chloride solution, the activated platelet-rich plasma maintains a high concentration of growth factors for a long time, but the level of platelet activation is low and the release of growth factors is slow (61). ③ The autologous thrombin preparation kit method, which has the advantages of high safety and short activation time, is a new activation method that combines the thrombin method and the calcium chloride solution method (70). ④ Endogenous type I collagen method, with the advantages of high growth factor release and inhibition of fibrin clot contraction, is a safer and more effective activation method than bovine thrombin (56). The effectiveness of platelet-rich plasma activation has been demonstrated in basic tests, providing ideas for future clinical application (71). ⑤ Photoactivation is a relatively new method, an alternative method to activating platelets, with the advantages of high safety, long-term, and high release of growth factors. Therefore, different activation methods can have an impact on the test results (72).



6.2.3. Platelet-rich plasma treatment effect is closely related to the type of tendon ligament injury

Platelet-rich plasma injections are considered an effective treatment for humeral epicondylitis. Several publications have reported significant short-term and long-term efficacy of platelet-rich plasma for its treatment (73, 74). MISHRA et al. (44) evaluated 230 patients with humeral epicondylitis who had failed physical therapy with leukocyte-rich platelet-rich plasma and found a 71.5% improvement in pain scores 24 weeks after treatment. Platelet-rich plasma provided longer sustained symptom relief than corticosteroid injections for humeral epicondylitis and therefore had a more sustainable treatment effect. gosens et al. (35) and PEERBOOMS et al. (30) evaluated the efficacy of leukocyte-rich platelet-rich plasma vs. corticosteroids in 100 patients with a history of intractable chronic epicondylitis (at least 6 months) who had failed to respond to conservative treatment, showing that patients treated with platelet-rich plasma continued to report symptom relief 1 year after injection, whereas the short-term efficacy of corticosteroids began to decline after 12 weeks and patients treated with platelet-rich plasma had sustained symptom improvement at 2 years. The results of platelet-rich plasma in achilles tendinopathy have been variable (75). analyzed 24 articles on platelet-rich plasma for achilles tendinopathy and found that all uncontrolled studies showed good clinical outcomes of platelet-rich plasma for achilles tendinopathy, restoring motor function and maintaining efficacy over time, but the results of double-blind controlled studies did not show that platelet-rich plasma was superior to other treatments for achilles tendinopathy (24) Sanchez M et al. (23) In 12 athletes with complete achilles tendon tears who received open suture repair combined with a platelet-rich fibrin matrix (PRGF) preparation, it was found that athletes who received PRGF returned to the range of motion and low-intensity running earlier and resumed training activities with less increase in the cross-sectional area of the repaired tendon; the results of platelet-rich plasma for rotator cuff injuries were variable. Castricini R et al. (31) found that the use of PRFM did not improve the healing of small to medium-sized rotator cuff tears repaired with double-row anchor staples, while Randelli P et al. (32) in 53 patients with complete rotator cuff tears repaired with single-row anchor staple sutures combined with PRP, found that autologous PRP reduced pain in the first few months postoperatively, and long-term results in subgroups of grade 1 and 2 tears suggested that PRP had a positive effect on the recovery of rotator cuff external rotation strength. Platelet-rich plasma has been understudied for other tendon ligament injuries. Only a very small number of high-quality studies support the efficacy of using leukocyte-rich platelet-rich plasma and multiple sequential injections of platelet-rich plasma for the treatment of chronic intractable patellar tendinopathy (8, 76). For other tendon ligament injuries such as anterior cruciate ligament (25), plantar fasciitis (77), gluteal fasciitis (78), and stenosing tenosynovitis (79) However, there is insufficient evidence that platelet-rich plasma has a significant therapeutic effect on these diseases, as the number of cases studied is insufficient (80).



6.2.4. Influence of injection time, injection site, administration method, number of administrations, acidity and evaluation method

It has been shown that receiving platelet-rich plasma injections in the early stages of tendinopathy is more effective than late treatment (81). The site of disease, for example, mid tendinopathy and lower tendinopathy, which are common in achilles tendinopathy, also differs when treated with platelet-rich plasma (54). Tendinopathy is better treated with multiple consecutive injections of platelet-rich plasma than with a single injection (36). The Peppering technique, a multi-point injection method, has the advantage of eliminating a wide range of inflammation (82). In recent years, a variety of platelet-rich plasma delivery systems have been successfully developed to achieve prolonged local effects, including injectable hydrogel microspheres (83), injectable hydrogel formulations (84), and so on. The drug delivery system has been successfully developed. Platelet-rich plasma injections are more effective when the pH of the injection site is acidic than when the pH is alkaline (29). In addition, a variety of platelet-rich plasma is often used in clinical studies. In addition, various scales are often used in clinical studies as indicators of treatment effectiveness, including visual analog scores, PRTEE, DASH, and VISA-A scores, which are based on the patient's own assessment of pain intensity and tendon function and are therefore inevitably highly subjective and highly variable. If the results of the scales are to be objective, clinical studies should use a larger number of patients to assess the effects of platelet-rich plasma therapy. However, in the current clinical studies, many of the sample sizes are relatively small. In addition to the disease itself and the efficacy evaluation system, there is variability in patient age, gender, treatment history, and activity level, all of which may reduce the statistical power to detect efficacy (85), all of which may be factors affecting the evaluation of the efficacy of platelet-rich plasma in the treatment of tendinopathies.

In general, the effectiveness of platelet-rich plasma in the treatment of tendon ligament injuries is influenced by several factors, the main ones being the inconsistency in the preparation of platelet-rich plasma and its related preparations and components, which can significantly affect the efficacy; secondly, the five different activation methods of platelet-rich plasma can also lead to differences in efficacy. The effectiveness of platelet-rich plasma in the treatment of tendon ligament injuries cannot be generalized, and the clinical efficacy varies for different injury sites. In addition, the efficacy of platelet-rich plasma in the treatment of tendon ligament injuries is also influenced by the time of injection, injection site, mode of administration, number of administrations, acidity, and evaluation methods.




6.3. Molecular biological mechanisms of platelet-rich plasma for tendinopathy treatment are gaining attention

The research hotspot regarding platelet-rich plasma in the treatment of tendinopathies since 2003 has transitioned from the study of the effect of platelet-rich plasma on disease treatment alone to the study of the biological mechanisms of platelet-rich plasma in tendinopathies. Platelet-rich plasma contains many different growth factors and cytokines. Numerous in vitro and animal model studies have shown that platelet-rich plasma positively affects tendon healing by releasing these bioactive proteins to promote collagen expression, angiogenesis and cell migration, differentiation, and proliferation and to increase extracellular matrix production. Platelet-rich plasma contains cytokines that activate multiple cellular transduction pathways, and some of these signaling molecules located downstream of individual receptors can inhibit or further enhance the activation of other pathways regulated by different receptors. For example, in mediating inflammation for pain relief, platelet-rich plasma contains interleukin 1β and interleukin 10, which are known to be inflammation-activating factors in intracellular signaling pathways, and the interleukin 10 signaling pathway can inhibit interleukin 1β-activated pathways and reduce the expression of pro-inflammatory genes (86). ZHANG (87) found that hepatocyte growth factor in platelet-rich plasma antagonized interleukin 1β and inhibited the expression of cyclooxygenase 1, cyclooxygenase 2, prostaglandin E2 synthase genes and prostaglandin E2 production in patellar tendon cells, thereby modulating the local inflammatory response and reducing pain. In addition, hepatocyte growth factor in platelet-rich plasma inhibits the inflammatory response of the diseased tendon by increasing the expression of IκBα (88). In terms of promoting stem cell migration, differentiation, and cellular proliferation, platelets secrete platelet-derived growth factor B, fibroblast growth factor β, chemokine CXCL (89), VEGF, endothelial growth factor, hepatocyte growth factor (40), and many other cytokines, which can provide the initial signal for stem cell migration, increase circulating system-derived cells in tendons, and promote cellular behaviors such as proliferation and differentiation. The activation of signaling pathways and cellular responses in platelet-rich plasma during the treatment of tendinopathies still needs to be studied in more depth.




7. Conclusion

This study provides the first bibliometric and visual analysis of international research on using platelet-rich plasma to treat ligament and tendon injuries over the past 20 years from multiple perspectives, providing a new perspective for rapid understanding of the field of using platelet-rich plasma to treat ligament and tendon injuries. Based on annual publication volume and trends, the United States and China will continue to dominate in terms of publication volume, with some collaboration among high-impact authors and further collaboration still needed in different countries and institutions. Research hotspots focus on tennis elbow, ACL, rotator cuff repair, achilles tendon, mesenchymal stem cells, guided tissue regeneration, network meta-analysis, chronic patellar tendinopathy, and follow up. Sodium hyaluronate, clinical outcomes, mesenchymal stem cells, rotator cuff tears, growth factors, and follow up can represent research trends. Currently, platelet-rich plasma is widely used in the treatment of tendon ligament injuries. Its clinical efficacy is affected by several factors, the main ones being the non-uniformity of the preparation methods and components of platelet-rich plasma and its related preparations, and it is suggested that subsequent studies should establish a more reasonable classification system for platelet-rich plasma. Different activation methods of platelet-rich plasma may also lead to differences in efficacy. In addition, clinical efficacy is also influenced by factors such as injection time, injection site, administration method, number of administrations, acidity, and evaluation methods. Therefore, it is essential to establish uniform and reasonable preparation standards and usage guidelines in the future. The effectiveness of platelet-rich plasma in the treatment of tendon and ligament injuries cannot be generalized, and its applicability to different injury diseases remains controversial. The molecular biology of platelet-rich plasma for tendon ligament therapy is increasingly being emphasized, but the molecular biology of the pathways through which platelet-rich plasma affects tendon ligament healing is still inconclusive. It is recommended that more in-depth research in basic molecular biology, especially in vitro experiments and animal models, should be conducted.
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Objective: To assess the intra- and interobserver reliability by observer training level used for selecting the end vertebra (EV), neutral vertebra (NV), stable vertebra (SV), and first coronal reverse vertebrae (FCRV) in degenerative lumbar scoliosis (DLS) patients.



Methods: Fifty consecutive upright long-cassette radiographs and CT examination of operative cases of DLS were evaluated by three surgeons at various levels of training. For each iteration, the observers attempted to identify the UEV, NV and SV from x-ray, and FCRV from the CT examination. Intra- and interobserver reliability was assessed by means of Cohen's Kappa correlation coefficient, and raw percentages of agreement were recorded.



Results: Intraobserver reliability was excellent for determining FCRV (Ka = 0.761–0.837), fair to good for determining UEV (Ka = 0.530–0.636), fair to good for determining SV (Ka = 0.519–0.644), and fair to good for determining NV (Ka = 0.504–0.734), respectively. Additionally, we also noted a trend towards better intraobserver reliability with increasing levels of experience. Interobserver reliability was poor between observers beyond chance for UEV, NV, SV (Ka = 0.105–0.358), and good reliability for FCRV (Ka = 0.581–0.624). All three observers agreed on the same level of the FCRV in 24 patients of the time, which presented less Coronal imbalance type C compared to the other 26 patients.



Conclusion: Experience and training level of the observers are important factors affecting the accurate identification of these vertebrae in DLS, intraobserver reliability increases along with increasing levels of observer experience. FCRV is superior to UEV, NV, and SV in the accuracy of identification, Type C coronal malalignment could affect the accurate identification of FCRV.
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Introduction

Selection of upper instrumented vertebrae (UIV) has been proved to be closely related to the postoperative proximal adjacent segment degeneration and proximal scoliosis progression followed posterior lumbar fusion for degenerative lumbar scoliosis (DLS), which are common radiological findings but may progressed to adjacent segment disease that required revision surgery (1–4). Bridwell et al. (5) stated that choosing proximal fusion level requires identification of the stable vertebra (SV), neutral vertebra (NV), upper end vertebrae (UEV) from the x-ray examination. This process is a prerequisite for achieving both maximal curve correction and a stable, well-balanced spine while fusing as few motion segments as possible (6). For determination of the optimal proximal fusion level, Wang et al. defined a new concept named first coronal reverse vertebrae (FCRV) based on Hounsfield unit (HU) measurement from computed tomography (CT) examination, which is the first vertebrae that presents opposite orientation of asymmetric HU ratio from the other vertebrae within the major curve (7, 8). Proximal fusion level above FCRV could decrease the risk of postoperative proximal scoliosis progression in DLS when compared to the SV.

FCRV represents the transitional point of the mechanical load and may be within a more stable condition than SV measured from radiographs, the reliability and accuracy of vertebra HU measurement are not affected by the posture, it is reasonable to believe that FCRV is more reliable and objective than SV in the preoperative evaluation of UIV for DLS patients (7, 8). However, no previous study has attempted to assess the reliability and reproducibility in determining the FCRV, SV, NV, UEV in DLS patients, little study specifically focus on the superiority of FCRV in the identification and interpretation. The purpose of the present investigation was to assess the intra- and interobserver reliability of selecting the SV, NV, UEV, and FCRV among three surgeons with varying levels of training based on standing posterior anterior preoperative x-ray examination and CT examination.



Materials and methods


Study design and patients

This retrospective study was approved by the Institutional Review Board of the Third Hospital of HeBei Medical University (H2022206056). Before data collection and analysis, each patient provided informed consent.

Inclusion criteria: (1) DLS patients with age older than 50 years. (2) Full-spine Postero-Anterior (P/A) x-ray. (3) Lumbar CT was available for HU measurement. Exclusion criteria: (1) Previous surgery for degenerative lumbar disease. (2) Spinal infections or metabolic disease that may potentially affect accuracy of HU measurements. (3) The anatomical identification was difficult to recognize for radiological measurement.

Fifty consecutive upright long-cassette radiographs and CT examination of operative cases of DLS were evaluated on the same occasion by three surgeons at various levels of training [fellowship-trained spine surgeon (observer 1; JX), fellow in-training (observer 2; JS), orthopaedic surgery resident (observer 3; XL)]. The radiograph order was scrambled between each measurement iteration by each observer. For each iteration, the observers attempted to identify the upper end vertebrae (UEV), neutral vertebrae (NV) and stable vertebrae (SV) from x-ray, and first coronal reverse vertebrae (FCRV) from the CT examination.

The UEV is defined as the most tilted vertebrae (that which subtended the greatest Cobb angle) at the cephalad end of the main curve. The NV is defined as the most cephalad vertebrae with apparently neutral rotation as assessed by pedicle symmetry within the radiographic silhouette of the corresponding vertebrae. The SV is the most cephalad vertebra closest to the end vertebra of the main curve that is most nearly bisected by the central sacral vertical line (CSVL) (Figure 1). When two adjacent levels were felt to equally satisfy the above criteria (e.g., the CSVL perfectly bisected the disc between, but not the bodies of, two adjacent vertebrae), the observers were instructed to select the more proximal level. The FCRV is defined as the first vertebrae that presents opposite orientation of asymmetric Hounsfield unit (HU) ratio from the other vertebrae within major curve (Figure 2).


[image: Figure 1]
FIGURE 1
Schematic demonstrating the upper end vertebra, neutral vertebra (not rotated; pedicles and body symmetric, spinous process midline), and stable vertebra (CSVL bisects pedicles).



[image: Figure 2]
FIGURE 2
Schematic diagram of FCRV measurement, which is defined as the first vertebrae that presents opposite orientation of asymmetric hounsfield unit (HU) ratio from the other vertebrae within major curve.


All the patients were divided into two groups according to the agreement for FCRV. Age, gender, and bone mineral density (BMD) were recorded. Cobb's angle is measured between the most tilted vertebrae. Coronal balance distance (CBD) is the distance between C7 plumb line and CSVL. Coronal malalignment are classified based on the CBD: Type A, CBD < 3 cm; Type B, CBD > 3 cm and C7PL shifted to the concave side of the curve; Type C, CBD > 3 cm and C7PL shifted to the convex side (Figure 3). All radiographic parameters were measured by two independent observers (first and second author), and were averaged to give a mean value for statistical analysis.


[image: Figure 3]
FIGURE 3
Schematic diagram of coronal spinal parameters measurement. Cobb's angle was measured between the most tilted vertebrae. CBD was the distance between C7 plumb line and CSVL.




Statistical analysis

Data were analyzed using Statistical Product and Service Solutions software (version 17; SPSS, Chicago, IL). Three-way Cohen's Kappa correlation coefficients were calculated to assess the intra- and interobserver reliability for determining the UEV, NV, SV and FCRV, respectively. We also adopted Ka value of 0.75 and above to represent excellent agreement, 0.55–0.74 good agreement, 0.40–0.54 fair agreement, and 0.39 and below poor agreement beyond chance. Continuous variables were recorded as mean ± standard deviation, and categorical variables were expressed as frequency or percentages. An independent t test was used to analyze the difference of continuous variables. An χ2 analysis and Fisher's exact test were used to examine the differences among categorical variables. The statistical significance was set at p < 0.05.




Results


Characteristics of the subjects

Among the 50 patients included in the current study, 12 males and 38 females, with mean age of 61.7 ± 8.3 years. Coronal imbalance type A was detected in 31 patients, type B was detected in 9 patients, type C was detected in 10 patients. 27 patients presented apex orientation toward left and 23 patients presented apex orientation toward right. The mean Cobb angle was 23.6 ± 5.6 degrees.



Intraobserver reliability

The Ka values were excellent for determining the FCRV (Ka = 0.761–0.837), fair to good for determining the UEV (Ka = 0.530–0.636), fair to good for determining the SV (Ka = 0.519–0.644), and fair to good for determining the NV (Ka = 0.504–0.734). Additionally, we also noted a trend towards better intraobserver reliability with increasing levels of experience; observer 1 demonstrated average Ka value of 0.713 versus 0.671 for observer 2, and 0.579 for observer 3 (Table 1).


TABLE 1 Intraobserver reliability of SV, NV, UEV, FCRV identification among three surgeons.
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Interobserver reliability

For the first measurement by each observer, the Ka values demonstrated poor reliability for agreement between observers beyond chance for UEV, NV, SV (Ka = 0.105–0.358), and good reliability for FCRV (Ka = 0.581–0.624). All three observers agreed on the exact level of the UEV 14% of the time, the NV 8% of the time, the SV 12% of the time, and the FCRV 48% of the time. Conversely, all three observers disagreed (each selected a different vertebral level) for 6% of EV, 12% of NV, 10% of SV, and 2% of FCRV.



Potential factors affecting the reliability in determining FCRV

For the first measurement by each observer, all three observers agreed on the same level of the FCRV in 24 patients of the time, they were enrolled as the High agreement group, the other 26 patients were enrolled as the Low agreement group. There were significant difference in the Coronal imbalance type between the two groups, Coronal imbalance type C was more common in Low agreement group when compared to the High agreement group (Table 2).


TABLE 2 Comparison of clinical and radiological data between high and low agreement groups.
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Discussion

The experience and training level of the three observers appeared to be an important factor affecting the identification of the end, neutral, stable vertebra, and FCRV, with a trend towards improved reliability of vertebral level assessment with increased experience, which is partly consistent with the finding by Benjamin et al. (9). The inherent difficulties in radiographic landmark identification and human error attributable to the “level ambiguity” that occurs when two (or even three) vertebrae nearly, could result in the discrepancies in the observer-selected levels (9). The UEV is defined as the most tilted vertebrae at the cephalad end of the main curve, human error attributable to the “level ambiguity” that occurs when two vertebrae nearly, but imperfectly, meet the criteria for the UEV could not be completely avoided (10). The NV is defined as the most cephalad vertebrae with apparently neutral rotation as assessed by pedicle symmetry within the radiographic silhouette of the corresponding vertebrae, human error in the “vertebrae rotation identification” is unavoidable when adjacent vertebrae are extremely close in rotation (9). The SV is the most cephalad vertebra caudal to the end vertebra of the main curve that is most nearly bisected by the CSVL, but there maybe a certain error in drawing the line erected vertically from the midpoint of S1, especially when the sacral anatomy is illegible (11). The FCRV is defined as the first vertebrae that presents opposite orientation of asymmetric HU ratio from the other vertebrae within major curve. For each measurement, the largest possible elliptical region of interest was drawn, but excluding the cortical margins to prevent volume averaging is a technically demanding manipulation, which may result in certain impact on measurement results. The accurate identification of radiographic landmark for the above vertebra is the embodiment of experience.

This is the first study to assess and compare the reproducibility and reliability of UEV, NV, SV, and FCRV interpretation in DLS patients, the intraobserver reliability was excellent for determining the FCRV, fair to good for determining the UEV, NV, and SV. FCRV is superior to UEV, NV, and SV in the accuracy of interpretation, two possible reasons may account for the difference. Firstly, in the identification of FCRV from CT examination, the measurement was performed within the concave and convex sides separately at three different regions of the vertebrae on coronal plane: immediately posterior to the anterior vertebrae margin, in the middle of the vertebral body, and anterior to the posterior vertebrae margin (7). Although excluding the cortical margins to prevent volume averaging is a technically demanding manipulation, it seems that the repeated measurement from different regions of the vertebrae could minimize measurement error when compared to UEV, NV, SV, which were measured only once from x-ray, while human errors attributable to the “level ambiguity”, “vertebrae rotation identification” should not be underestimated. Secondly, from a methodological point of view, the largest possible elliptical region of interest was drawn in the determination of FCRV, which is simple and rarely interfered by other factors (11–14). Contrarily, vertebrae rotation, osteoporosis, aortic calcification, and osteophyte hyperplasia, which may increase measurement difficulty and error in radiographic landmark identification, and would affect the accuracy of identification of UEV, NV, SV (15–17).

Benjamin et al. (9) demonstrated good to excellent intraobserver reliability in the radiographic determination of the EV, NV, and SV in adolescent idiopathic scoliosis (AIS) patients, which present more satisfactory results than the findings in the current study. The characteristics of the two different scoliosis render that there are bound to be differences in the identification of the vertebrae mentioned above. DLS is typically diagnosed in patients older than 40 years and without a history of AIS, the curves typically have an L2–3 apex and are associated with lateral olisthesis, rotatory subluxation, and structural vertebral deformity, which inevitably increase the difficulty in the identification of the EV, NV, and SV (18–20). Osteoporosis is also an important feature of DLS that distinguishing from AIS, and may obscure the radiographic landmark identification of the upper endplate and the pedicles of the vertebrae, finally lead to the variability in the identification of UEV, NV, SV that measured on x-ray (21, 22).

FCRV provides a meaningful reference in the selection of UIV for DLS patients, UIV above FCRV is superior to SV in reducing the incidence of proximal adjacent segment degeneration for DLS patients that received posterior fusion surgery (7, 8). The strength of the current study is that we firstly demonstrate FCRV is superior to UEV, NV, and SV in the accuracy of interpretation. Moreover, type C coronal malalignment, defined as CBD > 3 cm and a C7PL shifted to the convex side of the curve, is detected to be an important factor affecting the accuracy of FCRV identification. The alignment of the vertebrae proximal to the apex present smooth or flat in patients with Coronal imbalance type C, the difference of HU values between the convex and concave sides of these vertebrae is little, which may inevitably lead to a certain error in the identification of FCRV.

There are several limitations in the current study. First, the number of enrolled patients is relatively small, and from a single center, the number of Coronal malalignment type B and type C is relatively smaller when compared to type A, more DLS cases need to be included to verify this conclusion in the next study. Second, the subjects selected are all Chinese Han individuals, whether the conclusion is applicable to other ethnic groups needs to be further investigated in the future.



Conclusion

Experience and training level of the observers are important factors affecting the accurate identification of these vertebrae in DLS, intraobserver reliability increases along with increasing levels of observer experience. FCRV is superior to UEV, NV, and SV in the accuracy of identification, Type C coronal malalignment could affect the accurate identification of FCRV.
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Background: Hallux valgus (HV) is a common foot and ankle surgery disease. The correction of HV deformity relies on a highly challenging surgical treatment. Thus, widely adopted evidence-based clinical guidelines are still needed to guide the selection of the most appropriate interventions. Recently, the study of HV has been growing and scholars are increasingly paying particular attention to this area. However, bibliometric literature remains lacking. Therefore, this study aims to reveal the hotspots and future research trends in HV via bibliometric analysis to fill this knowledge gap.



Methods: Literature related to HV from 2004 to 2021 was retrieved from the Science Citation Index Expanded (SCI-expanded) of the Web of Science Core Collection (WoSCC). Quantitative and qualitative analyses of scientific data are performed using software such as CiteSpace, R-bibliometrix, and VOSviewer.



Results: A total of 1,904 records were identified for analysis. The United States had the most number of published articles and total citations. Thus, the United States has made an essential contribution to the field of HV. Meanwhile, La Trobe University in Australia was the most productive institution. Menz HB and Foot & Ankle International were the most influential authors and the most popular journals among researchers, respectively. In addition, “older people,” “chevron osteotomy,” “Lapidus,” and “hallux rigidus” have always been the hotspots of attention. Changes and developments in the surgery of HV have gained researchers' interest. Future research trends are more focused on “radiographic measurement,” “recurrence,” “outcome,” “rotation,” “pronation,” and “minimally invasive surgery.” Thus, focusing on these subject directions can facilitate academic progress and provide the possibility of better treatments for HV.



Conclusion: This study summarizes the hotspots and trends in the field of HV from 2004 to 2021, which will provide researchers with an updated view of essential information and somehow guide future research.
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Introduction

Hallux valgus (HV) is a common foot and ankle surgery disease, often with symmetrical onset (1, 2). The main clinical manifestations of HV are the lateral deviation and displacement of the hallux at the first metatarsophalangeal joint accompanied by pain and deformity (3). However, the pathogenesis of HV remains unclear, which may be closely related to abnormal bone structure, soft tissue imbalance, shoe-wearing habits, heredity, and other related factors (4, 5).

The incidence of HV was approximately 23% in adults aged 18–65 years and 35.7% in those over 65 years old (6). With progressive subluxation of the first metatarsophalangeal (MTP) joint, foot function is disrupted, thereby resulting in postural instability and an increased risk of falls in older adults (7). Orthopedic surgery is the primary treatment modality for HV. HV correction surgery is one of the 10 most common foot and ankle surgeries in the United States (8). More than 150 surgical procedures have been used to treat HV, but most have now been eliminated considering that surgical modalities are constantly being updated. Therefore, percutaneous or minimally invasive procedures are gaining popularity, but have been controversial compared to traditional open osteopathic techniques (9–11). Despite the high prevalence of HV and the associated quality of life impairments, no widely adopted evidence-based clinical guidelines can guide the selection of the most appropriate surgical approach (12). While some systematic reviews and meta-analyses focus on a specific aspect of HV, the proliferation of scientific publications has made it increasingly difficult for researchers to keep track of recent discoveries and capture the latest hotspots and trends, even within their fields of expertise.

The bibliometric analysis provides a complete overview of a huge body of study literature (13). It expands previously unappreciated insights by providing quantitative and objective identification of historical and current research subjects (14, 15). Bibliometric methods have been increasingly used in medicine over the past few years. However, only few bibliometric studies in the field of HV research have been conducted. Ferreira GF's article focused on a general knowledge framework (16). Accompanied by continuous improvements in bibliometric software, the number and methodologies of the included literature, and the content of the analysis, sophisticated visualization tools are essential in HV applications, especially in research direction diversification to search for global research trends and hotspots. Therefore, this paper primarily aims to: (I) analyze the general knowledge structure and major contributors (country, institution, author, and journal); (II) clarify the research topic, research hotspots, and research directions; and (III) anticipate future research trends.



Methods


Data source and search strategy

Web of Science Core Collection (WoSCC) is the world's largest comprehensive academic information resource covering the broadest range of disciplines (17, 18). Hence, it is widely used in the scientific fields as one of the most regularly used databases for bibliometrics (19). This study used the Science Citation Index Expanded (SCI-expanded) of the WoSCC despite the availability of other scientific databases, such as Scopus, PubMed, or EMBASE. However, different databases include different methods of forming literature, export formats of documents, and so on, and thus it may not be appropriate to combine multiple data from other databases (20). First, this study used the subject term “hallux valgus” to search articles and reviews published from 2004 to 2021. The following were the search terms: TS = (“hallux valgus” OR “bunion*” OR “hallux abduct*” OR “metatarsus primus varus”). However, only the English language was accepted. All retrievals were completed and downloaded on September 20, 2022.



Inclusion and exclusion criteria

Following the above search strategy, retrieved datasets were exported as “full record and cited references” for further analysis. The titles, abstracts, and keywords of the datasets were read one by one. Inclusion criteria were HV-related articles and reviews (e.g., epidemiological investigations, clinical treatment, recurrence, outcome, etc.) containing all study types. Meanwhile, exclusion criteria were articles and reviews unrelated to HV studies (including disease type, research purposes, interventions, outcome indexes, etc.). The data collection and entry are independently determined by two authors (WS and PD). The disagreement was a consensus reached by the third author (XS). After pre-processing, a total of 1,904 papers in the field of HV were obtained, including 1,771 articles and 133 reviews. The downloaded information was saved in text format. Informed consent was not necessary because these were secondary data with no personal information. The retrieval process was illustrated in Figure 1.


[image: Figure 1]
FIGURE 1
Retrieval strategy and number of publications.




Data analysis

A suite of tools for sociometric quantitative research is provided by the Bibliometrix R package. Massimo Aria created Biblioshiny for the secondary development of the Bibliometrix-based Shiny package in R (21). It encapsulates the core code of Bibliometrix and generates a web-based framework for online data analysis. Herein, users can use the interactive web interface to perform relevant scientific measurement and visual analysis work, which reduces the user usage threshold and information input intensity to a certain extent (22). In addition, VOSviewer and CiteSpace were widely used for bibliometric analysis.

Bibliometric analysis was primarily performed using three specific programs from Rstudio's Bibliometrix R package (version 2022.03.10, RStudio team, Boston, MA, United States). This software allows the construction and visualization of bibliometric networks to facilitate research understanding. Particularly, the distribution of each component analyzed in the bibliometric analysis is evaluated by a software package that applies machine learning. Given this, the following variables were used: annual scientific production, most relevant sources, source dynamics (occurrences cumulate, the number was set to 10), source local impact by H-index or total citations (number of sources was set to 10), most relevant authors, top authors' production over time (number of authors was set to 10), author local impact, most relevant affiliations, collaboration network by affiliations, country scientific production, collaboration network by countries, corresponding authors' country, historical direct citation network (number set to 20 nodes), multiple correspondence analysis of high-frequency keywords, tree dendrogram of hierarchical cluster analysis of keywords, and thematic map.

CiteSpace (version 5.7R5W, Drexel University, Philadelphia, PA, United States) was utilized to analyze the following: (1) a dual-map overlay of journals contributed to publications; (2) the top 20 co-citation references with the most citation bursts; (3) timeline distribution of keywords cluster analysis; and (4) the top 20 keywords with the most citation bursts (23). CiteSpace parameters are defined as follows: period (2004–2021), years per slice (1), selection criteria (top 20), and pruning (minimum spanning tree, pruning sliced networks).

Moreover, VOSviewer (version 1.6.17, Leiden University Science and Technology Research Center, The Netherlands) was primarily applied to conduct visualization networks including author co-authorship analysis, cluster visualization of the journal co-citation analysis, and the overlay visualization map of the keywords co-occurrence analysis (24). Nodes indicate authors, journals, keywords, and so on, and the size of nodes and the lines between nodes represent the citation or the number of publications and the interrelationship between nodes (co-authors, co-citation, or co-occurrence), respectively.




Results


Annual growth trends in publications

Microsoft Office Excel 2019 was used to process the data and constructed a linear model to predict the number of papers published in 2022. Figure 2 showed that the number of papers published in the HV field increased in volatility from 2004 to 2021. An increase was observed with scientific publications growing at an average rate of 34.79%. The linear model of time prediction was established by fitting the formula. A statistically significant relationship was observed between the year and the number of papers (R2 = 0.9069) with a good fit. The number of publications in HV would reach approximately 184 in 2022 based on the fitted curve.


[image: Figure 2]
FIGURE 2
A linear model fitting of publication growth in HV.




Analysis of major countries/regions

The distribution features of the significant research countries/regions indicate the influence of countries/regions in the field of HV and create conditions for ongoing growth. The different shades of color shown in Figure 3A represent the number of papers published in each country/region. The top 20 countries or regions in terms of the total publications are primarily from North America, Europe, and East Asia.


[image: Figure 3]
FIGURE 3
(A) distribution of publications from different countries/regions. The color intensity is proportional to the number of documents. Higher blue intensity refers to the greater number of documents, and grey means no scientific output. (B) Countries’ collaboration network. There are 20 nodes in the picture. Each node represents a different country and the diameter of each node represents the strength of collaboration between the country and other countries, the line represents the collaboration network or path between each country, and the thickness of the line represents the strength of collaboration. (C) Institutions’ collaboration networks in HV.


The Bibliometrix and Biblioshiny software packages were used to screen for cooperation between countries, as shown in Figure 3B. When the number of nodes was set to 20 and the number of cooperation was more than one, the thicker the border between the two labels, the stronger the cooperation intensity between countries, and vice versa. A country's research quality can be reflected by total citations and average total citations (25). The United States was at the core of international collaboration and has the most published articles and total citations. Thus, the United States has made an essential contribution to the field of HV. Extensive collaboration has been established between countries in North America and Europe. As seen from Table 1, Australia had a relatively lower total number of published articles but a higher average of article citations, which may be related to Australia's La Trobe University. La Trobe University may play an essential role in enhancing national academic influence. While China and Turkey top the list of total published articles, the country's average article citations remain in a low position. The quantity and quality are not yet proportional.


TABLE 1 The top 20 most productive countries and institutions in the field of HV.
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Analysis of major research institutions

The study included a total of 2,025 institutions that made relevant contributions. In terms of number of published papers, Table 1 listed the top 20 institutions, with La Trobe University, Hospital for Special Surgery, University of Barcelona, Innsbruck Medical University, and the University of Pittsburgh being the top five. In terms of institutional cooperation, each node and the diameter of each node represent different institutions and strengths of collaboration between that institution with others, meanwhile, the line and the thickness of the line indicate the network or path of cooperation between each institution and the strength of collaboration, respectively. The number of nodes was set to 20, and 20 institutions were analyzed, as shown in Figure 3C. La Trobe University had the highest network of collaborations, followed by the Hospital for Special Surgery. La Trobe University in Australia and Keele University in the UK have established stable cooperation. However, other institutions, such as Inje University, have less cooperation. Thus, focusing on highly productive research institutions and collaborations can help researchers stay abreast of developments and frontiers in their discipline.



Analysis of main researchers

Co-author analysis is commonly used to establish a similar relationship between individuals or groups based on the number of co-author publications (26). Figure 4A showed a network map and overlay visualization of 176 co-authors who have published more than five articles. Menz HB, Coughlin MJ, and Ellis SJ were at the center of the collaboration clusters. Table 2 displayed the ranks and they landed in the top three in terms of total number of publications, with 43, 26, and 18 publications, respectively. The H-index and total citations can be used to analyze the quality of current papers and anticipate the performance of future authors, as well as estimate the importance and broad influence of authors' cumulative research contributions (27–29). Menz HB, Coughlin MJ, and Roddy E were the three most influential authors, they are from Australia, the United States, and the United Kingdom, respectively. In HV, the productions of the top 10 authors over time were shown in Figure 4B. The node of Menz HB's most frequently cited paper appeared in 2005 (indicated by the darkest blue color in the circle) and continued to publish in 2021.


[image: Figure 4]
FIGURE 4
(A) network visualization of authors co–authorship in HV. (B) Top 10 authors’ productions over time in HV. The circle size shows the number of papers, and the color from light to dark indicates the total citations per year.



TABLE 2 The top 10 authors for volume of publications.
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Analysis of major research journals

A total of 303 academic journals published papers related to HV research were found within the analyzed time frame. Table 3 listed the names of the top 10 journals by the number of papers published in the professional journals. Foot & Ankle International has the highest number of publications (n = 405), followed by the Journal of Foot & Ankle Surgery (n = 264), Foot and Ankle Surgery (n = 113), Foot and Ankle Clinics (n = 79), and Journal of the American Podiatric Medical Association (n = 77). The top 10 journals by total number of publications were primarily from the United Kingdom, the United States, and Germany. The annual changes in the number of papers published in the top 10 journals are shown in Figure 5A. The cumulative number of papers published was 1,130, accounting for about 59.35% of all documents. Therefore, the more indicators used to evaluate a journal, the more objective and comprehensive it will be. Foot & Ankle International was the journal with the highest total citations and H-index (total citations = 7,473, H-index = 41). It suggested that this journal has more academic influence and attention from researchers in the field of HV. The results of the visualization analysis of journal co-citation were shown in Figure 5B and the top 10 research categories ranked by the number of publications were shown in Figure 5C. The three major research categories of most interest in this field were orthopedics, surgery, and rheumatology.


[image: Figure 5]
FIGURE 5
(A) cumulative number of publications in the top 10 journals in HV. (B) Cluster visualization of the journal co-citation analysis. (C) The top 10 research categories ranked by the number of publications. (D) The three- field plot showing the knowledge flow (country, institution, and journal). (E) The dual-map overlay of journals contributed to publications in HV from 2004 to 2021.



TABLE 3 Distribution of the top 10 productive journals in HV.

[image: Table 3]

The double-map overlay of journals reflects the citation relationships between disciplines, thereby highlighting paradigm shifts in research across disciplines (30). In Figure 5E, the left and right sides represent the citing journals and the reference journals (cited journals), respectively. Overall, there were four colored paths, including two green trails and two pink trails.

Different colored rectangles represent significant features in the figure. The height of a rectangle in a three-domain diagram depends on the ratio or value of the sum of the relationships that arise between the rectangle's components (country, institution, and journal) (31, 32). Finally, a three-field plot was drawn, where each column is limited to 10 variables. The most productive countries collaborating with top scientific institutions and publishing academic results in international journals are shown in Figure 5D.



Historical cited papers of HV

The historical direct citation network for HV was investigated to explore the changes in the relevant research content over time. The Bibliometrix installation package in R Studio was used to perform the historical citation visualization analysis and selected 20 nodes to find essential publications and classical studies on the subject. CiteScore was released in December 2016 and is the most recent indicator. This study examines the methods and substance of classical literature using LCS and GCS. The reference scores in the downloaded dissertation dataset and WoSCC database are referred to as LCS and GSC, respectively (33, 34). These two indicators reflect the contribution of an article to the research field from a different perspective, with a higher score indicating that the researcher values the article more.

As seen in Figure 6A and Table 4, the earliest node in the literature was an article published in Foot & Ankle International in 2004 entitled “The Lapidus Procedure: A Prospective Cohort Outcome Study.” Coetzee JC. et al. analyzed that the Lapidus procedure was a great alternative to treat moderate to severe HV deformities (35). In the same year, other authors published articles about additional surgical procedures for HV, such as Scarf and Chevron osteotomies (36). In 2005, Menz et al. suggested that as a simple and non-invasive screening tool, the Manchester scale could effectively reflect the degree of HV deformity determined by x-ray measurement of HV and intermetatarsal angles (37). In the same year, another of Menz et al.'s studies showed that HV has a adverse effect on gait patterns, which may lead to instability and fall risk in older adults, particularly when walking on irregular terrain. It has also gained scholars' attention to the health problems of the elderly with HV. In addition, LCS and GCS have higher scores in Robinson AHN's study. The authors thoroughly reviewed that while technically demanding, HV surgery had a high success rate in appropriately selected patients. However, few patients had a poor postoperative prognosis. Thus, randomized, controlled trials were needed to illustrate the factors that determine good outcomes (38) and a favorable validation result score was also necessary. In 2007, Coughliny MJ's article had a significant influence. Both LCS and GCS ranked second, with 178 and 244, respectively. This article stated that the severity of HV was not related to Achilles tendon or gastrocnemius tendon tightness, increased first-ray range of motion, bilaterality, or flat feet. The degree of preoperative angular deformity and increasing age were not associated with the range of motion of the first metatarsophalangeal joint (39). In 2007, Easley ME. et al. present the first American Orthopedic Foot and Ankle Society (AOFAS) guidelines for the operative treatment of HV. His paper provided information on how to select an appropriate surgical treatment based on the severity of HV. It guided clinical and scientific researchers to treat HV better (40). Hence, the research has gradually deepened. Researchers set out to comprehensively evaluate HV surgery in terms of recurrence and post-operative complications. In 2010, among all articles, Nix S's article had the highest LCS and GCS and was a classic document in the field of HV. HV was prevalent and became more common among aging women (6). From the historical nodes of HV, 70% of the nodes are in the period from 2004 to 2007, thereby indicating that researchers have a high degree of recognition for the literature quality of HV in this period. Various researchers focus on clinical studies of HV but note that the articles with higher scores are primarily reviews. Possibly because these high-quality papers are published by well-known research teams in high-impact journals, thereby enabling academics to rapidly and in greater detail understand the overall progress of HV and better guide clinical practice. Thus, studying this literature has led to a clearer understanding of the developmental trajectory of HV and the latest results.


[image: Figure 6]
FIGURE 6
(A) historical direct citation network of HV. (B) The top 20 co-citation references with the most citation bursts.



TABLE 4 The historical direct citation network.
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Mutation detection by co–citation analysis

Co-citation analysis establishes a relationship between items based on how many times they have been cited together and has been demonstrated as a way to assist in identifying critical literature for cross-disciplinary ideas (41). Co-citation analysis helps researchers understand the past research priorities and predict the research direction of HV in the future. Figure 6B listed references with an outbreak duration of at least 2 years (2004–2021). The top 20 references with the most powerful citation bursts are depicted. The three articles with the strongest citation bursts were published in 2010, 2011, and 2017. First, among all studies, Nix et al.'s study had the highest strength (24.48). His article also had the highest LCS and GCS scores in the historical node. In addition, his article concluded the prevalence of HV in the general population through systematic review and meta-analysis (6). We also found that Menz et al.'s studies possessed a higher burst strength (14.55). He discovered that the general and foot-specific health-related quality of life decreased gradually as the severity of the HV deformity increased (42). In addition, Lee M's article had a high burst intensity (14.33). His study pointed out that with the increasing use of minimally invasive techniques for HV, the pain was significantly reduced in the first 6 weeks after percutaneous chevron/akin procedures compared to a traditional open scarf/akin osteotomies (43).



Conceptual structural map

In bibliometrics, cluster and multiple correspondence analyses are commonly used methods for analyzing keywords (44, 45). As an independent tool, cluster analysis obtains the distribution of data, observes the characteristics of each cluster of data, and focuses on specific clusters for further analysis. Multiple correspondence analysis can reveal differences between categories of the same variable and correspondence between categories of different variables. Figures 7A,B showed several clustering results of correspondence analysis in the HV domain. Particularly, it can be divided into three categories.


[image: Figure 7]
FIGURE 7
(A) multiple correspondence analysis of high-frequency keywords in HV. (B) Tree dendrogram of hierarchical cluster analysis of keywords in HV.


The first cluster analysis (green topic): This category was primarily related to the risk factors and epidemiological investigation of HV (keywords: prevalence, pain, population, older people, and risk factors). The second cluster analysis (red topic): This category was primarily related to the diagnosis, examination, and surgical treatment of HV (Keywords: etiology, gait, ray, angular measurements, deformities, metatarsophalangeal joint, metatarsal osteotomy, bunionectomy, osteotomy, fusion, arthroplasty, and fixation). The third cluster analysis (blue topic): This category was primarily related to follow-up and recurrence after HV surgery. (Keywords: follow-up, recurrence, angle, deformity, and metatarsal).



Analysis of research hotspots and trends

Keywords are high-level summaries of research topics and content. The timeline view of keywords cluster analysis can outline the relationship between keywords and the period of important nodes. In Figure 8A, X and Y axes represent the year when the citation was published and the clustering number, respectively (14). Through analyzing the timeline view in the field of HV, “older people,” “chevron osteotomy,” “Lapidus,” and “hallux rigidus” have always been the hotspots of attention.


[image: Figure 8]
FIGURE 8
(A) timeline distribution of keywords cluster analysis. (B) The top 20 keywords with the most citation bursts. (C) Thematic map generated was displayed in four quadrants. (D) The overlay visualization map of the keywords co-occurrence analysis. The gradual development of color from blue to yellow indicated the evolution of hotspots.


In contrast to common high-frequency words, burst keywords better reflect the dynamic deduction and development mechanisms of academic research. As shown in Figure 8B, the terms “radiographic measurement,” “recurrence,” “outcome,” and “minimally invasive surgery” were the latest popular keywords in the past 5 years. Developing trends and frontiers of research areas can be obtained by analyzing thematic maps. In Figure 8C, the thematic map generated by the R-Bibliometric software package was displayed in four quadrants, and the importance and centrality of the theme were represented by X and Y axes, respectively (46). The motor theme represented an important and well-developed theme, the niche theme represented a highly developed and isolated theme, the basic theme represented a basic area of research, and the emerging or declining themes emerge a new theme, that is, minimally invasive surgery. Co-occurrence analysis is a quantitative study of the phenomenon of co-occurrence to reveal the knowledge implied by the content associations and feature items of information. Keywords co-occurrence analysis not only identifies prevalent areas and research directions but is also an important indicator to monitor the development of scientific fields (15). An overlay visualization map of the co-occurrence analysis using VOSviewer for 114 keywords with more than 25 occurrences was illustrated in Figure 8D. All keywords were indicated by different colors, with blue keywords and yellow keywords indicating early and late appearance, respectively. The evolution of hotspots was indicated by the gradual development of color from blue to yellow.

Different bibliometric software emphasizes different aspects based on different algorithms. Thus, we comprehensively used the thematic map generated by the R-Bibliometric software package, the burst keywords of CiteSpace, and the overlay visualization map VOSviewer to identify six terms as the focus and the forefront of the field, which were “radiographic measurement,” “recurrence,” “outcome,” “rotation,” “pronation,” and “minimally invasive surgery” to comprehensively analyze the future trends in the field of HV.




Discussion


The general knowledge structure and major contributors (country, institution, author, and journal)

In this study, bibliometric and visual analysis was used to identify hotspots and collaborations across different countries, institutions, and authors to better understand the global research trends and hotspots of HV. Although the number of research papers published in HV slightly fluctuated from 2004 to 2021, there was a general tendency to increase. This indicates that an increasing number of researchers focus on the topic in HV.

Of the top 20 countries in terms of total publications, North America, Europe, and East Asia dominated the HV. With the rapid economic development of Asian countries, regional disparities are gradually narrowing. However, China and Turkey should also pay more attention to the quality of published papers. The United States had the most significant number of published articles and total citations and thus made an essential contribution to the field of HV.

As for institutions, La Trobe University in Australia and the Hospital for Special Surgery in the United States were not only the two with the most publications but also the highest collaboration networks. La Trobe University is known for its outstanding teaching and research capabilities and enjoys a global reputation. Meanwhile, the Hospital for Special Surgery is the earliest orthopedic hospital in the United States and has been ranked first in the list of the best orthopedic hospitals in the United States for 11 consecutive years. Not only is it the cradle of medical masters, but it is also a place of pilgrimage for orthopedic surgeons worldwide. The United States accounts for nearly half of the top 20 institutions in the field of HV, which can reflect the scientific research strength of American scientific research institutions. Thus, other scientific research institutions should also strengthen cooperation and exchanges.

Menz HB, Coughlin MJ, and Roddy E were the three most influential authors who might determine the focus and direction of the study. Menz HB, a foot and ankle specialist from La Trobe University in Australia, has been focusing on the research of footwear characteristics and foot problems of the elderly. Professor Coughlin MJ is an internationally renowned specialist in foot and ankle surgery who specializes in forefoot and hindfoot reconstructive surgery as well as total ankle reconstruction. Professor Roddy E's main contribution was to determine the population prevalence and factors associated with HV in the primary care population. They have been committed to research in the field of foot and ankle and made great contributions to its development. Therefore, we should place more emphasis on their work to keep up with the latest developments in this field.

Few researchers are familiar with all the important journals in their area. However, they often struggle to pick the appropriate journals to publish their research results. This conclusion may be obtained from journal metrics collected through bibliometric analysis. We also observed that most of the major papers on related studies in HV were published in professional journals such as Foot & Ankle International, Journal of Foot & Ankle Surgery, and Foot and Ankle Surgery. Foot & Ankle International has the highest number of publications, total citations, and H-index in this field. In addition, as a professional journal of foot and ankle surgery published in the United States and the official journal of the American Orthopedic Foot & Ankle Society (AOFAS), Foot & Ankle International has been emphasizing clinical research related to the foot and ankle joint. The journal primarily focuses on surgery, wound care, bone healing, pain management, diabetes, and sports medicine. The Journal of Foot & Ankle Surgery is the leading source for original, clinically focused articles on foot and ankle surgery and medical management. Foot and Ankle Surgery is the official journal of the European Foot and Ankle Society. The journal aims to advance the art and science of ankle and foot surgery, thus publishing peer-reviewed research articles. The reason for the greater attention paid to these journals may lie in the following: first, these journals have a high influence in the field of foot and ankle; second, the research directions covered are closely related to the clinical research related to HV; and third, researchers are more willing to promote their research results and opinions in well-known journals to improve their academic level and scientific research ability. The dual map overlay of journals makes the interdisciplinarity of the research possible, and following the trail of the map allows tracking the development of the scientific frontier (Figure 5E). The citing journals for all publications came from two main fields: (I) Medicine/Medical/Clinical and (II) neurology/sports/ophthalmology. Meanwhile, the reference journals (cited journals) originated from (I) Health/Nursing/Medicine; (II) Sports/Rehabilitation/Sport.



The research topic, research hotspots, and research directions

Keywords and reference analysis are the essence of academic papers, which can reflect the current research hotspots and help researchers understand the evolution trend (47).

Cluster analysis helps to examine the conceptual structure of research. Multiple correspondence and cluster analyses showed three themes in the conceptual structure maps. The green topic was mainly related to the risk factors and epidemiological investigation of HV, the red topic was mainly related to diagnosis, examination, and surgical treatment of HV, and the blue topic was mainly related to follow-up and recurrence after HV surgery (Figure 7).

Through analyzing the timeline view of keywords in the field of HV (Figure 8A), “older people,” “chevron osteotomy,” “Lapidus,” and “hallux rigidus” have always been the hotspots of attention. Older people are at high risk for HV, and as the degree of HV deformity increases, the overall health and foot health of older adults gradually decline. Thus, managing foot function through proper care and control of the foot is necessary to prevent the appearance or progression of HV deformities (48, 49). The severity of the deformity determines the choice of the surgical plan. While mild-to-moderate HV is commonly treated with a distal operation like a Chevron osteotomy, more severe HV is generally treated with a proximal technique like Scarf osteotomy or Lapidus surgery. Chevron osteotomy is one of the most frequently used methods by foot and ankle surgeons worldwide, and the technique is constantly modified by the angle of the osteotomy with fixation (50). Meanwhile, as first metatarsal wedge fusion, Lapidus surgery is indicated primarily for patients with hypermobility of the first ray (51). Senga et al. believed that HV is a risk factor for HR (hallux rigidus). Although HV is one of the biological factors of HR, some researchers believe that current research has failed to provide a clear link (52). More pathophysiological studies of the relationship between HV and HR may be available in the future.

Through the analysis and evaluation of the research directions of the historical cited papers and the top 20 references with the most powerful citation bursts in the field of HV (Figures 6A,B), 16 (40%) publications were related to the changes and development of HV surgery, 8 (20%) were related to epidemiological research, 7 (17.5%) were related to radiological measurement, 3 (7.5%) were related to the efficacy comparison of the scoring system, and 3 (7.5%) were related to the analysis of the causes of postoperative recurrence. Moreover, 2 (5%) of the publications involved the impact of quality of life and 1 (2.5%) research was related to gait. Changes and developments in the surgery of HV have gained researchers' interest. Although there are more than 150 surgical types for HV, most have been eliminated (53). There are now more than 10 common procedures, which primarily include soft tissue surgery, arthroplasty, osteotomy, joint fusion, and joint replacement (54). In recent years, minimally invasive surgery has become increasingly important and is being assessed more scientifically (55). No operation is perfect and no one can solve all problems. Surgical plans need to be fully considered by experienced surgeons, including the severity of HV and the patient's needs (56). It is significant to note that surgical treatment of HV has greatly advanced from traditional open surgery to the present minimally invasive treatment.



Future research trends

As HV research progresses, several emerging research directions are emerging as research topics of interest. After overlapping analysis of multiple bibliometric software (Figures 8B–D), the following seven keywords were identified as future research trends: “radiographic measurement,” “recurrence,” “outcome,” “rotation,” “pronation,” and “minimally invasive surgery.” Thus, focusing on progress in these research directions may lead to remarkable research results that will significantly advance the development and advancement of the field.



Outcome, recurrence, rotation, and pronation

The surgical treatment of HV is primarily to relieve pain and correct deformity. However, postoperative recurrence is one of the most common complications after HV surgery. Recurrence is often caused by various factors, mostly related to preoperative evaluation, intraoperative technique, postoperative management, and patient reasons (57). Common risk factors for HV recurrence are severe HV deformity before the operation, metatarsal pronation, improper surgical selection or manipulation, and so on.

Preoperative HVA (hallux valgus angle) >40°, oversized IMA (intermetatarsal angle) can increase the probability of recurrence after HV surgery. Excessive adduction, elevation, and pronation of the metatarsals are also recognized risk factors for recurrence, particularly the coronal plane was unstable (58). HV is associated with the axial rotation of the first metatarsal, but failure to recognize and correct the malrotation of the first metatarsal may result in recurrent HV deformity. Wagner et al. concluded that identification of the anterior metatarsal rotation deformity is the key to achieving complete correction of the deformity and reducing the recurrence rate (59). Conti MS. et al. found that the recurrence rate was significantly lower in the group with reduced first metatarsal pronation than in the group with no change/increase in first metatarsal pronation (60). The traditional option of distal metatarsal osteotomy for severe HV deformities results in a high possibility of recurrence. Therefore, the ability to achieve good results and avoid recurrence also greatly depends on the degree of deformity correction and the surgeon's experience. Thus, individualized preoperative planning based on the patient's specific situation can effectively reduce the probability of recurrence (61). Future research may focus on the origins of HV disease and the causes of postoperative recurrence to develop better strategies for treating HV.



Radiographic measurement

Radiographic measurement is the basic parameter and gold standard imaging modality to assess the severity of HV. Radiographs of foot weight-bearing are most commonly used in clinical practice to measure the HVA and IMA to assess the severity of HV and its degree of deformity (62). Radiographic measurement is essential for the surgical treatment of HV, as well as the correct positioning of the foot, the experience of the investigators, and so on, which can affect the accuracy of the measurements and may lead to incorrect decisions. A randomized controlled experiment found the radiographic measurement of the HV angle to be reliable by smartphone applications for both experienced and inexperienced investigators, and these tools improved the accuracy of the HV angle measurement and thus saved measurement time (63). With the rise of modern technology, future radiographic measurements of HV angle will be more precise and easier.



Minimally invasive surgery

Percutaneous or minimally invasive procedures are becoming increasingly popular, and the results achieved in forefoot surgery are similar to those of the traditional open approach (10, 11, 64). Although there has been controversy about the effectiveness of minimally invasive techniques for HV, the clinical results are reliable in studies of minimally invasive surgery. Minimally invasive osteotomy has the advantages of less trauma, rapid recovery, and low complications. In a systematic review reporting a total of 1,762 patients (2,279 feet), investigators found little difference in outcomes between techniques. A meta-analysis reported that minimally invasive surgery was more effective than open surgery in the treatment of HV (65). In addition, better radiological and clinical outcomes were obtained in the minimally invasive group than in the open group (66). There may be some complications in minimally invasive surgery that are not present in open surgery, such as damage to soft tissue structures or skin burns that are not under direct visible control. However, minimally invasive surgery carries the risk of failure in patients with severe HV. Furthermore, minimally invasive techniques are the future trend of HV surgery treatment. With the continuous development and application of new technologies and improvement of surgical techniques, minimally invasive techniques for HV will be raised to another level, which will then provide better treatment for HV patients.




Strengths and limitations

This is the first bibliometric article to analyze hotspots and trends in the field of HV from 2004 to 2021. Nevertheless, this research has certain limitations. First, an unavoidable limitation of bibliometrics is that it may lead to incomplete searches of the papers because of the restriction of search terms. Although it may affect the precision of the study section, it is unlikely to change the outcomes. Second, the WoSCC database is the most commonly used and comprehensive in bibliometrics. Although there are other types of databases, the WoSCC database is sufficient to reflect the field and dynamics of research considering the compatibility and recognition of bibliometric software. We finally obtained research data from this database. Third, only English articles and reviews were included in the data. Finally, there may be differences between bibliometric studies and real-world research.



Conclusions

This article provides a comprehensive overview of the current status, hotspots, and trends in HV research from 2004 to 2021 through bibliometrics. The number of publications shows an overall increasing trend and the research of HV has a great research prospect. Thus, the United States has made an essential contribution to the field of HV. La Trobe University in Australia was the most productive institution. Menz HB and Foot & Ankle International were the most influential authors and the most popular journals among researchers, respectively. However, global research in HV is unevenly distributed. Thus, cooperation between countries and institutions should be strengthened. Meanwhile, “older people,” “chevron osteotomy,” “Lapidus,” and “hallux rigidus” have always been the hotspots of attention. Changes and developments in the surgery of HV have stimulated the interest of scholars. Future research trends are more focused on “radiographic measurement,” “recurrence,” “outcome,” “rotation,” “pronation,” and “minimally invasive surgery.” Thus, focusing on these subject directions can facilitate academic progress and provide the possibility of better treatments for HV. This study offers a valuable reference to help researchers, particularly new entrants, to better understand HV from a macroscopic perspective.
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Background: Basivertebral foramen (BF) is a vessel and nerve passage in the posterior wall of vertebral body (VB). Our goal was to report BF's morphological characteristics in different age groups of mainland Chinese adults and to evaluate the relationship between BF's morphology and factors such as age, gender, heavy work, size and level of VB.



Methods: We enrolled 300 adults among persons who came to our hospital for health examination. We measured BFs and VBs’ parameters on T1 weighted sagittal lumbar spine MR images. We also assessed following potential predictors: gender, body height, body weight, body mass index, alcohol use, habits of smoking and drinking, type of work (physical work or non-physical work). A stepwise multivariate linear regression analysis was conducted to identify predictors of BF's height.



Results: People above 60 have significantly bigger BFHr than those in young adulthood and in the middle ages at all five levels, while they have shallowest BFs, especially at L3. Multiple linear regression resulted in a formula that accounted for 30.1% of the variability in the height of basivertebral foramen. Significant predictors included: gender, age, level, vertebral height and heavy work.



Conclusion: Age is the highest weight in all factors on the height of BF. BF is closer to the upper endplate. The BF was relatively higher and deeper in the female lumbar spine. Heavywork results in lower BF. Last but not the least, as we supposed, BF gets shallower and higher compare to VB with age.



Level of evidence: Prognostic level III. See instructions for authors for a complete description of levels of evidence.
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Introduction

Basivertebral foramen (BF) is a bone defect in the posterior wall of vertebral body (VB), between the pedicles, containing basivertebral veins, arteries and nerves (Figure 1). BF existed in every vertebra of the spine (1–5). It has a bigger size than other vessel passage of bone (6). The intravertebral circulation links to vertebral venous system via BF, through so-called basivertebral vein, single or sometimes with two separate tributaries. All the venous system is valveless, and it eventually drains to Vena Cava (7–9). Studies implied that BFs had a relationship with lots of diseases and phenomenons, such as tumor metastasis, postero-superior fragment in burst fracture of thoracolumbar spine and cement leakage of percutaneous vertebroplasty or kyphoplasty (type B cement leakage) (10). Our former research also revealed the presence of a connection between the basivertebral foramen and the intravertebral cleft (11), and the possibility of direct cement leakage into the spinal canal through the basivertebral foramen when PKP is performed in senior patients of osteoporotic vertebral fracture with intravertebral cleft (12).


[image: Figure 1]
FIGURE 1
BFs in the vertebrae from T11 to S1 (arrow heads).


To this day there's no systemically study about the morphological features of BF, although which is the fundament of the recognition of the relationship between BF and vertebral diseases. Spinal metastasis was thought to be happen firstly in pedicle arch, because x-ray examination showed the malignant colony firstly settling in this region (13). But Algra et al. (14) found that, explicated by CT, spinal metastasis often happened firstly at posterior part of VB because of BV, since basivertebral vein served as an entrance site for hematogenous spread of metastases (9, 15–18). Algra et al. (14) also described that the lumbar region of the spine was the area most frequently affected by metastases; next were the thoracic and cervical portions. Lumbar spine bears the largest loading in the whole spine, while a big bony defect in the VB such as BF would impose important biomechanical influence on the VB, especially in the lumbar spine. Thus, the BFs of the lumbar spine became the first subjects we studied among the spine.

Spine degenerates as human being getting aged. Bone density decreases, and the shape of vertebrae also changes with age. In series of reports by Erichsen between 1976 and 1978, lumbar vertebrae showed relative lowering and broadening of their bodies with age (19–21). As to easterners, Kim et al. (22) found that VB height decreased with age in thoracic vertebrae (T5, T6) and lumbar vertebrae (L4, L5) among Koreans. As the VBs get less bone mass and flattened with age, we suppose that BFs would get shallower and higher compare to VBs. To prevent the influence of size change of BVs among different age groups, we calculated relative values of BFs to BVs and compared these relative values.



Materials and methods


Patient population

Between January 2012 and November 2015, many adults came to our hospital for regular health examination including a Magnetic Resonance Imaging scan of lumbar spine. Exclusion criteria were spine diseases including infection and tumor, deformity, severe osteoporosis, hypertension and vessel diseases. Among these healthy adults, 300 were randomly included in this study and then divided into three age groups (under 30, 30–60, and over 60), and in each group were 50 females and 50 males.



Measurements and deﬁnitions

We measured BFs’ parameters on T1 weighted sagittal images. We measured BF's height (BFH) and depth (BFD), vertebral body height (VH) and depth (VD) of every lumbar vertebral body (Figure 2). The BFH is the distance between the two crossover points of BF and posterior wall of VB. The BFD is the distance of anterior point of BF to the line crossing the two crossover points. Along the line, the distance of the upper crossover point to the upper endplate called UH, and the distance of the lower crossover point to the lower endplate called LH. The distance of anterior point of BF to the anterior margin of VB is VDa. So the VH equals to the sum of UH, LH and BFH (VH = UH + LH + BFH), and the VD equals to the sum of VDa and BFD (VD = VDa + BFD). In addition, the ratio of BFH to VH called BFHr, and the ratio of BFD to VD called BFDr (Figure 2).
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FIGURE 2
BFs’ parameters in a drawing of VB. The BFH is the distance between the two crossover points of BF and posterior wall of VB. The BFD is the distance of anterior point of BF to the line crossing the two crossover points. Along the line, the distance of the upper crossover point to the upper endplate called UH, and the distance of the lower crossover point to the lower endplate called LH. The distance of anterior point of BF to the anterior margin of VB is VDa.


Two clinicians carried out the work independently and measured every VB for three times. The averages of every clinician's three values were collected for statistic analysis. Before measuring, the clinicians discussed and agreed on the measurement method. In case of the margins of a few VBs and BFs were hard to find because of the reasons such as image quality or soft tissue interference, two clinicians reach a consensus about the margins after discuss.



Predictors evaluated

We also assess following potential predictors: gender, body height, body weight, body mass index, alcohol use, smoking, type of work (physical work or non-physical work).



Statistical analysis

BFH, UH, LH, BFD, VDa, BFHr, UHr, LHr and BFDr were compared in three age groups using KW test or ANOVA analysis, and in two gender groups using Mann-Whitney test or t-test, and in five vertebral level groups using KW test. Wilcoxon test or paired t-test was used to compare UH and LH. A stepwise multivariate linear regression analysis was conducted to identify predictors of basivertebral height.

Statistical significance was defined as a probability level of ≤0.05. All analyses were performed with SPSS 19.0 statistical package (SPSS, Inc., Chicago, IL).



Source of funding

This work was supported by grants from the National Natural Science Foundation of China.




Results

According to morphological characteristics of basivertebral foramen, we classified them as 3 types: triangular type (65%), trapezoid type (24%) and irregular type (11%). The bone interval exsist in 6% of the basivetebral foramen. The average basivertebral height is 9.2 ± 2.5 mm, which is approximately 1/3 of vertebral height at the same level, whilst the average basivertebral depth is 4.4 ± 1.6 mm. Compared with the lower endplates, the basivertebral foramen are statistically more close to the upper endplates at all five measured levels (P < 0.05, Figure 3). The BFHr at the lower level tends to be relatively smaller, while BFDr at L2 is the biggest among five vertebral levels (P < 0.05, Figure 4). People above 60 have significantly bigger BFHr than those in young adulthood and in the middle ages at all five levels, while they have shallowest BFs, especially at L3 (P < 0.05, Figures 5, 6). Females have higher BFHr and deeper BFDr than males in lumbar vertebrae, which only BFHr at L2 and L4 show statistically significant difference (P < 0.05, Figure 7). Multiple linear regression resulted in a formula that accounted for 30.1% of the variability in the height of basivertebral foramen. As detailed in Table 1, significant predictors included: gender, age, level, vertebral height and heavy work.


[image: Figure 3]
FIGURE 3
Compared with the lower endplates, the basivertebral foramen are more close to the upper endplates at all five measured levels (R1: the ratio of distance between BF and upper endplate to VB height; R2: the ratio of distance between BF and lower endplate to VB height).
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FIGURE 4
The BFHr at the lower level tends to be relatively smaller, while BFDr at L2 is the biggest among five vertebral levels.
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FIGURE 5
People above 60 have significantly bigger BFHr than those in young adulthood and in the middle ages at all five levels.
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FIGURE 6
People above 60 have significantly smallest BFDr only at L3, but tend to have shallowest BFs among three groups.
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FIGURE 7
Females have higher BFHr and deeper BFDr than males in lumbar vertebrae, which only BFHr at L2 and L4 show statistically significant difference.



TABLE 1 List of significant predictors.
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Discussion

Although many studies have investigated the anatomy, circulation, innervation and biomechanical features of spine, the BV is still a blind zone of research. Our study and some previous studies showed that BV, such a big bony defect, lies in middle column according Denis and Ferguson's (23–25) three column theory of spine, anterior to spinal canal and posterior to the center of VB, a little closer to upper endplate. The size and location of BV could tell the truth of many clinical phenomenons such as burst fracture and type B cement leakage in PVP and PKP. The strain around the BV is the highest within the entire VB and along the surface of VB (26, 27), so posterior regions of the VB had greater bone volume, more connections, reduced trabecular separation and more plate-like isotropic structures than anterior regions (28). Although the superior part of posterior BV had better bone quality, the factors of the thinner upper endplate and closer BV seemed to share more in burst fracture, resulted in posterior superior fracture fragment (28–32). As the ratio of BF's height to VB's height largens according to aging, the posterior region and wall of VB would burden more strain, as a result, which would become fragile under violence. Thus, we can easily found that osteoporotic compression fracture of aging VB resulted in flattened VB while the younger non-osteoporotic VB were wedge-shaped after compression fracture. Thoracolumbar spine (T11–L1) (33, 34) is the most often fractured in spine, results from which previous studies argued that this span of spine is a transitional section and with lots of motion. In our study, the BFHr of L1 was the largest among the lumbar vertebrae, which could be a cause of the high risk of fracture of L1.

Cement leakage happened quite often in PKP/PVP (35–37), especially under CT examination post-operatively (38–40). Extravertebral cement leakage via the basivertebral veins (so-called type B) and fractured cortex (so-called type C) are more than other type. Type B is more dangerous than type C (37), and would be harmful (7, 39, 41). Because of BF, unilateral injection of cement had more cement leakage than bilateral injection (42). The needle head would get closer to BF when surgeon tried to put it into the center of VB. Our study showed that the depth of BF is up to 15% of anteroposterior diameter of VB, so the region anterior to the posterior 15% of VB is safe for cement injection. This is consistent with the founding of Yeom et al.'s study (37), who declared that cement existed in posterior 1/5 of VB might be a leakage.

The basivertebral nerves which might be the sole passage that enabled intravertebral innervations made BF more important (43, 44). Intravertebral nerves clustered at the center of VB, after descended from basivertebral nerves. That's why a little cement injected into the VB could also ameliorate symptom in osteoporotic-vertebral-fractured patients by PVP/PKP, just like larger volume (45). As mentioned before, the calibration of BF is larger than other nutritional foramen of bone. The existence of basivertebral nerves could make a reason. Although VB's volume changed under compressive loading via flow through the BF, and the basivertebral vein deformed in the course (46), it's still unimaginable that it needs a passage of over 1/3 of VB's height (except for L5 which is 29%). However, sufficient space for basivertebral nerves is essential not only to tolerate the enlarged BF but also to take precautions against deformation of BF that resulted from loading, fracture, hyperostegeny and so on.

The vascular system of VB is extremely complicated (10, 47). The central vascularity of the vertebral body which originated from vessels entering BF (48, 49) is established during fetal development, while peripheral vessels persist after adolescence (50). Tortuosity of the central intravertebral arteries and presence of vessels around the vertebral periphery increases with age (50) and is thought to be variable based on degeneration and nutrient availability. In our study, the depth of BF tended to be less as aging, especially in L3, which had significant tendency. It could be implied that as peripheral vessels increasing when aging, the nutrition supply via central vessels attenuated, so the depth of BF decreased. It is also possible that shallowed BF, because of microfractures or creep deformation, compromised blood supply of VB, causing VB degeneration under malnutrition, and then resulting in peripheral vessels infiltration. However, central vessels are still one of the main nutritional passages for the BFs in the aged VBs were just a little shallower than those in younger ones. Algra et al. reported that disappearing BF might have relation with bone marrow disease of VB (51).

Female had higher and deeper BF than male, although only L2 and L4's rates of BF's height to VB's height showed significance. Although female have smaller body size and VB size, the BFs were relatively bigger than male. Heavy work was a negative factor of BF height, which is intuitively understood, attributed to increased creep deformation and microfractures of VB.

This study has the following merits: the factors analyzed in our study are easily and reliably determined in the clinical practice. Besides factors that could be obtained by inquiry, the vertebral height could be acquired from cheap and time-saving x-ray examination, with acceptable radiation.

However, some limitations could not be ignored. First, as a bony defect, BF is most explicit in CT. In our region, the cost of MRI is just a little more expensive than CT, but with sparse radiation. Although MRI is time-consuming, patients still prefer MRI examination about spine. It costs us a lot of time to calibrate the parameters while carefully identified the low signal of cortex of VB, but it is not as accurate as calibration in CT image. Second, we couldn't get the width of BF. The images only contained transverse section of intervertebral discs. Although occasionally clinical CT examination of spine showed large width of BF (Figure 8), it needs further prospective study to reveal the truth. Third, some factors that might affect the BF such as blood pressure and race were not included in the study. Whether and how blood pressure, especially hypertension, influences BF is an interesting topic, we would carry out such a study to explicit the relationship.


[image: Figure 8]
FIGURE 8
A wide BF is shown in CT scan (arrow head).




Conclusion

Age is the highest weight in all factors on the height of BF. BF is closer to the upper endplate. The BF was relatively higher and deeper in the female lumbar spine. Heavywork results in lower BF. Last but not the least, as we supposed, BF gets shallower and higher compare to VB with age.
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Objective: Pelvic incidence (PI) minus the lumbar lordosis (LL) angle (PI-LL) correlates with function and disability. It is associated with paravertebral muscle (PVM) degeneration and is a valuable tool for surgical planning of adult degenerative scoliosis (ADS). This study aims to explore the characteristics of PVM in ADS with PI-LL match or mismatch and to identify the risk factors for PI-LL mismatch.



Methods: A total of 67 patients with ADS were divided into PI-LL match and mismatch groups. The visual analog scale (VAS), symptom duration, and Oswestry disability index (ODI) were used to assess patients’ clinical symptoms and quality of life. The percentage of fat infiltration area (FIA%) of the multifidus muscle at the L1-S1 disc level was measured by using MRI with Image-J software. Sagittal vertical axis, LL, pelvic tilt (PT), PI, sacral slope, and the asymmetric and average degeneration degree of the multifidus were recorded. Logistic regression analysis was done to identify the risk factors for PI-LL mismatch.



Results: In the PI-LL match and mismatch groups, the average FIA% of the multifidus on the convex side was less than that on the concave side (P < 0.05). There was no statistical difference of asymmetric degeneration degree of the multifidus between the two groups (P > 0.05). In the PI-LL mismatch group, the average degeneration degree of the multifidus, VAS, symptom duration, and ODI were significantly higher than that in the PI-LL match group, respectively (32.22 ± 6.98 vs. 26.28 ± 6.23 (%), 4.33 ± 1.60 vs. 3.52 ± 1.46, 10.81 ± 4.83 vs. 6.58 ± 4.23 (month), 21.06 ± 12.58 vs. 12.97 ± 6.49, P < 0.05). The average degeneration degree of the multifidus muscle was positively correlated with the VAS, symptom duration, and ODI, respectively (r = 0.515, 0.614, and 0.548, P < 0.05). Sagittal plane balance, LL, PT, and the average degeneration degree of the multifidus were the risk factors for PI-LL mismatch (OR: 15.447, 95% CI: 1.274–187.269; OR: 0.001, 95% CI: 0.000–0.099; OR: 107.540, 95% CI: 5.195–2,225.975; OR: 52.531, 95% CI: 1.797–1,535.551, P < 0.05).



Conclusion: The PVM on the concave side was larger than that on the convex side in ADS irrespective of whether PI-LL matched or not. PI-LL mismatch could aggravate this abnormal change, which is an important cause of pain and disability in ADS. Sagittal plane imbalance, decreased LL, higher PT, and larger average degeneration degree of the multifidus were independent risk factors for PI-LL mismatch.
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Introduction

Adult degenerative scoliosis (ADS) is a three-dimensional deformity in skeletally mature individuals, defined as a coronal deviation of greater than 10° (1). It is a common condition and often causes significant low back pain (LBP) and disability in adults (2). It has been reported that the incidence rate of ADS is up to 68% in the older population (3). Given its prevalence in the expanding portion of the global population aged older than 65 years, the disorder is of growing interest in the field of healthcare (4). Furthermore, ADS is a complicated deformity and has always been a matter of concern, but its pathogenesis remains unclear.

The paravertebral muscle (PVM) is closely associated with spinal deformities (5–7) and health-related quality of life (HRQOL) (8). The signal intensities and degree of fatty change of the multifidus muscle are higher in people with degenerative lumbar kyphosis than in the healthy population (5). There is a significant imbalance between fatty infiltration and muscle volume in the deep PVM of adolescent idiopathic scoliosis (AIS) (6). Our previous study found that there exists an asymmetric degeneration of the PVM in ADS, and the asymmetric change is more often seen on the concave side (7). In addition, the lumbar PVM fatty infiltration area (FIA) is closely related to LBP and disability in adults (8).

Pelvic incidence (PI) minus the lumbar lordosis (LL) angle (PI-LL) can be used to study the relationship between the pelvic and the lumbar curve, and both of them correlate with PVM degeneration (7, 9, 10). In addition, PI-LL is considered a valuable tool for surgical planning in the treatment of adult patients with spinal deformities (11–13) and correlates with function and disability, both of which are associated with PVM degeneration (5–7). However, the direct relationship between PI-LL and PVM has not been reported to date.

This study aims to reveal the characteristics of the PVM in ADS with PI-LL match or mismatch and identify the risk factors for PI-LL mismatch.



Materials and methods


Study design and subjects

This was a retrospective cross-sectional study. Data from patients with ADS who were diagnosed at the Third Hospital of Hebei Medical University during the period from July 2010 to October 2019 were evaluated. The inclusion criteria were as follows: (1) aged ≥50; (2) presence of ADS, defined by a coronal Cobb angle >10°; (3) presence of ADS with no radiculopathy and those who did not receive physical therapy, acupuncture, or brace treatment. The exclusion criteria were as follows: (1) presence of symptomatic spinal stenosis with neurogenic claudication and those who received physical therapy, acupuncture, or brace treatment; (2) a recent history of trauma; (3) a prior diagnosis of scoliosis or other spine deformities; (4) underlying diseases such as diabetes mellitus (DM) and sarcopenia; (5) data integrity. All patients in this study had only symptoms of LBP. The visual analog scale (VAS), symptom duration, and Oswestry disability index (ODI) were used to assess the patients’ clinical symptoms and quality of life.



Imaging procedures

The radiography system used was a 500 mA Siemens DR System (Siemens Corporation, Germany) with an automatic exposure control system. The detailed parameters are as follows: the electric current was kept at 500 mA and the voltage at 75 kV on the anteroposterior position, and the current was kept at 500 mA and the voltage at 85 kV on the lateral position.

The MRI system was a 1.5 Tesla Imaging System (Siemens Magnetom Symphony, Germany). T1-weighted images (T1WI) and T2-weighted images (T2WI) of sagittal views of the lumbar intervertebral disc were obtained using a spin echo sequence system for T1WI and a fast spin echo sequence system for T2WI. A surface coil was used. The slice width was 4 mm and the interslice gap was 1 mm. The acquisition matrix was 512 × 256. The sequence parameter was repetition time (TR) 482 ms/echo time (TE) 10 ms for T1WI and TR 2,300 ms/TE 99 ms for T2WI.



Data collection and imaging evaluation

X-ray and MRI were performed for all subjects and the data were recorded in detail.

Radiography was a useful tool to evaluate the bony structural parameters of ADS. The radiography consisted of a standing anteroposterior and lateral radiograph of the entire spine. In standard anteroposterior radiography, the lumbar scoliosis Cobb's angle, apical vertebral level, and curve direction of the main/compensatory curve were measured. A distance between the C7 plumb line (C7PL) and the center sacral vertical line (CSVL) of more than 2 cm represented coronal plane imbalance, and if this distance was less than 2 cm, it denoted coronal plane balance (14). In standard lateral radiography, the measurements were LL, and spinopelvic parameters included PI, pelvic tilt (PT), sacral slope (SS), and PI-LL. A sagittal vertical axis (SVA) <5 cm denoted sagittal plane balance, and if it was >5 cm, it represented sagittal plane imbalance. A total of 13 PI-LL < 10° were defined as the PI-LL match group and PI-LL ≧ 10° as the PI-LL mismatch group (15, 16).

MRI was a valuable tool to assess the changes in the PVM, and T2WI were taken at each L1-SI disc level. The center slice of the multifidus muscle was the primary research subject that included the cross-sectional area (CSA) and the percentage of fat infiltration area (FIA%). The CSA of the multifidus muscle was measured in the following steps. The first step was to set scale pixel/cm, converting pixels into cm measurement units by using the ruler present in the photographic image and converting each image into a grayscale 8-bit image. The second step was to measure the CSA of the multifidus muscle by outlining its region freehand using Image-J software. The measurement of FIA% was based on the above, using a threshold technique. The detailed operation steps were as follows: the value of the threshold was selected by the “default” and “dark background” method automatically and then image/adjust/ threshold/dark background and default/auto. Fat tissue in the 8-bit image was colored red using the threshold technique and the red area was measured as the FIA. FIA% was FIA divided by CSA.



Statistical analysis

Statistical analysis was conducted using IBM SPSS 20.0 software. Non-parametric tests were used to compare age and the ODI between PI-LL match and mismatch. The χ2 test was used to compare sex between PI-LL match and mismatch. The t-test was used to compare sex, the VAS score, and symptom duration, respectively, between PI-LL match and mismatch. The t-test was used to compare the asymmetric degeneration degree and average degeneration degree of the multifidus muscle between the two groups. The Pearson correlation coefficient was used to assess the correlation between the asymmetric and the average degeneration degree of the multifidus muscle and the VAS score and the symptom duration. Univariate and multivariate logistic regression analyses were used to identify the possible risk factors. For all statistical analysis, the level of significance was set at P < 0.05.




Results


Demographic characteristics

A total of 67 patients who met the above criteria were enrolled in this study, and they included 17 males and 50 females. The mean age was 63.1 ± 7.2 (years) and the mean body mass index (BMI) was 25.4 ± 1.8 (kg/m2). The subjects were divided into two groups: PI-LL match group (31 cases) and PI-LL mismatch group (36 cases). The mean age of the PI-LL mismatch group was more likely older than that of the PI-LL match group (65.0 ± 5.5 vs. 61.0 ± 8.4, P < 0.05, Table 1), but gender distribution and BMI were not statistically different between the two groups (P > 0.05, Table 1).


TABLE 1 Comparison of baseline data between PI-LL match and PI-LL mismatch groups.
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VAS score, symptom duration, and ODI in the PI-LL match and mismatch groups

The VAS score in the PI-LL mismatch group was 4.33 ± 1.60, which was higher than that in the PI-LL match group, which was 3.52 ± 1.46 (P < 0.05, Table 1). The symptom duration (month) in the PI-LL mismatch group was 10.81 ± 4.83, which was higher than that in the PI-LL match group, which was 6.58 ± 4.23 (P < 0.05, Table 1). The ODI in the PI-LL mismatch group was 21.06 ± 12.58, which was higher than that in the PI-LL match group, which was 12.97 ± 6.49 (P < 0.05, Table 1).



The FIA% of the multifidus muscle in the PI-LL match and mismatch groups

In the PI-LL match group, the average FIA% of the multifidus muscle on the convex side was 22.41 ± 8.45 (%), 22.16 ± 8.70 (%), 25.82 ± 9.70 (%), 25.80 ± 7.10 (%), and 29.89 ± 8.61 (%), and on the concave side, it was 31.87 ± 9.05 (%), 35.18 ± 12.32 (%), 32.49 ± 9.89 (%), 33.32 ± 8.72 (%), and 37.77 ± 10.42 (%) at the L1-2, L2-3, L3-4, L4-5, and L5-S1 levels. The average FIA% of the multifidus muscle on the concave side was larger than that on the convex side at each level (P < 0.05, Table 2).


TABLE 2 The FIA% of the multifidus muscle on the concave and convex sides in the PI-LL match group.
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In the PI-LL mismatch group, the average FIA% of the multifidus muscle on the convex side was 24.49 ± 7.98 (%), 25.02 ± 9.73 (%), 26.78 ± 9.31 (%), 27.18 ± 7.71 (%), and 31.76 ± 8.64 (%), and on the concave side, it was 36.05 ± 12.14 (%), 38.29 ± 11.85 (%), 35.57 ± 13.19 (%), 36.12 ± 9.60 (%), and 40.95 ± 9.91 (%) at the L1-2, L2-3, L3-4, L4-5, and L5-S1 levels. The average FIA% of the multifidus muscle on the concave side was larger than that on the convex side at each level (P < 0.05, Table 3) (Figures 1–3).


[image: Figure 1]
FIGURE 1
(A) Apical vertebrae was L3 vertebrae, the scoliosis Cobb's angle was 40°, and the coronal plane was imbalanced; the main curve was located on the lumbar segment with left scoliosis, and the compensatory curve whose orientation was opposite to the main curve was located on the lumbosacral segment. (B) LL = 41°, SS = 36°, PT = 32°, PI = 68°, PI-LL = 27° and the sagittal plane was imbalanced.
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FIGURE 2
(A–E) Fat tissue on the MRI is colored in white; FIA% of the multifidus muscle on the convex side is 27.09%, 14.26%, 30.37%, 33.36%, and 30.69%, and on the concave side, it is 40.67%, 42.77%, 39.25%, 34.16%, and 43.02% at the L1-2, L2-3, L3-4, L4-5, and L5-S1 levels, respectively; the asymmetric degree of the multifidus muscle is 12.82% and the average degree of the multifidus muscle is 33.57%.
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FIGURE 3
Fat tissue on the MRI is colored in red (a darker background in the red version) using the threshold technique.



TABLE 3 The FIA% of the multifidus muscle on the concave and convex sides in the PI-LL mismatch group.
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Differences in the asymmetric degeneration degree and average degeneration degree of the multifidus muscle between PI-LL match and mismatch groups

The asymmetric degeneration degree of the multifidus muscle in the PI-LL match group was 8.91 ± 4.61 (%), and in the PI-LL mismatch group, it was 10.35 ± 5.44 (%), and there was no statistical difference between the two groups (P > 0.05, see Table 4). The average degeneration degree of the multifidus muscle in the PI-LL mismatch group was 32.22 ± 6.98 (%), which was higher than that in the PI-LL match group, which was 26.28 ± 6.23 (%) (P < 0.05, Table 4).


TABLE 4 Asymmetric and average degeneration degree of the multifidus muscle between PI-LL match and PI-LL mismatch groups.
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Correlation between asymmetric and average degeneration degree of the multifidus muscle and VAS score, symptom duration, and ODI

In the 67 patients in this study, the asymmetric degree of the multifidus muscle was positively correlated with symptom duration (r = 0.403, P < 0.05, Table 5). There was no correlation between the asymmetric degree of the multifidus muscle and the VAS score or ODI (P > 0.05, Table 5). The average degeneration degree of the multifidus muscle was positively correlated with the VAS score, symptom duration, and ODI, respectively (r = 0.515, 0.614, 0.548, P < 0.05, Table 5).


TABLE 5 Correlation between asymmetric and average degeneration degree of the multifidus muscle and the VAS score, symptom duration, and ODI.
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Risk factors associated with PI-LL mismatch

The univariate logistic regression analysis showed that age, scoliosis Cobb angle, sagittal plane balance, LL, PT, SS, and average degeneration degree of the multifidus muscle were independent risk factors for ADS with PI-LL mismatch (P < 0.05, Table 6). The binary multivariate logistic regression analysis revealed that sagittal plane balance, LL, PT, and average degeneration degree of the multifidus muscle were risk factors for ADS with PI-LL mismatch (OR: 15.447, 95% CI: 1.274–187.269, P = 0.032; OR: 0.001, 95% CI: 0.000–0.099, P = 0.004; OR: 107.540, 95% CI: 5.195–2,225.975, P = 0.002; OR: 52.531, 95% CI: 1.797–1,535.551, P = 0.021, Table 7).


TABLE 6 Univariate logistic regression analysis of significantly different variables for the factors associated with PI-LL mismatch.
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TABLE 7 Multivariate logistic regression analysis of significantly different variables for the factors associated with PI-LL mismatch.
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Discussion

The multifidus muscle, the most medial PVM, plays a key role in lumbar stability, and is often regarded as the subject of primary research for its sensitivity to pathologic change. In patients with unilateral lumbar disc herniation, there exist ipsilateral abnormal changes in the multifidus muscle (17). In addition, our team found that there existed asymmetric PVM changes in ADS and its asymmetric degree was associated with bony structural parameters such as apical vertebral rotation, lateral vertebral translation, LL, and lumbar scoliosis Cobb's angle (7). For further study, we investigated the relationship between multifidus and PI-LL, and we found that the latter was a novel spinopelvic parameter for surgical planning in the treatment of adult patients with spinal deformities.

Spinopelvic parameters form a part of the most important bony structural parameters and are closely related to disability and quality of life (8, 11, 18, 19). PI-LL mismatch is directly related to poor q;’lpuality of life in ASD patients (11). A higher PI-LL leads to worse LBP and PI-LL mismatch is correlated to postoperative residual symptoms (20). In this study, the VAS score, pain duration, and ODI of patients in the PI-LL mismatch group were found to be higher than in the PI-LL match group, and the results were consistent with those of previous studies. It is important to study PI-LL for understanding the clinical symptoms, progression, and surgical treatment of ADS. The purpose of this study was to reveal the characteristics of the PVM in ADS with PI-LL match or mismatch and identify the risk factors for PI-LL mismatch.

In the PI-LL match and mismatch groups, the FIA% of the multifidus muscle on the concave side was significantly larger than that on the convex side, and the characteristics of the PVM were similar. These results were consistent with those of previous studies on the correlation between PVM and scoliosis (7, 21–23). The FIA was greater on the concave side than on the convex side in AIS, and the multifidus muscle on the convex side was smaller than on the concave side at the apex in idiopathic scoliosis (IS) (21, 22). In ADS, the FIA of the multifidus muscle on the concave side was also significantly higher than on the convex side at the apical vertebral level (23). In our previous study, there existed asymmetric PVM changes in ADS and FIA% on the concave side was higher than on the convex side (7). The above results were consistent with those of this study and revealed that the pattern of PVM change was similar no matter what type of scoliosis it was. Different from former studies, we further divided ADS patients into two groups and found that the characteristics of PVM asymmetric change were the same and were not related to PI-LL match or mismatch. Therefore, it was considered that the asymmetric change resulted from the mechanical asymmetry of the spine in patients with scoliosis and that sagittal parameters had less effect on this asymmetry.

Between the PI-LL match group and the mismatch group, there was no statistical difference in asymmetric degeneration of the multifidus muscle. PI was an anatomical parameter that was relatively fixed and reflected spinopelvic morphotypes (13). LL could reveal the lumbar sagittal plane condition and could be influenced by factors such as age, sex, and disc degeneration (24). Based on this thesis, we considered that LL was a key factor influencing the value of PI-LL. In our previous study, we found that the asymmetric degree was negatively correlated with LL, but the correlation was weak (7). A possible reason was that there existed a negative correlation between LL and scoliosis Cobb's angle and the latter directly influenced the PVM change (7, 25–27). When the LL increased by 10°, the lumbar scoliosis Cobb's angle reduced at least by 5° (25). In this study, a tendency towards increase in PI-LL mismatch could be discerned, although the asymmetry degree was not statistically different between the two groups. Moreover, the asymmetric degree of the multifidus muscle was positively correlated with pain duration, but there was no correlation between the asymmetric degree of the multifidus muscle, VAS score and ODI. We considered that pain could lead to an abnormal posture. The longer the pain duration, the greater asymmetric pressure on the PVM and, finally, the asymmetric degree of the multifidus muscle is aggravated.

In the PI-LL mismatch group, the average degeneration degree of the multifidus muscle was higher than in the PI-LL match group, and the VAS score, pain duration, and ODI were more severe than in the latter group. This result was consistent with the trend of the average degeneration degree of the multifidus muscle. Furthermore, we found that the average degeneration degree of the multifidus muscle was positively correlated with the VAS score, symptom duration, and ODI, respectively. It could be inferred that the possible mechanism was that PI-LL mismatch could aggravate the degeneration of the PVM, and the latter was an important source of pain (8, 28, 29), disability (28), and lumbar instability (30, 31). Wu et al. reported that the VAS score and ODI were significantly positively correlated with the tone and stiffness of the PVM on the painful side (32). Protopsaltis concluded that PI-LL correlated with the ODI and Short Form-36 physical component score scoliosis research society (SRS) correlated with all (33). Skeletal malalignment might result in a greater recruitment in muscular effort and a greater energy expenditure to maintain the erect posture as well as the use of compensatory mechanisms (13). Several studies supported the idea that the appropriate sagittal alignment determined the outcome of spinal deformity surgery and that it is a better determinant of HRQOL and pain in patients (13, 34, 35). A better correction of PI-LL mismatch could result in good clinical outcomes in patients with degenerative flat back deformity and ASD (36). In this study, we clarified the importance of PI-LL and the possible mechanism of pain and disability resulting from PI-LL mismatch and inferred that PI-LL mismatch could aggravate PVM degeneration which was possibly associated with pain and disability in ADS patients.

The present study showed that sagittal plane imbalance, decreased LL, higher PT, and larger average degeneration degree of the multifidus muscle were the independent risk factors for ADS with PI-LL mismatch. There existed a chain of interconnected parameters including SVA, PT, SS, and LL (37, 38). ASD could perturb regional alignment, which might result in a chain of modification along the standing axis. In severe ADS, the consequences were decreased LL, larger PT, and SVA, leading to a “spinopelvic mismatch” radiographically and a resultant loss of function and disability (13). The results of this study were consistent with those of previous studies (13, 15, 16, 37, 38). In addition, the degenerative PVM was less effective in maintaining spinal stability and restoring sagittal plane alignment. We first confirmed that a larger average degeneration degree of the multifidus muscle was an important risk factor for PI-LL mismatch. Lee et al. supported the idea that volume loss of lumbar PVM and ectopic FIA into the PVM may cause spinopelvic deformity (39). Menezes-Reis reported that there was significant correlation between spinopelvic parameters and lumbar PVM volumes (40).

There are also limitations in this study. First, the number of patients with ADS was relatively small. Second, there is a lack of studies on CT, electromyography (EMG), histochemistry, cytology, and pathology to support the findings. In the future, we need to collect more imaging data of patients with ADS through multicenter recruitment and employ more methods of investigation.



Conclusions

The PVM on the concave side was larger than on the convex side in ADS irrespective of PI-LL was matched or mismatched. PI-LL mismatch could aggravate this abnormal change, which was an important reason for pain and disability in ADS patients. Sagittal plane imbalance, decreased LL, higher PT, and larger average degeneration degree of the multifidus muscle were independent risk factors for PI-LL mismatch. Strengthening of the PVM may be beneficial in preventing PI-LL mismatch in ADS patients.
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Purpose: Adjacent segment degeneration (ASD) following lumbar fusion is technically challenging for spine surgeons. Posterolateral open fusion surgery with pedicle screw fixation is an effective way to treat symptomatic ASD with favorable clinical outcomes; however, it is associated with an increased morbidity rate. Therefore, minimally invasive spine surgery is advocated. This study was designed to compare clinical outcomes among patients with symptomatic ASD who underwent percutaneous transforaminal endoscopic discectomy (PTED) with the transforaminal approach, posterior lumbar interbody fusion (PLIF) with cortical bone trajectory screw fixation (CBT-PLIF), and PLIF with traditional trajectory screw fixation (TT-PLIF).



Methods: A retrospective study was conductedon 46 patients (26 men and 20 women; average age 60.8 ± 6.78 years) with symptomatic ASD. The patients were treated with three approaches. The operation time, incision length, time to return to work, complications, and the like were compared among three groups. Intervertebral disc (IVD) space height, angular motion, and vertebral slippage were obtained to assess spine biomechanical stability following surgery. The visual analog scale (VAS) score and Oswestry disability index were evaluated at preoperation and 1-week, 3-month, and the latest follow-ups. Clinical global outcomes were also estimated using modified MacNab criteria.



Results: The operation time, incision length, intraoperative blood loss, and time to return to work for the PTED group were significantly decreased compared with those for the other two groups (P < 0.05). The radiological indicators in the CBT-PLIF group and TT-PLIF group had better biomechanical stability compared with those in the PTED groups at the latest follow-up (P < 0.05). The back pain VAS score in the CBT-PLIF group was significantly decreased compared with those in the other two groups at the latest follow-up (P < 0.05). The good-to-excellent rate was 82.35% in the PTED group, 88.89% in the CBT-PLIF group, and 85.00% in the TT-PLIF group. No serious complications were encountered. Two patients experienced dysesthesia in the PTED group; screw malposition was found in one patient in the CBT-PLIF group. One case with a dural matter tear was observed in the TT-PLIF group.



Conclusion: All three approaches can treat patients with symptomatic ASD efficiently and safely. Functional recovery was more accelerated in the PTED group compared with the other approaches in the short term; CBT-PLIF and TT-PLIF can provide superior biomechanical stability to the lumbosacral spine following decompression compared with PTED; however, compared with TT-PLIF, CBT-PLIF can significantly reduce back pain caused by iatrogenic muscle injury and improve functional recovery. Therefore, superior clinical outcomes were achieved in the CBT-PLIF group compared with the PTED and TT-PLIF groups in the long term.
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1. Introduction

Adjacent segment degeneration (ASD) is one of the common complications following lumbar spine fusion. It is defined as pathological changes at levels adjacent to fusion segments on radiographic images. It is widely recognized that ASD is caused by the increased range of motion (ROM) at segments adjacent to fused segments (1). The incidence of symptomatic ASD is reported to be as high as 30% (2). Posterior lumbar revision surgery for patients with symptomatic ASD is technically challenging. In the past few decades, posterior lumbar interbody fusion (PLIF) was regarded as a “golden standard” for the treatment of symptomatic ASD (3). These conventional open operations can achieve favorable outcomes in a few cases; however, they are associated with significant morbidities, especially in the elderly (4–6).

With the development of minimally invasive spine surgery (MISS), several alternative solutions are considered and advised in decision-making for symptomatic ASD revision surgery. Percutaneous transforaminal endoscopic discectomy (PTED) is one of the most widely used MISS operations to treat patients with symptomatic ASD (7). PTED has been reported to achieve equivalent or improved clinical outcomes in treating symptomatic ASD. Compared with conventional open operations, it can significantly reduce operation-related trauma, blood loss, and hospital stay (8). This approach is especially valuable for the elderly with chronic diseases who cannot tolerate open operations. Moreover, PTED can also avoid the scar caused by the previous operation and decrease the risks of nerve root injury. However, several studies have reported that the incidence of symptomatic disc herniation at the index segment following this PTED was as high as 3.6% (9). Therefore, other MISS operations should be considered in addition to PTED.

Cortical bone trajectory screw (CBT) is a long-standing technique that was first described by Santoni et al. in 2009 (10). Minimally invasive interbody fusion combined with CBT can significantly reduce paraspinal muscle damage compared with conventional TLIF/PLIF (7, 11). However, studies have demonstrated that PTED and TT-PLIF were applied to treat symptomatic ASD with favorable clinical results. However, few studies have evaluated minimally invasive interbody fusion combined with CBT to treat symptomatic ASD. Therefore, this retrospective study was conducted to testify to the efficacy and safety of CBT-PLIF in managing patients with symptomatic ASD, and either PTED or TT-PLIF was used as referenced standard.



2. Materials and methods


2.1. Patient demographics

Between August 2015 and August 2018, 46 patients who met the inclusion were enrolled. Seventeen patients were treated with PTED, nine were treated with CBT-PLIF, and twenty were treated with TLIF. All procedures were approved by the affiliated Hospital of Wuhan Sports University Research Ethics Committee and in accordance with the Declaration of Helsinki. Written informed consent was obtained from each participant. The indications are defined as follows: (1) previously lumbar pedicle screw fixation and/or interbody fusion; (2) recurrent sciatica subsequent to a painless period for at least half a year; (3) lumbar disc herniation (LDH)/spinal stenosis at segments adjacent to the fused segments; and (4) conservation treatments (medications or physical therapy) failure for more than 6 weeks (7, 12).

The contraindications are as follows: (1) dynamic spinal instability was observed; (2) degenerative spondylolisthesis more than Meyerding grade I (13); (3) combined with peripheral nerve disease; and (4) patients with severe cardiopulmonary diseases were unable to tolerate the operation.



2.2. Surgical approach

This is a retrospective study in which surgical procedures are selected without any difference after admission. The choice of surgical procedure is determined by the requirements of patients and the surgical expertise of the operators.



2.3. PTED approach

The operation was performed in the prone position. The target intervertebral disc (IVD) space was determined by C-arm fluoroscopy. The entry point was approximately 10–14 cm lateral to the midline. Following local anesthesia, an 18-gauge spinal needle was inserted and the target point was approached with an appropriate trajectory under fluoroscopic guidance. Sometimes, it is necessary to adjust the trajectory of the spinal needle depending on the position of the transverse process or ilium (especially at the L5/S1 level). The remaining steps are as follows: (1) a guide wire was inserted into the spinal needle, and the spinal needle was removed; (2) a skin incision was made at the entry point; (3) sequential dilators were then passed over the guide needle (Figures 1A,B); (4) a four-graded reamer was applied in sequence to enlarge the intervertebral foramen under fluoroscopic guidance (Figure 1C); (5) a bevel-ended working cannula was introduced over the dilator and positioned appropriately (Figure 1D); (6) an endoscopic system assembled with an eccentrically placed 2.7-mm working channel and two irrigation channels was inserted through the working cannula; (7) the herniated disc was removed using endoscopic instruments under endoscopy; the extent of decompression was confirmed by the restoration of dural pulsation (Figure 1E); and (8) after decompression, annuloplasty was conducted by a bipolar radiofrequency, and the endoscopic system was withdrawn. The incision was sutured and covered by a sterile dressing.


[image: Figure 1]
FIGURE 1
(A,B) The spine needle was inserted and the target point was approached under fluoroscopic guidance; (C) sequential dilators were introduced through the guide needle; (D) a bevel-ended working cannula was placed appropriately; and (E) satisfactory decompression was determined by restoration of dural pulsation.


Minimally invasive interbody fusion combined with the CBT approach: Following general anesthesia, an operation was performed in the prone position. A midline skin incision was made at the target level. Erector spinal muscles were stripped from spinal processes and lamina bilaterally for the exposure of the entry point of CBT screws. The area of the exposed lamina was usually smaller than that of TT-PLIF. The capsule of the facet joint was kept intact. The entry sites and trajectories of CBT screws differed from pedicle screw implantation in TLIF. The entry point of CBT screws was supposed to be the junction of the center of the superior articular process and 1 mm inferior to the inferior border of the transverse process. Generally, the caudal tilt angle was 25° and the medial tilt angle was 10°, adjusted according to the individual anatomical structure based on the preoperative CT scanning. CBT screws were then implanted under fluoroscopic guidance. The interbody fusion process was consistent with TLIF. The incision was sutured and covered by a sterile dressing.

The TT-PLIF approach has been described in a previous publication (14).

All patients were administered antibiotics routinely postoperatively for 48 h. Patients were encouraged to perform physical activities under the protection of an adjustable brace. However, excessive and heavy activities were prohibited for the next 12 weeks following surgery.



2.4. Clinical assessment

The preoperative demographic data included age, gender, duration of symptoms, operation level, and follow-up intervals. The intraoperative demographic data includied operation time, incision length, and blood loss. The postoperative demographic data included time point of postoperative ambulation, length of hospital stay, and total cost.

The functional recovery was assessed by the visual analog scale (VAS) score for back and leg pain, Oswestry disability index (ODI) preoperatively, and at each follow-up (1-week, 3-month, and the latest follow-up) at our orthopedic outpatient department. Modified MacNab criteria (15) were also applied to evaluate global outcomes at the latest follow-up. Sometimes, follow-ups were obtained by telephone (30%) or WeChat app (70%).



2.5. Radiographic evaluation

Radiological images were obtained and compared preoperatively and at each follow-up (1-week, 3-month, and the latest follow-up) at our orthopedic outpatient department. Radiographic parameters, including IVD space height, angular motion, and translation motion, were obtained and applied to evaluate spinal stability following the operation. The IVD space height was the distance from the midpoint of the upper endplate to the lower endplate. The angular motion was assessed using plain radiographs between adjacent endplates in flexion and extension. The translation motion was assessed on plain radiographs for one vertebral body on another from the sagittal plane (Figure 2). Dynamic instability was confirmed when translation motion was greater than 3 mm or angular motion was greater than 10° (16, 17).


[image: Figure 2]
FIGURE 2
Measurement of radiographic parameters. The IVD space height, posterior disc height (PDH), and anterior disc height (ADH) were obtained and compared. IVD space height = (PDH + ADH)/2; angular motion = Cobb A-Cobb B; translation motion = the length of slippage.




2.6. Statistical analysis

All data were collected by two professional doctors, and a trained team of doctors reviewed the data. The accuracy of the radiological images was evaluated by the coefficient of agreement (kappa), and a kappa value of >0.8 was considered a good agreement (18). Statistical analysis was performed using SPSS version 19.0 software (SPSS, Inc. Chicago, IL, USA). Significant differences between intragroup comparisons were used in the paired sample t-test. Significant differences among the three groups were used in the one-way analysis of variance and the SKN-q test. The χ2 test was used to compare the data between groups, and Fisher's exact test was used when the number was less than five. The grade data were tested using the Kruskal–Wallis rank-sum test. Enumeration data were expressed as rate (%), and measurement data were expressed as mean ± standard deviation. P < 0.05 was considered a significant difference.




3. Results


3.1. Comparison of demographic characteristics

A total of 46 participants (PTED, 17 cases; CBT-PLIF, 9 cases; TT-PLIF, 20 cases) were enrolled. The demographic characteristics (age, gender, duration of symptoms, operative level) are presented and compared in Table 1. No significant differences were found between the three groups regarding these demographic characteristics (P > 0.05).


TABLE 1 Comparison of demographic characteristics among three groups
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3.2. Comparison of radiological indicators

No significant differences were found among the three groups regarding the preoperative radiological indicators such as IVD space height, angular motion, and translation motion. The average IVD space height was significantly reduced from 9.29 ± 0.76 to 8.70 ± 0.40 mm in the PTED group, increased from 9.37 ± 0.84 to 11.35 ± 0.78 in the CBT-PLIF group, and increased from 9.36 ± 0.67 to 11.40 ± 0.87 in the TT-PLIF group at the latest follow-up (P < 0.05). The average angular motion was significantly increased from 3.43 ± 0.33 to 4.65 ± 0.67 degrees in the PTED group, significantly reduced from 3.44 ± 0.28 to 3.19 ± 0.24 degrees in the CBT-PLIF group, and significantly reduced from 3.37 ± 0.30 to 3.28 ± 0.21 degree in the TT-PLIF group at the latest follow-up (P < 0.05). The average translation motion was significantly magnified from 1.49 ± 0.07 to 1.65 ± 0.15 mm in the PTED group. The average translation motion was increased from 1.49 ± 0.07 to 1.65 ± 0.15 in the PTED group, significantly reduced from 1.52 ± 0.13 to 0.51 ± 0.31 in the CBT-PLIF group, and significantly reduced from 1.53 ± 0.14 to 0.58 ± 0.28 in the TT-PLIF group at the latest follow-up (P < 0.05). Therefore, the CBT-PLIF group and TT-PLIF group had better biomechanical stability than the PETD group at the latest follow-up (Table 2, Figure 3).


[image: Figure 3]
FIGURE 3
Comparison of radiological indicators among the three groups. Comparison of the (A) angular motion, (B) IVD space height, and (C) vertebral motion at different time points. **P < 0.01, PTED group vs. CBT group, PTED group vs. TT-PLIF group.



TABLE 2 Comparison of radiological indicators among the three groups.
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3.3. Comparison of surgery-related indicators

The operation duration was significantly reduced in the PTED group compared with that in the CBT-PLIF group and the TT-PLIF group (73.06 ± 14.07 vs. 169.44 ± 12.51 vs. 226.50 ± 27.01 min, P < 0.05); especially the operation time of ASD superior to fused segments was significantly longer than that below inferior to fused segments in the PTED group (80.91 ± 10.52 vs. 58.67 ± 5.28 min, P < 0.05). Therefore, the incision length, intraoperative blood loss, and the time to return to work were significantly reduced in the PTED group compared with those in the CBT-PLIF group and the TT-PLIF group (Table 3).


TABLE 3 Comparison of surgery-related indicators.
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3.4. Comparison of clinical and functional outcomes

The average back/leg pain VAS score improved in all three groups following the operation. The average VAS score for leg pain was significantly reduced immediately from 7.65 ± 0.70 to 2.47 ± 0.51 in the PTED group, from 7.78 ± 0.67 to 2.22 ± 0.67 in the CBT-PLIF group, and from 7.80 ± 0.62 to 2.40 ± 0.75 in the TT-PLIF group at 1 week. The average VAS of the back pain was significantly reduced immediately from 5.82 ± 1.42 to 2.47 ± 0.80 in the PTED group, from 6.11 ± 1.05 to 3.44 ± 1.01 in the CBT-PLIF group, and from 5.85 ± 1.23 to 3.70 ± 1.08 in the TT-PLIF group at 1 week. The average ODI score also improved following the operation. The average ODI score was significantly reduced immediately from 62.41 ± 5.28 to 27.35 ± 3.89 in the PTED group, from 63.67 ± 4.77 to 31.67 ± 2.45 in the CBT-PLIF group, and from 62.00 ± 4.81 to 32.45 ± 2.16 in the TT-PLIF group at 1 week (Table 4, Figure 4).


[image: Figure 4]
FIGURE 4
(A, B) A patient underwent lumbar 2/3 and L3/4 and lumbar 4/5 TLIF combined with pedicle screw fixation 4 years ago, and numbness and pain recurred in his left thigh 1 year ago. (C) MRI of the lumbar spine has shown that lumbar disc herniation was observed at the superior segment adjacent to the fusion segment (L1/2 level), as demonstrated by the red arrows. (D, E) Minimally invasive interbody fusion combined with CBT screws fixation was performed at L1/2. (F) MRI has demonstrated that the compressed nerve roots were decompressed, as demonstrated by the red arrows. TLIF, transforaminal lumbar interbody fusion; MRI, magnetic resonance imaging; CBT, cortical bone trajectory screw; L1/2, interverbal disc space between lumbar segments 1 and 2.



TABLE 4 Comparison of VAS scores for back and leg pain and ODI scores.
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No significant differences were found among the three groups regarding the average VAS score for leg pain (P > 0.05). The average VAS score for back pain in the PTED group was significantly reduced compared with those in the CBT-PLIF group and the TT-PLIF group at 1 week (P < 0.05); however, at the latest follow-up, the average VAS score for back pain in the CBT-PLIF group was significantly decreased compared with those in the other two groups (P < 0.05). The ODI scores in the PTED group were significantly reduced compared with those in the CBT-PLIF group and the TT-PLIF group at 1 week (P < 0.05). However, there was no significant difference among the three groups at the 3-month and the latest follow-ups regarding the ODI scores. Therefore, the CBT-PLIF group can significantly reduce back pain compared with the other two groups at the latest follow-up (Table 4, Figure 5).


[image: Figure 5]
FIGURE 5
VAS and ODI improvements. Comparison of the (A) VAS score for leg pain, (B) VAS score for back pain, and (C) ODI at different time points.* P < 0.05, PTED group vs. CBT-PLIF group, PTED group vs. TT-PLIF group. VAS, visual analog scale; ODI, Oswestry Disability Index.


The modified MacNab criteria were used to evaluate the global clinical outcomes. The good-to-excellent rate in the PTED group (82.35%) was reduced compared with those in the CBT-PLIF group (88.89%) and the TT-PLIF group (85.00%). However, there were no significant differences among the three groups regarding the good-to-excellent rate (Table 5).


TABLE 5 Comparison of modified MacNab evaluation criteria among three groups.

[image: Table 5]



3.5. Comparison of complications and recurrence

Two complications were encountered (11.8%) in the PTED group, one (11.11%) in the CBT-PLIF group, and one (5%) in the TT-PLIF group. Two patients suffered numbness caused by irritation of exiting nerve roots following the procedure in the PTED group. Their neurological symptoms gradually diminished with the aid of rehabilitation and concomitant drugs. One patient in the CBT-PLIF group experienced CBT-PLIF screw dislocation, and then a revision surgery was performed to adjust the position of this screw. One patient in the TT-PLIF group experienced a small-sized dural tear (<5 mm). This participant complained of a headache, and his symptom improved following 1-week bed rest. There were no major complications such as neurovascular injury, cauda equina injury, surgical wound infection, and so on. There was no significant difference in the complication rates among the three groups (P > 0.05). Two patients experienced recurrent sciatica symptoms after a 6-week pain-free period in the PTED group. They were subjected to minimally invasive interbody fusion combined with CBT-PLIF screws fixation when conservative treatments had failed. Their neurological symptoms were alleviated up to the latest follow-up. Significant differences were found regarding the recurrence between PTED and the other two groups (P < 0.05) (Table 6).


TABLE 6 Comparison of complications and recurrence among three groups.
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3.6. Representative cases

A 68-year-old man who underwent CBT-PLIF is presented in Figure 4.




4. Discussion

The present study has retrospectively compared three different techniques (PTED, CBT-PLIF, and TT-PLIF) for treating patients with symptomatic ASD following posterolateral lumbar fusion. Several studies have reported that PTED can be applied to treat symptomatic ASD with favorable clinical outcomes (15, 19). PTED has been widely accepted as an efficient treatment for symptomatic ASD. Therefore, PTED and conventional PLIF were applied as a reference to assess the efficiency and safety of CBT-PLIF. However, some studies have pointed out that the PTED approach can only achieve decompression of the nerve roots. The PTED approach cannot resolve the biomechanical effects caused by the adjacent fused segments. So, several radiological indicators were also used to evaluate the spine's stability following the revision surgery.

Posterolateral lumbar fusion combined with pedicle screw fixation (TLIF or PLIF) has been the most commonly used surgical procedure to treat lumbar degenerative diseases in the past 30 years. This method is efficient in managing LDH, lumbar stenosis, spondylolisthesis, and the like. However, it is combined with increased comorbidity, such as ASD. A prospective, randomized, long-term trial has demonstrated that fused lumbar segments significantly accelerate the occurrence of ASD compared with the natural course of lumbar disc degeneration. Moreover, long-segment fusion will further increase the occurrence of ASD compared with either short-segment fusion or other non-fusion approaches (20). The long-segment fusion might affect the global sagittal alignment of the lumbar spine and increase the ROM of adjacent segments compared with the short-segment fusion (21). This observation is consistent with the findings in our study; we also found that the occurrence of ASD is significantly increased in the long-segment fusion group compared with that in the short-segment fusion group (Table 1). In addition, similar to a previous study (22, 23), we also found that ASD superior to the fused segment is more often than ASD inferior to the fused segment in our study (Table 1). It is consistent with previous reports. We speculate that surgical manipulation might break the integrity of the adjacent joint capsule above the fused segments and further affect spinal stability in the future. It is more frequent in China that inexperienced residents usually perform the exposure procedure before internal fixation and decompression of nerve roots.

ASD is a specialized lumbar degenerative disease. Unlike the natural course of lumbar disc degeneration, ASD usually develops into symptomatic LDH within a relatively short period. Lumbar stenosis caused by hypertrophic ligament flavum or osteophyte of ASD is rare. In our study, lateral recess stenosis and foraminal stenosis caused by paramedian and far lateral LDH are two major types of pathologies. PTED with a transforaminal approach is preferred for managing lateral recess stenosis and foramen stenosis (24). Moreover, PTED is performed through a transforaminal approach, which can avoid the scar tissues caused by the previous operation (25). However, the technique applied in PTED for the management of symptomatic ASD is different from that used in conventional PTED. Due to blockage of spinal internal fixation, it is difficult to reach the target segment superior to the fused segments. It is the reason that more time is required for the treatment of symptomatic ASD superior to the fused segments via the transforaminal approach. The operator usually needs to increase the head tilt angle of the puncture needle to avoid blockage of internal spinal fixation. However, the puncture needle is closer to exiting nerve roots, and this manipulation increases the potential risk of exiting nerve root injury. Therefore, inferior foramina need to be expanded by foraminal-plasty under endoscopy to reduce the occurrence of exiting nerve roots injury.

CBT screw is an alternative solution to the pedicle screw in posterior spinal instrumentation (26). With the generalization and popularization of the CBT screw application, CBT-PLIF offers an alternative approach for managing symptomatic ASD. Several studies have demonstrated that CBT-PLIF can achieve favorable clinical outcomes in treating symptomatic ASD (27–29). It can offer several advantages compared to TT-PLIF. CBT screws can increase the contact area between the screw and cortical bone and enhance the biomechanical stability of fixation. Biomechanical tests have demonstrated that CBT screws can improve pullout strength compared to a pedicle screw fixation system. Moreover, CBT-PLIF can significantly reduce the damage to paraspinal muscle and preserve the integrity of the facet joint capsule compared with conventional TLIF or PLIF operation. Several studies have reported that CBT-PLIF can significantly reduce back pain caused by iatrogenic muscle injury and improve functional recovery compared with TT-PLIF (26, 30).

Although PTED can significantly reduce the operation time, incision length, intraoperative blood loss, and time to return to work compared with CBT-PLIF, dynamic instability factors following PTED still exist, and fused segments will still increase the ROM of adjacent segments. Two patients in our study experienced a recurrence of LDH following PTED. A previous study has reported similar findings that patients with symptomatic ASD underwent revision surgery following PTED due to biomechanical interruption of the lumbosacral spine (7). Unlike PTED, the other minimally invasive surgery applied in this study, CBT-PLIF can provide superior biomechanical stability to the lumbosacral spine following decompression. Two patients experienced a recurrence of LDH following PTED, and no one experienced it in the CBT-PLIF group. We speculate that lumbar fusion combined with CBT screws can re-establish the abnormal sagittal balance of the lumbosacral spine that might result in aggressive changes in ROM following revision surgery.

In our study, the postoperative VAS score for back pain was significantly decreased in the PTED group compared with the those in CBT-PLIF group and the TT-PLIF group at 1-week follow-ups. This is because the PTED procedure can significantly reduce the exposure of the paraspinal muscle compared with the CBT-PLIF group and the TT-PLIF group. Several studies have demonstrated that paraspinal musculature resulting from denervation and ischemia is closely related to postoperative back pain within a short period (7, 8, 15). However, at the latest follow-up, the average VAS score for back pain in the CBT-PLIF group was significantly decreased compared with those in the TT-PLIF group and the PTED group. We speculated that the paraspinal muscle caused by CBT-PLIF recovered from injury and kept normal mechanical properties in the long term. Biomechanical studies have demonstrated that spinal instability is associated with low back pain. No obvious difference was found in VAS score for leg pain among the three groups. It indicates that three different approaches can achieve satisfactory outcomes in relieving symptoms of radiating pain. The VAS score for leg pain is closely related to the decompression procedure. The ODI score has also been applied to evaluate functional recovery. A previous study has reported that a 15% improvement in the ODI score can be defined as favorable surgical outcomes. The data in our study were consistent with these criteria. However, the ODI score was significantly reduced in the CBT-PLIF group and the TT-PLIF group compared with that in the PTED group at 1-week follow-ups. The ODI score is similar to the changes in back pain VAS score for back pain. Some studies have shown that the ODI score was consistent with the VAS score (31). The good-to-excellent outcome rates were 82.35%, 88.89%, and 85.00%, respectively, similar to previous reports (32, 33).

Postoperative dysesthesia is one of the most common morbidities following endoscopic surgery (34, 35). Two patients in the PTED group experienced postoperative dysesthesia (11.8%), which was higher than previous reports [4.89% (0%–9.76%)] (7, 33). We attribute this to the following reasons. First, as mentioned before, blockage of internal spinal fixation is technically challenging for surgeons, and increased puncture attempts by error and trail might irritate exiting nerve roots. One case with a dural matter tear was observed in the TT-PLIF group. TT-PLIF was applied to treat symptomatic ASD in the case series earlier. It is a more extensive procedure compared with PTED and CBT-PLIF. The operative scar caused by previous surgery might increase the chance of a dural matter tear. One patient had one screw malpositioned in the TT-PLIF group; navigation-guided implantation could be able to avoid this and is recommended (36). Two patients (11.8%) suffered from a recurrence in the PTED group. We speculated that it is due to the postoperative spinal instability caused by biomechanical interruption of the lumbosacral spine; however, a large-scale and long-term study should be conducted to verify this hypothesis.

The main limitations of our study are the relatively small sample size and retrospective nature. Because this was a retrospective study, all baseline features could not be strictly controlled for, and there was a selection bias for patients. Larger cohort studies or randomized controlled studies are necessary to confirm our results, and the next step is to demonstrate that CBT-PLIF has better biomechanical stability than TT-PLIF. Another major limitation is the choice of surgical approaches. In this study, the choice of surgical procedure is determined by the surgeon based on the requirements of patients and the surgical expertise of the operators. Despite these limitations, this study is of great value because it is the first to compare the three techniques in treating adjacent segment degeneration after lumbar fusion.



5. Conclusions

All three approaches can treat symptomatic ASD efficiently and effectively. Functional recovery was more accelerated in the PTED group compared with the other approaches in the short term. However, CBT-PLIF and TT-PLIF can provide superior biomechanical stability to the lumbosacral spine following decompression compared with PTED, and compared with TT-PLIF, CBT-PLIF can significantly reduce back pain caused by iatrogenic muscle injury and improve functional recovery. Therefore, superior clinical outcomes were achieved in the CBT-PLIF group compared with the PTED and TT-PLIF groups in the long term.
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Degeneration of the intervertebral disc (IVD) is a normal part of aging. Due to the spine's declining function and the development of pain, it may affect one's physical health, mental health, and socioeconomic status. Most of the intervertebral disc degeneration (IVDD) therapies today focus on the symptoms of low back pain rather than the underlying etiology or mechanical function of the disc. The deteriorated disc is typically not restored by conservative or surgical therapies that largely focus on correcting symptoms and structural abnormalities. To enhance the clinical outcome and the quality of life of a patient, several therapeutic modalities have been created. In this review, we discuss genetic and environmental causes of IVDD and describe promising modern endogenous and exogenous therapeutic approaches including their applicability and relevance to the degeneration process.
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Introduction

Low back pain (LBP) is one of the most common health concerns in the world. It affects a significant part of the population and, in the United States, has the highest health-related economic cost of up to 560–630 billion dollars per year (1–3). It is estimated that between 70 and 85% of the population will experience LBP at some point in their lives and that it can already limit activities in those under the age of 45, posing a significant socioeconomic impact by accounting for over 100 million lost workdays annually in the USA alone (4, 5). LBP presents as one of the most frequent causes of disability among young adults (6, 7). Although the reasons for most cases of LBP are unknown, intervertebral disc degeneration (IVDD) is regarded as the most common factor (1, 8). IVDD is not limited to humans (9). The organ affected in IVDD is the intervertebral disc (IVD). The IVD is a semi-movable joint and a cushion of fibrocartilage between the vertebrae. It is comprised of a central nucleus pulposus (NP) surrounded by an inner and outer annulus fibrosus (AF) and is sandwiched between the cartilaginous endplates (CEP) as seen in Figure 1A (10–15). The AF is made up of concentric lamellae, which are densely interwoven collagen bundles that run obliquely between adjacent vertebral bodies (14, 16). The NP, on the other hand, has a loose collagen network and is highly hydrated (11, 14, 16). Compared to other tissue types, NP cells are present at a low cell-density (3,000 cells/mm3) sequestered in an abundance of extracellular matrix (ECM) while the cell density in the AF is ~3 × higher (17–19). The strong, fibrous collagen framework of the disc holds cells and proteoglycans (PG) in the matrix in place while securing the disc to the vertebral bodies (20, 21). Collagen II represents ~20% of the NP dry weight, while PG, especially the big aggregating PG aggrecan (ACAN), make up ~50% of the NP dry weight (22), the latter providing the osmotic swelling pressure that maintains disc height and turgor amidst heavy compressive loads or impacts.


[image: Figure 1]
FIGURE 1
 The intervertebral disc. (A) Healthy IVD (B) Degenerated IVD. AF, annulus fibrosus; CEP, cartilaginous end plates; NP, nucleus pulposus. This figure created in the Mind the Graph platform (www.mindthegraph.com).


During embryogenesis carefully orchestrated events give rise to the notochord (NC) a crucial structure during early chordate development that is filled with relatively large, vacuolized NC cells. NC cells take on an important function in maintaining hydro-pressure against external forces through the production of polar macromolecules (23, 24). While largely considered conserved, precise events of early notochord generation might vary between different chordate species (25). Genetic engineering in mouse demonstrated not only that the NP is of NC origin but also identified the expression of many important transcription and signaling factors that are involved in these early patterning events such as Shh, Sox5, Sox6 and Sox9; the Paired box genes Pax1 and Pax9 alongside Nkx3.2 (Bapx1), Noto and Brachyury (Tbx1) to name a few (26–37). NC cells make up the NP of early vertebrate IVDs (38, 39) but depending on the species, these cells might be reduced to a minimum population with different ratios compared to other IVD cells, rendering the NP a heterogeneous cell population (40–44). This loss of NC cells is often correlated with the onset of disc degeneration (45). Morphology and cell composition of the adult NP can differ between mammalian species (46, 47). In some rodents popular in research NC-like cells are retained into adulthood, whereas in other animals, chondrocyte-like (CL) cells become more prominent over time. The origin of these CL cells is of debate. Transdifferentiation of NC cells into CL cells, or progenitor cell recruitment into the NP by NC cells prior to undergoing regulated cell death are considered. Previously receptor tyrosine kinase (Tek or Tie2) and disialoganglioside 2 (Gd2) expression was used to identify multipotent stem cell populations in the IVD, while the siaologlycoprotein encoding gene CD24 plays a role in the differentiation of different cell types. Tie2+/Gd2–/CD24– progenitor cells were identified in the mouse, human and bovine NP and described as dormant stem cells (47–49). A gradual change from a Tie2+/Gd2+/CD24– phenotype with self-renewal potential and stem cell properties to a Tie2–/Gd2+/CD24– phenotype of potential and a Tie2–/Gd2+/CD24+ phenotype of committed NP progenitors before committing to a mature NP phenotype (Tie2–/Gd2–/CD24+) was suggested (47, 48). Recent single cell RNA sequencing (scRNASeq) analysis of sorted murine NP cells from 1 month old C57BL/6 mice identified four subpopulations. One with an enrichment of stemness genes was considered as NP progenitor cells involved in the regulation of cell growth and differentiation based on their transcription factor profile (50). A mouse NP progenitor cell population expressing the G-protein-coupled receptor Uts2R was located in the peripheral NP, with the majority of these cells expressing Tie2 and ~1/3 Tie2 and Gd2. The authors demonstrated that this progenitor population declines in IVDD (50) supporting work pioneered by Sakai et al. (47). It was further suggested through Krt19 fate mapping that CL cells in the lumbar NP of mice older than 18 months represent a NP cell derived terminal differentiation stage and that < 15% thereof remain Shh positive, suggesting age-related transdifferentiation over cell invasion (51). In the human NP, NC cells disappear in early childhood (4–10 years of age) (46, 52, 53). ScRNASeq recently deciphered several cell clusters in the healthy human IVD, amongst them three chondrocyte subclusters with many cells expressing Noggin (NOG), a small group of cells expressing NC markers TBXT and KRT8 and a group of multipotent NP progenitor cells expressing PROCR, a gene associated with signaling receptor activity and stemness, and PDGFRA associated with mesenchymal stem cells (MSC), molecular evidence suggesting that different cell morphologies in the NP reflect phases of NC lineage cells during aging and degeneration (54). Based on these findings a correlation between declining numbers of UTS2R+ or TIE2+/GD2+ stem-like cells and the onset of IVDD would also be expected, yet was not specifically described for human NP CL cell populations of various IVDD degrees (55, 56), however the relevant stages might have been missed.

One of the earliest changes in IVDD is a loss of PG content and composition, resulting in reduced hydration, height and flexibility of the disc (11) as seen in Figure 1B. IVDD is a chronic disorder characterized by a progressive loss of mechanical stability and shock absorber function, which can lead to the formation of osteophytes and restricted motion in spinal segments (57). IVDD is frequently associated with spondylolisthesis, disc herniation, sciatica, spinal canal stenosis, and degenerative scoliosis (58). About 20% of teenagers show signs of beginning IVDD (5, 59) including athletes, especially those involved in high impact sports such as football, gymnastics and diving. While frequencies of cervical spine injuries were studied amongst school-age and college athletes (60, 61), IVD damage amongst this cohort is less well documented (62). IVDD also affects the ability of the spine to resist physiologically acceptable loads during daily activities, and impacts on the function of adjacent tissues, such as the muscles and ligaments (63). Chronic LBP continues to limit abilities and the quality of life for a large percentage of the population, despite access to invasive and expensive surgical interventions for discogenic pain such as arthroplasty and arthrodesis (5, 64). Restoring the ECM components of the IVD to their initial state would be preferable (65). Therefore, initiatives have been undertaken to create non-operative therapy modalities that are both efficient and secure. A major area of study is the direct injection of active compounds to prevent, slow down, or even reverse IVDD (66, 67). In the past 30 years, numerous clinical trials investigating biologic, cell- and scaffold-based injectable therapies for symptomatic IVDD have been undertaken (6, 17, 68). Several preclinical animal studies and fundamental scientific investigations support each of the clinical trials (69) (Table 1). However, scientifically established methods to prevent or reverse IVDD and the accompanying discogenic pain are not yet available. The current lack of success in treatments demonstrates the complexity of this illness (137). In this review, we present the status of IVDD causes alongside the challenges of available therapies.


TABLE 1 Preclinical studies for different interventions using various model systems to assess therapeutic potentials in IVDD.
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Causes of IVDD

IVDD is usually caused by a conflux of genetic, environmental and lifestyle factors as well as trauma as seen in Figure 2. Therefore, the genetic and environmental risk factors outlined here might each or in combination contribute to and aggravate IVDD as seen for comorbidities in other chronic illnesses (138). Magnetic resonance imaging (MRI) has improved classifications of disc degeneration (139–141). IVDD frequently occurs when ECM catabolism outweighs its anabolism (142). The pathophysiology of IVDD is influenced by many other factors such as genetics and the environment including an unhealthy lifestyle, inactivity, smoking, occupational exposure to vibration, mechanical loading, severe trauma, psychosocial problems, benefit payments and more (143, 144).


[image: Figure 2]
FIGURE 2
 Causes of IVDD.



Genetic factors

IVD cells are impacted by changes in ECM composition, structure and function resulting from genetic polymorphisms and DNA mutations (Table 2) (162, 163). Recent research on heredity and linkage has undoubtedly increased awareness of genetic predisposition to IVDD. However, the degree and kind of genetic influences are still not fully understood. The association between disc degeneration and genetic polymorphisms such as variable number of tandem repeats (VNTR) or single nucleotide polymorphisms (SNP) of certain ECM macromolecules is considered a main genetic factor (164, 165). For example, polymorphisms in PG encoding genes such as ACAN were associated with IVDD. Polymorphisms affecting fibrillar collagen ECM constituents like COL11A1 were reported in the context of disc herniation and IVDD (166–169). Transgenic mice with a mutation in Col9a1 demonstrated progressive IVDD, likely affecting synthesis or assembly of non-fibrillar Col9a1 chains (170); while COL9A2 and COL9A3 variants were significantly correlated with sciatica and lumbar disc degeneration in a Finnish population (171, 172). Other genetic associations involve ECM remodeling enzymes such as matrix metalloproteinases (MMP), more specifically MMP2 and MMP9, both a gelatinase and type IV collagenase and MMP3, a PG degrading enzyme (173–178). Other disintegrin, and metalloproteinases (ADAM), and those with thrombospondin motifs (ADAMTS) show changes in expression patterns during IVDD (173, 179–182). In this context, polymorphisms in the vitamin D receptor (VDR) across diverse ethnic backgrounds were linked to IVDD (168, 183–188). While the foundation for some genetic studies was based on a limited cohort size (189) the rapid development of next and third generation sequencing technologies allowed for genome wide association studies (GWAS) as seen beneficial in other fields, alongside more targeted, specific studies of susceptibility regions in large patient and control cohorts of different ethnic backgrounds. This genetic association suggests a pleiotropic nature of IVDD (190). For instance, transcriptional regulators NFAT1 and SOX9 control the expression of many genes that are both anabolic and catabolic and mediate ECM production (191, 192). CHST3, encodes for an enzyme that catalyzes the sulfation of chondroitin, an ECM PG (148). Amongst other susceptibility loci identified through GWAS are known players in the context or ECM production, chondrogenesis and cell survival like BARX1, COL11A1, COLGALT2, TGFA, FGFR3, FOXA3, GDF5, SMAD3, and TGFA (190). While most studies so far focused on caucasian populations, a recent GWAS focusing on a Chinese cohort identified polymorphisms near Gasdermin-C (GSDMC). Interestingly, gasdermins are involved in mediating pyroptosis as a form of regulated cell death (193), however the studies phenotype/genetic variant association differed from previous findings (150), indicating the importance of such studies across different ethnic backgrounds as well as the need for a precise definition of IVDD phenotypes in such studies. Also, non-lethal polymorphisms in early IVD patterning genes will likely surface over time as underlying cause. Furthermore, both single cell and bulk transcript analysis of IVD derived cells through RNASeq and other methods will likely point to biomarkers for NP and AF cells of healthy or degenerated discs worth investigating in IVDD linkage analysis (41, 42, 194–198). Going forward it will be crucial to investigate not only polymorphisms in coding and regulatory regions such as promoters or enhancer/silencer binding sites of genes but also epigenetic modifications from methylation, acetylation and lactylation involved in metabolic reprogramming among other effects (197, 199). This could facilitate the identification of environmental variables as a factor in disc degeneration as IVDD is a multifactorial disease (162, 200, 201).


TABLE 2 Cohort studies in the field of IVDD.
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Environmental factors
 
Metabolic stress factors

The disc's microenvironment is complex. The healthy adult NP is the largest avascular, organ in the vertebrate body and the distance to the closest blood vessel can be up to 8 mm (202). Residing cells rely on diffusion from capillaries penetrating the outer AF and adjacent CEPs to transport nutrients or oxygen and to remove metabolic waste products. This generates challenging circumstances for NP cell survival in this unique in vivo niche (203–205). In a healthy NP, the oxygen tension is 2%; in a degenerated NP, it is 1% (206). These anaerobic conditions result in lactic acid fermentation for energy production (11, 203, 207, 208), which alongside proton retention via ECM-PGs renders even the healthy NP slightly acidic (~pH 7.1). The acidity increases further in the degenerate stage with pH readings of 6.5–5.7 (209–212). It was reported that the activity of disc cells is extremely sensitive to extracellular oxygen and pH in vitro, that ECM production rates fall sharply at acidic pH and at low oxygen concentrations, and that cells are not able to withstand extended exposure to low pH (16, 213). Decreased nutrition supply was further considered a cause of progressive IVDD with aging potentially as an implication of increased calcification and erosion of the CEP (22, 205, 214–217). Experimentally and in human patients, it has been demonstrated that disruptions in nutrition delivery have an impact on how oxygen and lactic acid are transported in and out of the disc (206). However, it was also shown that lactate can serve as carbon source for various cell types (218, 219) and NP cells in their unique niche likely developed metabolic adaptions catering to the use of lactic acid, given that primary cells isolated from a healthy coccygeal bovine IVD preferred the absence of glucose in serum containing monolayer culture (197). Disc degeneration and back discomfort are linked to conditions that influence the blood flow to the vertebral body, such as abdominal aortic atherosclerosis, increased CEP erosion and calcification (216, 217, 220). Impairment of the CEPs also alters the NP's mechanical loading, which causes alterations in the disc's metabolism (221, 222). Endplate calcification as seen in scoliotic discs can affect nutrients and metabolite transport through the endplate and further aggravate hypoxia and an acidity (223, 224). Calcified CEP with 50% reduction in permeability resulted in disc deformity and a drop in IVD glucose levels to half of levels in the healthy NP (225, 226). This could prevent IVD cells from sustaining the ECM (222, 227). Additionally, it has been shown that deteriorated IVDs exhibit chronic inflammation (228), with increased expression of a number of pro-inflammatory cytokines (207). This includes interleukin (IL) 1, MMP10 (229), MMP12 (230), cyclooxygenase 2 (COX2) (231), IL8, tumor necrosis factor- (TNF) 22 (232), IL10 (233), IL2, IL4, and IL17 (234), among others, which may be strongly associated with discogenic pain (235).



Mechanical stress factors

The IVD is an important part of the vertebral column facilitating protection of the vertebrae and spinal cord during regular daily activities, exercise, and accidental trauma. Abnormal mechanical load and stress can lead to disc injury and degeneration. For many years, it was believed that injuries, which result in structural damage, are a major contributor to spinal disorders (236). These injuries eventually result in IVDD and associated symptoms like back pain. This finding has been supported by animal models (237). While exercise is generally considered a healthy activity, some forms including impact or strenuous loading (diving, gymnastics, weight lifting, and high impact contact sports) can trigger IVDD, while other forms are beneficial resulting in increased anabolic responses with increased glycosaminoglycan and hydration levels in the IVD (62). For instance, more lumbar IVD degeneration was seen in gymnasts compared to controls who weren't athletes (238), as well as in soccer players and weightlifters in comparison to shooters (186). Evidence supporting the positive effects of exercise on the IVD in humans, however, is less clear (239). Basketball, baseball, swimming, and soccer were linked to better IVD parameters over controls, while poorer NP hydration was marginally linked with a longer career and heavier training load (62). The transport of nutrients into the disc and, consequently, their concentration in the tissue, appears to be influenced by exercise (223, 224). Although the exact mechanism is unknown, it has been proposed that exercise alters the capillary bed's morphology at the disc-bone interface (223).



Other environmental factors

Risk factors such as age, low income, prior cervical spine surgery, type of health insurance, and medical comorbidities like cancer, diabetes, hypertension, depression, hypothyroidism, peripheral vascular disease chronic obstructive pulmonary disease (COPD), and lifestyle choices such as smoking were linked to IVDD (240–244). Numerous studies have linked tobacco use to lower back pain. Smoking is known to prevent the fusion and healing of bones and initially reduces the proliferation and activity of fibroblasts and osteoblasts and the usual inflammatory response (245–248). It subsequently interferes with neovascularization and the normal vascular supply, encouraging net bone resorption rather than net bone growth (245, 247). Notably, after lumbar or cervical fusion surgery, pseudarthrosis occurs at a rate that is two times higher among smokers (245, 249–252). Tobacco inhalation and nicotine caused vasoconstriction and decreased the exchange of nutrients and anabolic substances, resulting in inadequate IVD nourishment, ECM and NP cell development all contributing to the IVD's instability and degeneration (253–258). Toxins from cigarette smoke impaired spinal blood flow and nutrition supply, accelerated spondylosis or resulted in rapid infection, and other surgical problems (259–261). While the pathophysiological mechanism and pathological characteristics of IVDD brought on by cigarette smoke remain unknown and a clear link between smoking and IVDD remains speculative, smoking appeared to increase and accelerate the chance of disc herniation through capillary constriction as an independent risk factor in patients with lumbar disc herniation (249, 257, 262–265).

Degeneration is quickened by the interaction of hereditary and environmental factors. There is currently no study that acknowledges the independent influence of environmental factors without genetic predisposition (144). However, subtypes of herniation may develop as a result of sedentary lifestyle (266, 267). The composition of the disc retains water to keep the hydrostatic pressure constant, keeping the NP elastic, flexible and able to withstand compression (268). There is convincing evidence that as people age, the likelihood of disc degeneration increases, partially as a result of the accumulation of senescent cells (269, 270). Although in mitotic arrest, these cells remain metabolically active and anaerobic metabolism contributes to increased acidity (271) and their senescence associated secretory phenotype (SASP) is likely luring more neighboring cells into the same fate (272). Lastly, obesity is linked to biomechanical alterations that lead to a variety of spinal disorders like IVDD, osteoarthritis, disc herniation, and spinal stenosis (273, 274).





Current and future therapy options for IVDD

IVDD is closely tied to the loss of ECM producing cells in the maturing NP. Cell survival especially in the degenerating NP environment is challenging and cell death can have complex consequences on tissue homeostasis and immunity, triggering amongst many outcomes the release of proinflammatory cytokines (275, 276). Therapeutic interventions for IVDD (Figure 3) changed substantially over the years, however no treatment leading to a cure has been established so far. Owing to the nature of the IVD, many strategies are based on endogenous approaches that aim to stimulate resident progenitor cell populations, whereas exogenous approaches try to replenish the IVD with new cells. Efforts are made to minimize cell death and SASP associated signaling cascades.
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FIGURE 3
 Current strategies for IVDD therapies. EV, extracellular vesicles; IVDD, intervertebral disc degeneration; MSC, mesenchymal stem cells.



Classic therapies

Surgery, steroids and non-steroidal anti-inflammatory drugs (NSAIDs), analgesics, opioids, muscle relaxants, and physical therapy are some of the classic therapies to alleviate IVDD symptoms like pain (277, 278) enabling short term relief, but not eradicating the problem. Radiographic imaging techniques like MRI can often demonstrate that the ongoing discomfort is caused by nerve compression (279). In recent years, regenerative medicine-based approaches along with other therapeutic interventions are gaining increased attention for advanced IVDD therapies.



Cell therapies

Cell therapy to refurbish the IVD is an important area of research (280). As the number of healthy resident cells gradually declines during IVDD, catabolic activities take place over tissue anabolism (281). To encourage endogenous repair of the degenerated IVD, stem cells can be extracted from various sources and transplanted into ailing host tissues. Harnessing “stemness” is intriguing and includes the transplantation of transdifferentiated somatic cells, induced pluripotent stem cells and embryonic stem cells. Undifferentiated stem cells have the capacity to self-renew and multiply, giving rise to committed, differentiated cells that replenish the cell pool in a particular tissue (282). There, they may secrete growth factors and cytokines to support resident cell activity, and attract or stimulate local progenitor cells (281–283). Stem cells have been isolated from a number of tissues, including the IVD (46, 284–290). Pluripotent cells however pose a risk of tumorigenesis. Additionally, some cell types are deemed uneconomical on an individualized basis, are not fully understood in their differentiation potential, or their generation and use is of ethical concern (291–294). Among candidates that have emerged for cell-based therapies for IVDD are NC cells, chondrocytes, MSC and NP cells, some have undergone preclinical and/or clinical examinations (197). Selecting a cell type requires understanding of disc development as well as knowledge of the cellular changes induced by maturation and degeneration (6, 44, 295). Some IVD cell populations exhibit progenitor cell potential as discussed above (46, 47, 49, 50, 197, 296–299), yet would require surgery for harvesting. Autologous or allogeneic MSC gained popularity as their less-tumorigenic multipotent phenotype might be directed into the appropriate cell type via endogenous cues from the recipient tissue or ECM. MSCs, especially subcutaneous adipose MSCs, offer a promising option owing to their ease of harvest, capacity for self-renewal, multilineage potential, and immunosuppressive properties (197, 300–302). However, transplanted stem cells face delivery and survival challenges in the harsh environment of the IVD which are exacerbated in the degenerated disc (6, 205, 290, 303, 304). MPC-06-ID, a Phase 3 product candidate was developed to address IVDD related chronic pain with 6 million mesenchymal precursor cells per dose for patients who have exhausted other therapy options (www.mesoblast.com). A recent subjective review indicated that result considering impairment, pain, and quality of life were influenced by the placebo effect. Therefore, more quantifiable and objective measures such as MRI and other radiographic exams are needed (305). A study to examine the clinical applicability, safety, and efficacy of NOVOCART® Disc in the repair of herniated discs requiring an elective sequestrectomy employs an autologous cell compound (306). The Sponsor has permanently halted the NOVOCART® Disc development program since there was no evident advantage of the investigational intervention above standard therapies (https://www.tetec-ag.de/en.html). An updated list of clinical trials for MSC in IVDD can be seen in Table 3 (clinicaltrials.gov). Further large-scale, randomized (placebo), controlled studies for cell based IVDD therapeutics are needed.


TABLE 3 Clinical trials reported with growth factors in the context of IVDD based on data from May 2023 (www.clinicaltrials.com).
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Extracellular vesicle therapies

Cell-to-cell communication is fundamental for the maintenance of microenvironment homeostasis (307). Our knowledge of cell-cell communication has improved with the development of large-scale “-omics” technologies for analyzing the secretome of cells. These technologies have also allowed us to investigate extracellular vesicles (EV) with cell-type specific cargos of proteins and nucleic acids (285, 307). Although the classification of EVs is constantly changing, they usually fall into one of three categories: Exosomes (50–150 nm) are created by the endosomal formation of multivesicular bodies (MVB). Apoptotic bodies (up to 5,000 nm) and ectosomes (up to 1,000 nm) are generated by outward budding of the plasma membrane (308, 309) as seen in Figure 4. Most cell types produce exosomes, and their release into body fluids and culture media has sparked interest in finding cancer biomarkers (310). In fact, researchers from a variety of sectors are increasingly interested in analyzing EVs produced by resident cells in the hopes of identifying specific cell or disease-related biomarkers (311). Exosomes with cell-specific proteins, lipids, and nucleic acids are now recognized as a form of intercellular communication method (312). This theory is supported by the observation that exosomes generated by parental cells may interact with target cells, causing target cell behavior and phenotypic traits to be influenced (313). Limited research has been done on IVD-derived EVs (105, 107, 311, 314). In the area of biomarkers of LBP and disc disorders, there have been a lot of encouraging research findings such as the ongoing study and validation of pertinent, correct, and sensitive biomarkers of disc disorders (315). NC-derived EVs enhanced DNA and glycosaminoglycan content in human NP cell micro-aggregates compared to untreated control conditions although the underlying mechanism and associated EV content were not examined (316). EVs derived from human NP cells of patients with lumbar degenerative disease were found to promote MSC migration and differentiation into an NP-like phenotype via the Notch1 pathway, though the precise EV content responsible for this action is unknown (88, 101). Several examples of MSC derived exosomes impact on cell survival, often through their micro RNA (miRNA) cargo affecting key signaling pathways controlling events in apoptosis and pyroptosis (276). Human UC-MSCs exosomes prevented NP cell pyroptosis by targeting METTL14 with a methyltransferase that catalyzes the m6A change (317). NP cell apoptosis decreased by miR-142-3p reducing IL1-induced inflammatory cytokine release and MAPK pathway activation (84). TNFα induced apoptosis, ECM breakdown, and fibrosis in NP cells was prevented via miR-532-5p targeting Ras association domain-containing protein 5 (RASSF5) (85). Pyroptosis in IVDD was reduced by miR-410 by binding to the pyrin domain containing 3 (NLRP3) mRNA (96, 318) and miR-26a-5p prevented pyroptosis by reducing NLRP3, IL1, and IL18 expression (317). IVDD and gait abnormalities improved through miR-4450 targeting the zinc finger protein 121 (97) and miR-141-3p via the Kelch-like ECH-associated protein 1 (Keap1)-Nuclear factor (erythroid-derived-2) like 2 (Nrf2) pathway reduced oxidative stress-induced pyroptosis in NP cells (319). In a recent systematic review it was further reported that stem cell-derived EVs can slow the progression of IVDD at the cellular, molecular and organ levels (320). Lastly, an ongoing clinical trial (NCT04849429) uses platelet-derived exosomes for IVDD and may soon provide useful in vivo evidence on the therapeutic effect of exosomes.
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FIGURE 4
 Exosome biogenesis and composition. DNA, deoxyribonucleic acid; miRNA, microRNA; MVB, multivesicular bodies; RNA, ribonucleic acid. This figure created in the Mind the Graph platform (www.mindthegraph.com).




Synthetic and non-synthetic scaffold-based therapies

Structural integrity and support can be provided via three-dimensional (3D) tissue scaffolds that enable cellular interactions between native tissues and the implant and provide structural support for the cells by mimicking cell-ECM interactions. The ECM, a composite of fibers, bioactive molecules and solutes is dynamic in vivo providing structure and signals to the cells that generate it (321). Regenerative medicine makes use of “inductive” properties of the ECM. In the early 1960s scaffolds were created as cell substrates to resemble the niche in which cells thrive, enabling cells to attach, differentiate and proliferate (17, 322). Ideally such a scaffold would be non-cytotoxic, biocompatible and eventually biodegradable (323). Recent research demonstrates promising biomaterials and processing techniques for IVD repair or regenerative strategies. Composite scaffolds that allow for simultaneous regeneration of cells and ECM would be most beneficial because IVDD affects both (324). In the past, 3D biomimetic scaffolds were created using a variety of methods: solvent casting, freeze drying, phase separation, leaching and electrospinning (325–327). Bioprinting is also investigated for the IVD. Although in its early stages, using this cutting-edge method could enhance the creation of IVD-based scaffolds (328). Based on the polymer used, these scaffolds can be considered synthetic or non-synthetic (natural).


Natural materials

The most prevalent protein in mammals, collagen, is employed extensively in biomedical procedures and its function is likely crucial for IVD regeneration (289, 329). Owing to its minimal antigenicity, atelocollagen is recognized as one of the best basic matrices for implantable materials (330). A mechanically stable, manageable, honeycomb-shaped atelocollagen scaffold promotes the development of high-density cell cultures (330) and may be beneficial as a 3D scaffold in tissue engineering given these properties (331). Silk scaffolds provide strength and stability through compressive and tensile properties. Silk fibroin proteins are synthesized by silkworms and other insects and are biodegradable (332, 333). Once implanted, the silk scaffold would decay slowly enough to permit healthy tissue growth (332, 334). Silk scaffolds are of interest for AF tissue engineering owing to their mechanical properties (335). The naturally occurring polymer chitosan is a very adaptable biomaterial (336). It comes from a natural and regenerative source: crab shells (337–340). Chitosan possesses a hydrophilic surface that encourages cell attachment and growth, and its degradation products are non-toxic (341). Alginate is utilized in a number of biomedical applications, including tissue engineering and drug delivery, because of its qualities in terms of biocompatibility, biodegradability, non-antigenicity, and chelating ability (342–346). A hybrid alginate/chitosan scaffold promotes ECM deposition, enhances AF cell proliferation, and degrades more slowly than a pure alginate scaffold (346). Another biomaterial which develops a stable hydrogel structure as a result of gelation is gellan gum (347). A 3D gel network that can be employed as a matrix for cell seeding is created when untangled sections of polysaccharide chains connect to orientated bundles of double helix structures (348–350). Natural polymers support cell adhesion and function (351).

Decellularized ECM-based scaffolds have drawn a lot of interest and have begun to be utilized extensively in a variety of tissues (heart valves, vascular grafts, cornea, etc.) (352–356). However, decellularization protocols cannot rely on perfusion in the largely avascular IVD and a balance between complete cell removal to avoid inflammatory triggers and ECM preservation to allow for bioactivity is important (357, 358). Decellularized scaffolds are currently commercialized for numerous therapeutic uses because of their pro-regenerative capabilities, and they may offer a promising alternative for IVD regeneration (357, 359).



Synthetic materials

Necessary forms and implants can also be created from synthetic polymers. Synthetic biodegradable polymers can generate stable porous materials that are predesigned 3D scaffolds and do not melt or disintegrate in in vitro tissue culture settings (360). The synthetic biodegradable polymers most frequently employed in tissue regeneration are aliphatic polyesters (351). The ester groups in these polymers' backbones are often hydrolyzed to produce deterioration, which can be regulated depending on the polymer's composition, structure, and molecular weight (361). A ring-opening polymerization of the monomers (lactide and/or glycolide) is a typical method for producing polylactide (PLA), polyglycolide (PGA), and their copolymer poly (lactide-co-glycolide) (PLGA) (362). These polymers are among the few synthetic polymers that the U.S. Food and Drug Administration (FDA) has approved for human clinical applications, such as surgical sutures and some implanted devices. Synthetic polyesters with a wide range of applications in AF tissue regeneration include poly ε-caprolactone (PCL), PGA, PLA and copolymers produced from these monomers (363, 364). PCL has been widely employed as a biocompatible polymer with reasonable cost and high mechanical qualities for electrospun fibrous scaffolds (365). Many synthetic polymers are hydrophobic with restricted water absorption requiring modifications for cell attachment. Some limitations in their biomedical applications, may be solved by including other polymers, such as natural or synthetic proteins and polysaccharides (366). A development in the field of synthetic scaffolds is the use of “conductive” or “smart” biomaterials. Conductive materials are typically polymer or nanomaterial-based additives to the scaffold allowing for the transfer of electromechanical signals to target cells (367). A conductive effect could also be achieved with natural polymers like collagen based on a described piezoelectric effect under load for ordered collagen fibers, especially collagen I (368). A piezoelectric potential of the AF and to a lesser degree NP tissue was described. This approach could facilitate more effective mechanically induced tissue remodeling and cell homing in the IVD (369).

NuCore® injectable nucleus hydrogel (Spine Wave, Inc., Shelton, CT, USA) as a substitute for NP tissue lost to herniation and microdiscectomy was investigated and seemed to prevent the disc from collapsing too soon after microdiscectomy (370). The FDA approved Discseel® which relieves chronic neck and low back discogenic pain offers a procedure to effectively repair discs to their normal states, both mechanically and biochemically (371). Owing to the relative short timeframe of follow up with some of these procedures not much clinical evidence to support these therapies is available. Also, secondary effects of IVDD, such as spinal stenosis and muscle fatigue caused by lumbar lordosis and loss of sagittal stability of the spine, may be more excruciating than structural transformation in the disc themselves (372).




Small molecules and growth factors-based therapies

Small molecules are substances that attach to certain biological molecules and aid in the regulation of a specific biological process (222). Small molecules can be taken orally (373). The maximum molecular weight for a molecule that needs to quickly diffuse through the cell membrane and be absorbed by the digestive system is 900 Daltons (374). Small molecules can significantly alter signaling transduction and gene transcription by intervening on specific signaling pathways regulating cell physiology and function (375). There are various benefits of using small molecules as a therapeutic agent. They cause fewer immune response in the host owing to their small size, and are considered to have anti-inflammatory, anti-apoptotic, and anti-oxidative effects accompanied by anabolism and anti-catabolic effects (222). The anti-inflammatory effect of small molecules such as berberine, morin, notoginsenoside R1, cannabidiol, curcumin, icariin, resveratrol, epigallocatechin gallate, naringenin, and tofacitinib was shown by the downregulation of IL1 and TNFα levels in IVD cells in a number of in vitro studies (222, 375, 376). Src homology region 2-containing protein tyrosine phosphatase 2 (SHP2) is an important contributor to the development of IVDD, and its small molecule inhibitor SHP099 prevented SHP2 expression and NP cell degeneration (377). Following toll-like receptor (TLR) 2/6 agonist induction, o-vanillin reduced TLR2 expression and SASP (378). Other small molecules acted in a multipotent manner. Curcumin showed cell-type and experiment dependent pro-apoptotic or anti-apoptotic effects. In IVDD it reduced the activity of proinflammatory cytokines by inhibition of the nuclear factor kappa B (NF-kB) and mitogen-activated protein kinase (MAPK) pathways, protected mitochondria and induced autophagy via its reactive oxygen species (ROS) scavenging capacity (379–384). Icariin, a bioactive and peroxylated flavonol glycoside compound isolated from herba epimedii or horny goat weed was investigated as a therapy of articular cartilage degenerative diseases (385). Its anti-oxidative and mitochondrial protective effects were attributed to the activation of the PI3K/Akt and Nrf2 signaling pathways, culminating in decreased ROS production and programmed cell death in NP cell (385, 386). Melatonin induced parkin-dependent mitophagy, also protected mitochondria (380, 387) and exhibited anti-inflammatory effects by inhibiting IL1 release and NLRP3 primed pyroptosis (388). When high hyperglycemia caused mitochondrial damage in end plate cells, alpha lipoic acid prevented apoptosis by increasing mitochondrial membrane potential (389).

Growth factor (GF) therapy involves the injection of bioactive molecules into the IVD to promote ECM production, prevent degeneration, and decrease inflammation (390, 391). GFs are peptides that bind to receptors and trigger physiological processes such as protein synthesis, differentiation, apoptosis, and cellular proliferation (392). Bone morphogenic proteins (BMPs) and other transforming growth factor (TGFβ) members, which promote osteogenesis and chondrogenesis, are the most well-known GFs in spine and orthopedic therapies (215). In an IVDD mouse model, TGFβ inhibitors decreased Nerve growth factor (Ngf) expression, indicating that TGFβ may control Ngf expression in vivo (393). Other GFs like BMPs, platelet derived growth factors (PDGF) and epidermal growth factor (EGF) inhibit proinflammatory cytokines including IL1, IL6, TNFα, MMPs, nitric oxide, and prostaglandin E2 (PGE2) and decrease catabolic activity (391, 394). The biological half-life of GFs is only a few hours to days, making it unsuitable for restoring degenerative discs when GF stability or long lasting effects are required (391, 394). Platelet-rich plasma (PRP) contains a variety of GFs (395, 396). PDGF decreased the percentage of apoptotic AF cells in vitro after of serum deprivation (397). An updated list of clinical trials for GFs in IVDD can be seen in Table 4 (clinicaltrials.gov).


TABLE 4 Clinical trials reported with mesenchymal stem cells (MSC) in the context of intervertebral disc degeneration (IVDD) based on data from May 2023 (www.clinicaltrials.com).
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Gene therapy

The use of nucleic acids such as DNA or RNA to cure a disease is known as gene therapy (399), often targeting monogenic congenital diseases or cancer. A plasmid (400) or oligonucleotide can be used (401). Gene therapy's potential long-term efficacy is a key benefit (402). Transfected cells that have received a therapeutic gene produce the desired gene products (RNAs or proteins). Stable transfection facilitates long-term expression of a transgene even in dividing cells if the foreign gene integrates into the host genome, however this can come at the expense of insertional mutagenesis. Cells that have been transiently transfected with an episomal vector also express a foreign gene but the foreign gene will be lost in dividing cells (403). IVDD is a chronic problem (129, 402, 404–406). Retrovirus (RV), lentivirus (LV), adenovirus (AV), and adeno-associated viruses (AAV) are common vectors (407). Replication incompetent RV were used in vitro to deliver DNA to cells purified from bovine coccygeal vertebral endplates suggesting that local gene therapy may be used to treat disc degeneration (129, 408, 409). Non-human LVs are considered apathogenic in humans but can transduce human cells. Replication-incompetent LV vectors are available (410). To demonstrate that LV-mediated MMP3 knockdown may lessen IVDD, LV-MMP3-shRNA and/or LVSox9 were administered to rabbit lumbar discs. This significantly delayed the progression of IVDD and increased collagen type II and proteoglycan expression (128). Insertional mutagenesis remains a concern associated with highly efficient RV and LV vectors (411). The AV genome persists in an extrachromosomal state. Standard recombinant AV vectors can carry up to 7.5 kb of foreign DNA (412). To further increase the packaging capacity to more than 30 kb AV genes are provided in-trans by a helper virus (413). A recombinant AV vector was used to deliver the lacZ gene to female New Zealand white rabbit NP cells in vitro and in vivo (130). The AV-lacZ construct was directly injected into the NP of the rabbit's lumbar IVD for the in vivo model. The successful transduction of disc NP cells was demonstrated by X-Gal (5-bromo-4-chloro-3-indolyl-D-galactopyranoside) staining and reporter gene expression persisted in vivo for at least 12 weeks. This study demonstrated the promise of direct gene therapy for a treatment of IVDD by successfully delivering a foreign gene to the IVD (414, 415). AV have several different serotypes, including 51 in humans (412); Ad5 is the most common and 45–80% of the population has neutralizing antibodies against this serotype (412). Unfortunately AV vectors in general can cause severe and even lethal inflammatory reactions (416, 417). AAV's are used more recently as non-pathogenic, generally non-integrating gene therapy vectors suitable for dividing and non-dividing cells. However, it is challenging to generate the high titers needed for human clinical studies and the packaging capacity is limited (415, 418). The activatorprotein-2 (Ap2α) impacts IVDD via controlling the expression of Tgfβ and Smad3 (132). Rat IVDs injected AAV-Ap2α and AAV-Tgfβ, increased the expression of Acan, Collagen II and decreased the expression of Mmp2, Mmp9, and Smad3 in NP tissue (132). However, in general, viral vector based gene therapy carries a risk of viral component-related complications (419, 420).

The post-transcriptional RNA interference (RNAi) mechanism evolved as a crucial biological strategy for targeted gene silencing (402). The reporter genes firefly and renilla luciferase were downregulated in NP cells in vitro in a co-transfection experiment and achieved considerable inhibition of reporter gene expression in both cell types for 3 weeks, suggesting siRNA-mediated gene silencing as effective in NP cells (421). Moreover, in rat coccygeal IVDs, siRNA-mediated RNAi remained active for at least 24 weeks to down regulate in vivo expression of the endogenous Fas ligand, as well as a reporter gene (422). MRI and histological studies showed that a single injection of ADAMTS5 siRNA prevented NP tissue breakdown after annular puncture in vivo (423). Apoptosis in the discs was also significantly reduced by siRNA therapy intervention against Caspase3 and ADAMTS5 (424). Inhibiting TLR4 and overexpressing Klotho via RNAi in a rat IVDD model decreased ROS induced inflammation (133). Klotho promotes antiaging through the modulation of numerous signaling pathways, including TLR4/NF-kB signaling (133, 425). However, in vivo applications could be hampered by RNAi associated immune stimulation, off-target effects and the low number of target cells in the IVD (426). There were no clinical trials reported for gene therapy-based therapeutics in IVDD until now (clinicaltrials.gov).

Most recently CRISPR/Cas9 (427) was also added to the growing toolkit for IVDD therapy development. Potential applications for CRISPR/Cas9 gene editing, targeting or labeling to enhance IVD research by generating new disease models, new means of studying IVD cell phenotypes and possible clinical translations thereof were suggested and reviewed (428). As a promising recent example, AAV delivered CRISPR/Cas9 to target β-catenin reduced IVDD in the mouse model (429) and CRISPR epigenome editing systems could be introduced into pathological human IVDs in vitro using LV vectors to control expression of inflammatory receptors. This could suppress negative impacts of inflammatory cytokines in the IVD. TNFR1 epigenome-edited cells showed decreased NF-kB activation, reduced apoptosis, and suppression of catabolic gene expression changes (430).




Discussion

The IVD at first glance appears as a simple organ comprised of just two major tissue types with few residing cells under extreme mechanical or physiological stress yet it is possibly one of the most challenging enigmas in the vertebrate body to solve. Therefore, despite IVDD being a primary health concern, it still must find a permanent cure. IVDD decreases the quality of life by causing chronic discomfort and discogenic pain due to multifactorial changes in the degenerating IVD as previously described in detail (431). The IVD is susceptible to a variety of risk factors and can deteriorate because of a pathologic cascade resulting in metabolic and cellular changes in IVD cells. Classic IVDD therapies were reviewed before (431) and are available in health centers, but often encounter a “roadblock” in that they only relieve symptoms but do not restore structure and functionality to the disc. Surgical options for IVDD are often ambiguous and carry underlying hazards and complications, hence, they should only be used after conservative measures have failed, as their outcome depends on a surgeons' experience and technical expertise, as well as a patients' comorbidities (391).

Advanced therapies of low back pain as summarized in Figure 5 show some promising results in mostly animal studies (Table 1) but still have their own safety concerns and limitations. To start, these novel interventions once intended for clinical applications first require the approval by appropriate government bodies such as the FDA in the United States, European Medicines Agency (EMA) in Europe or the Central Drugs Standard Control Organization (CDSCO) in India. Based on successful outcomes of pre-clinical studies an investigational new drug application (IND) can be filed with the FDA triggering several phases and years of clinic trials with uncertain outcome for the investigator and high financial risk for sponsors as previously described (320). Despite all, progress is evident and current, and future research will hopefully translate many of these cutting-edge technologies from benchside to bedside as alternative IVDD therapies despite plenty of challenges that remain to be addressed.
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FIGURE 5
 Summary of modern therapy approaches for lower back pain from IVDD. IVD, intervertebral disc; IVDD, intervertebral disc degeneration; GF, growth factor; AAV, adeno-associated virus. This figure was created in the Mind the Graph platform (www.mindthegraph.com).


Owing to the avascular nature of the IVD, systemically applied therapies are less suitable. Therefore, exogeneous and endogenous interventions would require intradiscal injections of cells, hydrogels, GF, small molecules, viral vectors or combinations thereof. Such injections produce a bolus of compressed fluid at the injection site that may take a long time to diffuse into the surrounding tissue due to a high degree of stiffness and limited permeability in NP tissue. This pressure may cause fluid to leak through the AF defect after the needle retraction (432–434). The severity of AF disruption can vary depending on the needle gauge used, stiffness and fluid viscosity and would require oversight to assess the danger of leakage, especially for more advanced therapies such as gene therapy involving viral vectors (435–438). While the avascular nature of the NP limits the use of systemic interventions it could keep side effects limited after intradiscal delivery, provided no leakage at the injection site. Despite promising potential, currently, small molecule drugs have little clinical relevance in IVDD as they do not appear to offer a significant advantage over NSAIDs (375, 439, 440). The reasons might be low specificity, the avascular nature of the IVD and unanticipated adverse reactions in other tissues when administered systemically. To date, most in vivo studies have focused on rodent models, and more appropriate translational models are needed for an honest assessment of safety and efficacy of small molecules as alternative strategy to NSAIDs.

Recent advancements in sequencing technologies identified genetic defects associated with IVDD and LBP and will enable more personalized therapy approaches. At the same time, increased knowledge of cellular events at the molecular level facilitates more targeted therapies with recombinant or xenofree bioactive molecules or inhibitors thereof down to modulations of intracellular signaling pathways, for example those involving cytokine triggered inflammation, regulated cell death or SASP in the IVD (222, 441, 442). However, despite success in animal models, IVDD human gene therapy in the classic sense of gene delivery is unlikely to be a mainstream intervention any time in the near future as IVDD is not a monogenic disease and current technologies do not allow to effectively and safely alter multiple genes in vivo. Safer viral and non-viral vectors with improved cargo capacity and better transfection efficiency at a lower dosage alongside reduced immune response activation are needed for increased safety and efficacy of gene therapy in general. Promising work using engineered AAVs and serotypes with different tropism were underway for several diseases until recent setbacks sent once again alarming signals through the gene therapy community (443). Gene therapy for IVDD ideally employs vectors that can target NP cells specifically through unique cell surface/viral capsid protein interactions, however, this could arise as one of the bigger challenges given that the adult NP cell population is heterogeneous and suitable NP cell unique cell surface markers have yet to be discovered (41, 42). RNAi as tool to downregulate proinflammatory responses seems more promising. Recent research showed that miR-370-3p-regulated circular RNA (circRNA) PKNOX1 controlled the expression of KIAA0355, which impacted on IVDD progression, hence circPKNOX1-based therapy may become useful (444). However, in vivo off-target effects remain a concern for RNAi and CRISPR gene editing for now. A better understanding of the pleiotropic impact of bioactive molecules like miRNAs on various, often connected signaling pathways including those critical in inflammatory response, senescence, cell cycle arrest and regulated cell death is crucial for safety and efficacy (222).

Endogenous cell-based therapies stimulating native IVD progenitor cells depend largely on effective and safe delivery of the stimulant, while exogenous approaches transplanting autologous/allogenic cells depend on the ability of those cells to settle, survive and be productive in a challenging or degenerated environment. Cell therapies struggle with the accumulation of senescent cells, a poor survival rate of transplanted cells and the necessity of correct differentiation (445). Increased cell death post transplantation could trigger inflammasome related pyroptosis and further aggravate IVDD. Many in vitro studies have investigated the efficacy of MSCs in preserving and reactivating NP cells isolated from healthy or degenerate discs by maintaining or enhancing ECM synthesis as well as by encouraging upregulation of NP markers, which are diminished within the diseased disc (197, 446–448). In a variety of studies, MSCs such as those produced from bone marrow (BM-MSCs), adipose tissue (AD-SCs), and umbilical cord (UC-MSCs) were employed alone or in combination with biomaterial scaffolds and carriers to repair and regenerate the ailing IVD (137, 449, 450). However, if non-autologous cells are used the problem of host rejection presents itself and even if the cells are tolerated, it remains unclear if these added cells can survive long enough under conditions they encounter in the degenerate IVD (285). Few studies have examined how transplanted cells interact with the native disc microniche. However, some evidence backs the delivered cells' ability to reduce inflammation in degenerating discs (6, 451). In vitro data from 2D culture where required culture supplements such as serum or glucose and frequent medium changes might not reflect a natural IVD environment need to be evaluated with skepticism. Further large animal and advanced organ culture models, as well as clinical trials, are needed to confirm findings from these in vitro experiments. Numerous animal models were used in preclinical research examining cell therapies for IVD regeneration (452). Mechanical, enzymatic, or surgical methods can be used to study disc degeneration in a variety of species, including mice, rats, rabbits, pigs, sheep, goats, cows, and dogs (Table 1). Yet comparative interpretations are challenging and frequently do not yield knowledge that is easily applicable to human studies owing to a lack of agreement between different animal models (453). In particular distinctions in NP cell composition, the variable persistence of NC cells, as well as biomechanical differences hamper the translatability of small animal models (37, 41, 46, 165, 223, 454–459).

The recently developing field of EV based IVDD therapies faces challenges and bottlenecks with production cost, quality assurance of batch-to-batch homogeneity, and long-term stability of EVs. High purity production of EVs is often based on costly differential ultracentrifugation or affinity chromatography (460). The International Society for Extracellular Vesicles (ISEV) so far proposes only minimal guidelines for EV isolation and functional analysis and a range of investigator determined EV isolation and characterization methods exists (320, 461, 462). Cold chain storage for EVs was suggested but different opinions on how storage affects EV quality exist as well (463–465). A range of responses in EV recipient cells or EV parent culture conditions as well as different interaction modes between cells and EV types might complicate the interpretation of regenerative outcomes (320). Despite success in the purification of exosomes, the exact molecular mechanisms of exosome function are still under investigation. Establishing large-scale upstream and downstream manufacturing processes, accurate dosing regiments and efficacy evaluations will likely present major obstacles for quality EV-based therapeutics, yet it will be important to safely implement their application for IVDD therapy (445).

Progress made in tissue engineering over the years using a combination of natural and synthetic biomedical scaffolds, cells and bioactive molecules represents an exciting new era. In clinical trials these approaches often fail to address discogenic pain (372). For example, to date no research on ectopic sensory nerve distribution after MSC delivery to the painful disc is available. Detailed reviews and discussions of different scaffold types exist, and a “holistic” approach for IVD regeneration was emphasized by simultaneous NP, AF and CEP repair (368). Successful strategies to replace IVD tissue with non-biological scaffolds must address the unique biological shock absorbing function of the NP and/or the ECM-provided structural architecture such as the angle-ply arrangement in the AF or the spacing of different size fibers in the NP alongside the importance of continued CEP porosity, as a whole facilitating inductive and permissive signals for cells and tissue homeostasis. In light of the abundance of studies aimed at IVD regeneration presented in the literature, regeneration of CEPs is rarely addressed, despite being a significant source of nutrients and water supply for the IVD (368). A recent study found that the human CEPs have a distinct structure and, ECM composition when compared to the NP, AF, and articular cartilage (466), while others investigate CEP composition for diagnostic purposes (467) or how impaired CEP healing after surgery relates to IVDD (468). Generally, research on CEPs and the AF still does not have the momentum seen in NP research, therefore a need to include AF and CEPs more in overarching regenerative research and the development of therapeutic strategies remains.

In summary, promising IVDD therapies are developing in different areas, and possibly the combined effort will lead to biocompatible scaffolds loaded with protected bioactive molecules, EVs and/or MSC that can mobilize and recruit local progenitor cells. Examples of such efforts are underway. In a preclinical IVDD rabbit model, platelet-derived growth factor BB (PDFG-BB) delivery in a thiol-modified hyaluronic acid hydrogel significantly reduced disc degeneration by preventing apoptosis and raising collagen-3 production, preserved disc structure, and enabled biomechanical functions (70, 200). Combining a thermosensitive acellular ECM hydrogel with AD-MSC-exosomes to create an injectable functionalized ECM hydrogel could prevent pyroptosis in rat discs by lowering the expression of NLRP3 inflammasomes and minimizing the inflammatory response (469). However, additional data from pre-clinical research, clinical trials and long-term follow up assessments will be needed to ensure safety and efficacy of any approach. Several recent scRNASeq and GWAS projects provide very valuable data to better understand IVDD and it would be constructive to the field to expand these studies to more age groups, all genders, ethnicities, and stages of IVDD to identify master regulators in NP development and IVDD progression. IVDD is multifactorial and likely results from a combination of environmental risk factors and genetic predisposition. An overarching concept of modern therapies for IVD tissue homeostasis relies on the introduction, maintenance or stimulation and directed differentiation of stem/progenitor cells supported by suitable scaffolds preventing triggers of senescence or regulated cell death.
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Criteria Conformity

1| Positive biopsy findings in terms of angiomatous tissue v
2 | Absence of cellular atypia v
3 | Minimal or no osteoclastic response and absence of v
dystrophic
4 | Bvidence of local bone progressive resorption v
5 | Non-expansive lesion NA
6 | Absence of visceral involvement v
7 | Osteolytic radiographic pattern v
8 | Negative hereditary, metabolic, neoplastic, immunologic, v
and infectious etiology

NA Not available.
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Variable PFA+HTO

Number of patients (n) 9
Age, years (M + SD) 57.1%22
Sex, male/female 27
Left/Right 36
BMI, kg/m’ (M + SD) 252446
PFOA Iwano grade IV () 3/6
MTFOA K-L grade IVIII (n) 27
Follow-up period, years 26+04

BMI, body mass index; MTFOA, medial tibiofemoral osteoarthritis; PFOA,
patellofemoral osteoarthritis.
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ariable Preoperative  Last follow-up P value
KSS clinical score 46.7+103 90.3+85 <0.05
KSS function score 436+93 90.8+78 <0.05
OKS 193151 43.6+36 <0.05
ROM (%) 100.5+5.8 1304 £8.1 <0.05
HKAA (°) -93+21 22+12 <0.05
FIS 712+10.2

KSS, knee society score; OKS, oxford knee score; FJS, forgotten joint score;
ROM, range of motion; HKAA, the hip-knee-ankle angle, positive represents

G ——
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Variables

Patients (number)

Age (years)

Sex (male/female)

BMI (kg/m?)

Follow-up (months)

Operative time (minutes)
Fluoroscopy times (n)
Intraoperative blood loss (ml)
Postoperative hospital stay (days)

Complications

Value

28
38.61+8.79
1711
25.03+3.27
15212264
65,36+ 5.26
2960388
13212435
264116
2(7.14%)

Values are mean + SD, number, or as otherwise indicated.
BMI; body s index
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Variable No Complications t/z/x"~ P
complications (n=96)
(n=765)
Gender 1524 0217
Male 134 (1752) 12 (125)
Female 631 (8248) 84 (87.5)
Age (years) 63542660 6588674 -3212 0002
Course of disease 913568 9892783 ~0916 0362
(year)
Priority site 0435 0509
On the left side 722 (94.38) 89 (92.71)
On the right 43 (562) 7(729)
side
BMI (kg/m?) 2762394 27.18 419 1016 0310
Smoking 80 (10.46) 10 (10.42) 0000 0.990
Alcohol 73 (954) 8(833) 0146 0702
Operation history 274 (35.82) 1(42.71) 1746 0.186
Transfusion 39 (5.10) 8 (833) 1730 0.88
history
ASA status 6680 00107
Tor2 699 (91.37) 80 (83.33)
Jora 66 (8.63) 16 (16:67)
Anesthesia 0037 0.848
General 174 (22.75) 21 (21.88)
anesthesia
Intraspinal 591 (77.25) 75 (78.12)
anesthesia
Duration of the 117443398 1270242860 ~2647 0.008*
operation
Laboratory tests
WBC (109/L) 623187 573138 1845 0066
PLT (109/L) 23415+ 6332 25696527 0889 0375
Hb (g/L) 13399 = 1089 1257542038 3893 0.000*
Het (%) 4040379 3847 £586 3155 0002
BUN (mg/dl) 9.17+6.24 16.65 +4.74 —~14.022 0000

WBC, white blood celis; PLT, platele; tBMI, body mass index; Hb, hemoglobin;
Het, hematocrit; BUN, blood urea nitrogen; ASA, American society of

anesthesiologists.
*P <005
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B SE Wald OR P
Hb ~0057 0017 11478 0944 0913-0976 0001"
Het 0099 0057 2964 1104 0986-1235 0085
BUN 0139 0017 67667 1149 L111-L187 0000
Age 0046 0018 6472 1047 1011-1086 001"
Duration of the 0008 0003 5257 1008 1001-1014 002"
operation
ASA ~1309 0368 12689 0270 01310555  0.000°
Hb, hemoglobin; Het, hematocrit; BUN, blood urea nitrogen; ASA, Americar

society of anesthesiologists.
*0 <005
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Test set 1 2 3 4 S 6 7 8 92 10 12 14 15 PA RE NRMSE
(%) (%) (%)
PT() Actwal 225 200 355 165 312 318 381 246 4Ll 329 336 278 275 362 355 7848 2152 1395
Predicted 267 242 277 241 231 3701 239 207 295 251 310 240 245 230 366
S (%) Actual 240 380 216 176 74 260 138 177 149 207 148 181 166 226 289 7117 2883 11.76
Predicted 174 251 94 164 83 255 115 249 177 156 191 177 171 182 163
PL() Actual 444 444 376 471 497 511 728 473 571 394 465 438 500 607 654 9599 401 109
Predicted 423 457 390 502 470 603 486 547 395 469 457 513 501 656
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P 3 Pl
Methods PA (%) RE (%) NRMSE (%) PA (%) RE(%) NRMSE (%) PA(%) RE(%) NRMSE (%)

Multilinear (1) 6111 38.89 27.46 3469 6531 3736 9531 469 624
Elastic net (2) 59.10 4090 3629 6371 36.96 94.44 5.56 7.06
SVR (3] 59.08 4092 3377 66.23 3755 95.12 488 617
Ours (BPNN) 78.48 2152 71.17 28.83 11.76 95.99 4.01 4.09
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237493 (3,49)
26.9 + 28.6 (—45, 103)
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Position Country Total Citations Average Article Citations Institutions

1 UsA 527 1509 La Trobe Univ 76
2 UK 150 3 1823 Hosp Special Surg 50
3 Japan 131 11.21 Univ Barcelona 33
4 China 123 9.11 Med Univ Innsbruck 29
5 Korea 105 11.72 Univ Pittsburgh 26
6 ‘Turkey 97 533 Univ Seville 26
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8 Australia 81 3 3504 Des Moines Univ, 23
9 Germany 53 2281 Singapore Gen Hosp 21
10 Ttaly 52 15.63 Duke Univ 20
11 Austria 48 390 16.65 Univ A Coruna 20
12 France 44 522 11.86 Univ Minnesota 19
13 Switzerland 41 402 9.80 Inje Univ 18
14 Netherlands 32 681 21.28 Keele Univ 18
15 Poland 32 149 4.66 Keio Univ 17
16 Brazil 30 272 9.07 Sapporo Med Univ. 17
17 Singapore 28 363 12.96 Harvard Univ 16
18 Belgium 2 261 1186 Kent State Univ 16
19 Canada 17 177 1041 Osaka Med Coll 16
20 Israel 17 265 15.59 Univ Utah 16

NP. Number of Publications.
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Liu2020 . : 4800 (6280,5320) 1220
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Sheng 2020 . 6395 (56.54,71.36) 5
2020 - 7400 (56.91,91.00) 1180
L s 3%
Overall (-squared = 97.4%,p = 0.000) 0 107.06 (190, 13222 10000
NOTE: Weighis ae rom random efects anaysis :
T T

207 207
Study %
D ES (95% C) Weight
Chen 2018 [—— 434.00 (370.92, 497.08) 718
Fan 2016 ; ——  666.70(540.9, 752.44) 493
Gu20t4 24840 (22054, 276.26) 819
Hamid 2017 - 126.00 (97.95, 154.02) 819
Lee K 2012 PO 50.60 (1341, 87.79) 798
Lee W 2016 ; —e— 73529 (627.04, 84354) 553
Li2021 i 190.00 (168.03, 211.97) 830
Park 2014 * 260.10 (216.22, 263.98) 806
Parker 2012 . 200,00 (184.19, 216.81) 839
Sheng 2020 ®! 186.36 (165.17, 207.55) 831
Wale 2014 ® 95.00 (89.81, 100.19) 847
W 2018 . 16370 (15276, 174.64) s
Zhao 2018 i 175.00 (140.15, 209.85) 804
Overall (squared = 98.4%, p = 0.000) o3 24352 (200.35, 266.69) 100.00

NOTE: Weights are from random effects analysis
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Acute or chronic

Bioactive

Dosage

Treatment/
control

Quantity

Time

Clinical outcomes (indicators)

injury

compounds

Achilles Chronic achilles Tendon No activator 5ml PRP GPs/Saline 54 24 weeks | Both groups improved pain scores and
tendon Tear (22) activity levels (VISA-A)
Open suture complete tear | Calcium chloride | 4 ml PRGF PRGF I/RIR 12 12| Faster return to normal mobility, gentle
of achilles tendon (2%) months | running and normal training
External Chronic epicondylitis ("} No activator 3-3.5 ml PRP GPS/CSl/saline 60117 12 CSI has a short-term pain-reducing
epicondyle months | effect (PRTEE)
Chronic epicondylitis (1) | No activator 3ml PRP GPS/CST 100 | December | Progressive Pain Relief (DASH)
Chronic epicondylitis (1) | No activator Not mentioned LR-PRP/CST 100 24 | Reduces pain and significantly enhances
months DASH function
Shoulder | Repair of rotator cuff tears | Calcium chloride | One layer of flat | PREM/none 88 16 | Failure to improve healing of small to
Sleeve with small to medium-sized circular PREM film months | medium rotator cuff tears repaired with
double-row anchor double-row anchor staples (Constant-
sutures (31) Murley)
Repair of complete rotator | Autologous 6ml PRP GPS/none 53 2 Short-term postoperative pain relief and
cuff tears with single row | thrombin months | facilitation of rotator cuff external
anchor staple closure (*7) | component serum rotation strength recovery in subgroups
with grade 1 and 2 tears (SST)
Repair of rotator cuff tears | Calcium chloride | One layer of flat | PREM/none 79 12 weeks | Transosseous equivalent double row
with small to medium sized circular PRFM film restorations treated with PREM are
double-row anchor more likely to fail
sutures (34)
Patellar Chronic refractory patellar | Calcium chloride | 5 ml PRP three PRP/none 15 6 months | Significant improvement in both pain
Tendon tendinopathy (10) times every two scores and functional recovery (Tegner,
weeks EQ VAS)
Ligaments | Complete tear of the Acid-soluble type I | One type I collagen | Collagen-PRP 17° 6 months | Improved histological differences in
anterior cruciate collagen sponge and 700 ml | Hydrogel/none non-healing intra-articular ligament

ligament (5)

of hydrogel miture

wounds and enhanced expression of
related proteins

PRP, PRP without specific preparation device specified; GPS, GPS kit; PRGF II, PRGF System II; LR-PRP, leukocyte-rich platelet plasma, no kit specified; Collagen-PRP Hydrogel,
type | collagen sponge strip and hydrogel mixture; CS), corticosteroid injection; Saline, saline injections; None, same physical therapy o training; RIR, retrospective comparative
study: PRTEE, patient-rated tennis elbow; Constant-Murley, Scoring System Shoulder Scale; SST, Simple Shoulder Test; DASH, disability of the arm, shoulder, and hand; Tegner,
knee motion score.
‘indicates only 17 patients remaining by December.
bindicates the right and left knees of 17 dogs.
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de Vos RJ (7)

Frequency of
citations

Platelet-rich plasma injection for chronic achilles tendinopathy: a randomized controlled
trial

Periodicals

JAMA-] AM MED
ASSOC

Peerbooms JC (10)

Positive effect of an autologous platelet concentrate in lateral epicondylitis in a double-blind
randomized controlled trial: platelet-rich plasma versus corticosteroid injection with a 1-year
follow up

AM ] SPORT MED

Castricini R (31)

Platelet-rich plasma augmentation for arthroscopic rotator cuff repair: a randomized
controlled trial

AM J SPORT MED

Randelli P (72)

Platelet rich plasma in arthroscopic rotator cuff repair: a prospective RCT study, 2-year
follow up

J SHOULDER ELB
SURG

Sanchez M (2%)

Comparison of surgically repaired achilles tendon tears using platelet rich fibrin matrices

AM J SPORT MED

Foster TE ()

Platelet rich plasma: from basic science to linical applications

AM ] SPORT MED

de Mos M (3)

Can platelet-rich plasma enhance tendon repair? A cell culture study

AM J SPORT MED

Rodeo SA (1)

‘The effect of platelet-rich fibrin matrix on rotator cuff tendon healing: a prospective,
randomized clinical study

AM ] SPORT MED

Gosens T (35)

Ongoing positive effect of platelet-rich plasma versus corticosteroid injection in lateral
epicondylitis: a double-blind randomized controlled trial with 2-year follow up

AM ] SPORT MED

Filardo G (36)

Use of platelet-rich plasma for the treatment of refractory jumper’s knee

INT ORTHOP
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Author

de Vos RJ (27)

Centrality

Year

Platelet-rich plasma injection for chronic achilles tendinopathy: a randomized controlled trial

Periodicals

JAMA-] AM MED
ASSOC

Sanchez M (27)

Comparison of surgically repaired achilles tendon tears using platelet-rich fibrin matrices

AM ] SPORT MED

de Vos RJ (24)

Strong evidence against platelet-rich plasma injections for chronic lateral epicondylar tendinopathy: a
systematic review

BRIT J SPORT MED

Murray MM (25)

Enhanced histologic repair in a central wound in the anterior cruciate ligament with a collagen-
platelet rich plasma scaffold

] ORTHOP RES

Malloy T (26)

‘The roles of growth factors in tendon and ligament healing

SPORTS MED

Krogh TP (7)

Treatment of lateral epicondylitis with platelet-rich plasma, glucocorticoid, or saline: a randomized,
double-blind, placebo-controlled trial

AM ] SPORT MED

Anitua E (29)

Autologous platelets as a source of proteins for healing and tissue regeneration

INT J ORAL MAX
IMPL

Fitzpatrick J (19)

‘The Effectiveness of Platelet-Rich Plasma in the Treatment of Tendinopathy: A Meta-analysis of
Randomized Controlled Clinical Trials

AM J SPORT MED

Anitua E (1)

Autologous fibrin matrices: a potential source of biological mediators that modulate tendon cell
activities

J BIOMED MATER
RES A

Marx RE (29)

Platelet-rich plasma: evidence to support its use

] ORAL MAXIL SURG
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haracteristics Non- Expandable p value
expandable
N=62 3 30
Sex, no.
Male 17 18
Female 15 12
Mean age = SD (yrs) 5486+ 1165 58321299 038
BMI (kg/m’) 2459+363 2445+276 0939
Follow-up time (months) 14352198 13.63% 167 023
Fusion 30/32 29730
Level of fusion
L34 2 (6.25%) 2 (6.67%) 0824
145 18 (56.25%) 16 (53.33%) 0725
1551 12 (37.5%) 12 (40.0%) 0.687

Bold vallies are: statistically Sonificant st p-< 0,05,
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Convex side

Multifidus muscle t-value

Concave side

FIA% | 112 24.49+7.98 3605 +12.14 <0.000"
123 25022973 3829+11.85 <0.000"
134 2678+931 3557 £13.19 <0.000"
145 27.18+7.71 36.12%9.60 <0.000"
L1551 3176864 | 4095+991 <0.000"

PI-LL, pelvic incidence minus the lumbar lordosis angle: FIA%, percentage of fat

infiltration area.

“Convex side including the convex of the main curve and compensatory curve;

significant if P < 0.05.
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FIA%

Multifidus muscle t-value

Convex side

Concave side

P-value

L12 22412845 3187905 <0.000"
123 22.16+8.70 35181232 <0.000"
13-4 25.82+9.70 32.49+9.89 <0.000"
L45 25.80%7.10 33325872 <0.000"
L1551 29.89=8.61 3777 +1042 <0.000"

PI-LL, pelvic incidence minus the lumbar lordosis angle; FIA%, percentage of fat
infltration area.
“Convex side including the convex of the main curve and compensatory curve;
Sionificant if P<0.05.
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Variable PI-LL match | PI-LL mismatch | Statistics
group group

Cases 31 36 — —

Male/female 922 828 2'=0408 | 0523

Age (years) 610+ 84 650+55 z=-2418 | 0016

BMI (kg/m’) 253+ 20 254+16 t=-0186 | 0853
VAS score 352+ 146 433+ 160 r=-2169 | 0034
Symptom 658+ 423 1081+ 483 t==-3779 | 0000
duration (month)
ODI 12.97 + 6.49 21.06 +12.58 Z=-2.601 0.009

PI-LL, pelvic incidence minus the lumbar lordosis angle; VAS, visual analog scale:
ODI, Oswestry disability inces.





OPS/images/fsurg-09-944480/fsurg-09-944480-t001.jpg
Pre Post6 M Post 12 M Post 24 M
Left Right Left Right Left Right Left Right

VAS 8 7 o o 0 0 o 0
HHS 58 61 78 82 85 88 89 95
HOS-ADL 63.2 60.3 824 85.3 86.8 88.2 89.7 92.6
iHOT-12 39.2 417 775 2 80.8 825 825 84.1
Extension 0 0 8 10° 11° 13 13° 15°
Flexion 110° 118° 120° 120° 122° 123° 125°
Adduction * 15° 18° 18° v 7 of r -
Abduction 30° 39° 40° 42° 42° 43° 45°
IR 30° 30° 37 38 40° 42° 43° 45°
ER 30° 30° 38° 40° 42° 43° 45° 45°

Pre, preoperative; Post, postoperative; M, months; VAS, Visual Analogue Score; HHSs, Harris hip scores; HOS ADL, Hip Outcome Score Activities of Daily Living

subscale: iIHOT-12, International Hip Outcome Tool-12: IR, internal rotation: ER. external rotation.
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Unstandardized | Standardized
coefficients coefficients

B | Std. error Beta

Constant
Gender*

Age

Vertebral level*
Vertebral height
Heavy work™*

“1=male, 2 = female
“1=11,2-12,3=13 4=14,5=15
"1 = with hesy work. 2= withotit hess-work
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OLIF group MI-TLIF group
Age Follow-up Age Follow-up
(P>t) duration (P>t) (P>t) duration (P>t)
Disk height 0.02 —2.68 (0044)  -209 ~0.82 (0564)
(0.99) (0.28)
Lumbar 0.16 ~1.10 (035) =017 —0.14 (0.76)
lordotic angle  (0.88) (0.89)
Visual analog ~ —1.69 0,67 (052) 0.86 ~0.76 (0.47)
scale (0.13) (0.41)
ODI scores  —152 248 (0.038) 029 0.36 (0.73)
(0.17) (0.78)
*£<0.05 dered the factor to the effect
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Study Number of Major Number of

(OLIF) complications  complication patients

Abe 2016 2 Transient thigh 155
pain/numbness

Cho 2020 16 Endplate injury 2

Jin 2018 8 Transient thigh 29
pain/numbness

Jun 2017 5 Transient thigh 20
pain/numbness

Li 2021 2 Transient thigh 35
pain/numbness

Liu 2020 5 Endplate Injury/ 32
Psoas weakness

Mun 2020 4 Vascular injury 74

Ohtori 2015 7 Transient thigh 35
pain/numbness

Sheng 2020 3 Psoas weakness 55

Shunsuke 2015 8 Transient thigh 28
pain/numbness

Zeng 2018 45 Endplate injury 235

Study Number of  Major Number of

(MI-TLIF) complications  complication patients

Gu 2014 5 Wound infection 4

Hamid 2017 9 Endplate injury 56

Lee K 2012 6 Endplate injury 7

Li 2021 6 Wound infection 35

Park 2014 11 Endplate injury 124

Sheng 2020 5 Transient thigh 55
pain/numbness

Wale 2014 4 Endplate injury 57

Wu 2018 7 Transient thigh 79
pain/numbness

Zhao 2018 3 Transient thigh 2

numbness
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Year S C E ‘Total score

S1 S2 83 S4 C1 c2 EI E2 E3
OLIF
Abe (12) 2016 * * * - * - * - * 6
Chen (1%) 2018 * * * - * - * * * 7
Cho (14) 2020 * * * - * * * * * 8
Heo (1) 2018 * * * - * - * * * 7
Jin (16) 2018 * * * - * * * * * 8
Jun (41) 2017 * * * - * * * * * 8
Kim (1) 2017 * * * * * * *
Li (19) 2021 * * * - * * * * * 8
Lin (20) 2020 * * * - * * * * *
Mun (1) 2020 * * * * * * * 7
Ohtori () 2015 * * * - * - * - * 6
Poppenborg () 2020 * * * - * * * * * 8
Sheng (23) 2020 * * * * * * * * 8
Shunsuke (24) 2015 * * * - * * * - * 7
2020 * * * - * - * * * 7
Yang (26) 2020 * * * - * * * * 7
Zairi (27) 2017 * * * - * - * - * 6
Zeng (25) 2018 * * * - * * * * * 8
TLIF
Fan (29) 2016 * * * * * * * * 8
Gu (70) 2014 * * * - * - * * * 7
Hamid (+1) 2017 * * * * * * * * 8
Lee K (32) 2012 * * * * - * * * 7
Lee W (33) 2016 * * * - * * * * 7
Min (34) 2013 * * * - * - * * * 7
Park (75) 2014 * * * - * - * * * 7
Parker (36) 2012 * * * - * * * * * 8
Wale (37) 2014 * * * - * * * * * 8
Wang (3) 2014 * * * - * * * - * 7
W (39) 2018 * * * - * * * * * 8
Zhao (40) 2018 * * * - * * * * * 8
S Selection, C C E Exposure, SL of the exposed cohort, 52 Selection of the non-exposed cohort, 53 Ascertainment of exposure, 54

Demonstration that outcome of interest was not present at the start of the study. C1 Comparability of controls for the most important factor, C2 Comparability of
EoniralE T SR RO Tactir: B M munt of B ciiteaere. 22 Was follon-p v snaibh for Sutasrss bo seir. £ Misonacy o followin 5% cobuit,
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Year Country Sample Age, years  Gender  Follow-up,  Hospital stay  Operative time  Blood loss
size (Mean + (Male/ months (days) Mean  (min) Mean (SD) (ml) Mean
SD) Famle) (range) (SD) (SD)
Chen (1) 2018  China 39 6612 19720 212 - 233 (79) 434 (201)
Fan (%) 2016  China 2% 659 14710 212 125 (28) 2708 (33.7) 6667 (314.3)
Gu(:0) 2014  China M 66.4%6. 19/25 212 93(37) 1955 (28) 248.4 (943)943
Hamid (*1) 2017  Singapore 56 537113 30/40 24 28 (11) 167 (49) 126 (107)
Lee K (12) 2012 Singapore 72 522+138 2052 22 329 166.4 (52.1) 506 (161)
Lee W (33) 2016  Korea 70 6341+103 24146 212 108 (5.39) 1976 (45.9) 735.3 (462.1)
Li (19) 2021 China 35 593+9.86 827 26 37 (0.79) 199 (59.6) 190 (66.3)
Min () 2013 Korea 172 56.78+13 45/78 22
Park (1) 2014  Korea 124 593147 45179 u 7.9 (6.1) 1839 (37.3) 250.1 (192.5)
Parker (:0) 2012 USA 15 508+79 718 22 3(05) 300 (50) 200 (31.3)
Sheng () 2020  China 55 6062123 25/30 12 72(16) 100.2 (14.59) 186.4 (802)
Wale (1) 2014 USA 57 611 17/40 u 36 (1.0) 161 (7.6) 95 (20)
Wang (%) 2014  China 204 524101 98/106 21 — —
Wu(:) 2018  China 79 581%128 33/46 24 58 (14) 1455 (21.5) 163.7 (49.6)
Zhao (40) 2018  China 2 637+8 8/14 >2 5.4 (0.9) 1533 (26.3) 175 (83.4)
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Year Country Sample Ageyears  Gender  Follow-up,  Hospital stay  Operative time  Blood lo:

size (Mean + (Male/ months (days) Mean  (min) Mean (SD) (ml) Mean
SD) Famle) (range) (SD) (SD)

Abe (12) 2016 Japan 155 63517 69/86 21 — — -
Chen (1%) 2018 China 34 66+ 11 12122 212 = 163 (68) 116 (148)
Cho (14) 2020 Korea 28 697269 99 212 - 165.1 (44.4) 1906 (69.6)
Heo (1) 2017 Korea 14 66388 6/8 212 - 1558 (45.1) 1055 (209)
fin C (16) 2018 Korea 29 60142 10719 212 68 (6.6) 122 (97) 253.4 (120.7)
Jun (17) 2017 Japan 20 69+7.8 ont 26 - - -
Kim (1%) 2017 Korea 32 6850 4128 22 98.3 (85) 99.1 (5.0)
Li (19) 2021 China 28 57.5+104 7121 26 28(12) 186.44 (36.5) 55.9 (57.4)
Lin (20) 2020 China 108 50.8+625 46/62 212 48(19) 92 (34) 48 (15)
Maun (21) 2020 Korea 74 64193 20054 212 1677 (249) 92 (418)
Ohtori (%) 2015 Japan 35 6765 17118 27 - - -
Poppenborg (27) 2020 Germany 157 62+15 45173 212 - 1703 (59.7) =
Sheng (2%) 2020 China 38 6529888 8/30 212 52(13) %28 (79) 63.9 (23.3)
Shunsuke (24) 2015 Japan 28 6532176 1018 23 = 725 (21.0) =
Xi (25) 2020 China 2 5512+ 1688 7ns 212 5(29) 1549 (64.7) 74 (436)
Yang (26) 2020 China 1 62371178 714 23 - 1273 (215) 1155 (192)
Zairi (27) 2017 Canada 6 61860 313 212 - 2758 (65.8) 2833 (112.5)
Zeng (28) 2018 China 235 61.9+021 797156 >12 = 115 (66) 120 (72.5)
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Study %
D ES (95% Cl) Weight
o = w4
Cho 2020 : ———— 057(039,075) 178
in20t8 4 - omEm.048 226
Jun 2017 —:r—.— 025 (0.06, 0.44) 166
Li2021 e 0.06 (0,02, 0.13) 10.10
Liu 2020 + 0.16 (0.03, 0.28) 377
Mun 2020 f— 0.05 (0.00,0.11) 2250
Ohtori 2015 —%—Q— 0.20 (0.07, 0.33) 3.40
Sheng 2020 —— : 005 (-0.01,0.11) 16.58
Shunsuke 2015 — 029/(0.12,0.45) 213
Zeng 2018 -~ 019/(0.14,0.24) 2360
Overall (--squared = 85.6%, p = 0.000) 0 0.14 (0.12,0.17) 100.00
T : T

-755 o 755
Study %
D ES (95% CI) Weight
Gu2014 + 0.11(0.02,021) 6.96
Hami 2017 % 016006026 661
o —= IEEREE |56
L2021 —5——-&%011(005,030) 392
Park 2012 _'._ 009 (0.04,0.14) 24.43
‘Sheng 2020 —":— 0.09 (0.01,0.17) 10.60
Wale 2014 —4-—-}— 0.07 (0.00, 0.14) 1391
Wu 2018 - 0.09(0.03,0.15) 15.58
Zhao 2018 i 0.14(-0.01,0.28) 298
Overall (I-squared = 0.0%, p = 0.813) @ 0.10 0.07,0.12) 100.00
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Study %
o WD (95% CI) Weight
Chen 2018 -o‘— 3390 29.77, 38.03) 923
Cho 2020 : —o— 6190 (57.84,65.96) 923
Jun 2017 160 (0.91,4.11) 929
L2021 —i— 3400 28,83, 39.17) 917
Liu 2020 : o 5424(5356,54.92) 932
Wn 2020 - 25402161, 29.16) a2
e vmwnen
Poppenborg 2020 —_— 2876 (121, 45.41) 791
Sheng 2020 —— 3600 (28.08, 41.92) 905
Yang 2020 + 34.00 (26.16, 41.84) 897
Zeng 2018 . 27.10(26.01,28.19) 93
Overall (isquared = 39.7%, p = 0.000) <> 34.04 (21.99, 46.08) 10000
HOTE: Weigts r fom ando fcts analysis :
P M

Stugy %
D WMD (95% CI) Weight
chen 2018 | —— 3900 (3212.4588) 740
Fan2016 . 19.50 (18,62, 20.38) 912
Gu2014 + 27.20 (2580, 28.60) 907
Hamig 2017 —e—  sto0@sTras2y 725
LeeK 2012 _.'_ 2670 2021, 33.19) 756
Lee W 2016 ' 1710 (15.23, 18.97) 9,00
Li2021 |+ 3593(3384,3802) 89
Min 2013 : 16.33 (16.01, 16.65) 915
Park 2014 | 3630(3299,3961) 868
Parker 2012 —! 2120 (15,68, 26.72) 704
Wu2018 D e swees i) 883
a0 2018 (> wmmm sy 10
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Variable Un-PVP Bi-PVP

Number®

Average age (year)”

Gender®

Male ] 10 | 13 ] 0.759

Female ‘ 26 | 2 ‘

Number of PVP vertebrae®

Total enrolled 36 2 -

2 Segments 3 39 0.831

>2 Segments 4 3

Distribution of PVP vertebrae®

Total enrolled 77 87

Thoracic vertebrae 2 31 0.802

Lumbar vertebrae 51 56

Preoperative C-Cobb® 8844 0.193

Preoperative S-Cobb® 228+126 19088 0.133

Follow-up time (months)* 352+ 140 34.1£9.0 0.692

Data expressed as mean standard deviation unless otherwise indicated.
C-Cobb, coronal segmental cobb; S-Cobb, sagittal segmental cobb.
Unpaired-samples t-test.
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BMI, body mass index: SD, standard deviation.
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DH, disc height; FH, foramen height: LL, lumbar lordosis; SL segmenta

lordosis.

sBold vakiss are statisticatly siirificant o <005,
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B-value

Wald

P-value

Exp (B)

Exp (B) 95% CI

Sagittal plane balance 2737 1273 4624 0032* 15.447 1.274-187.269
LL -7.119 2455 8411 0.004* 0.001 0.000-0.099

PT 4678 1546 9.155 0.002* 107540 5.195-2,225.975
Average degeneration degree of the multifidus muscle 3961 1722 5292 0.021% 52.531 1.797-1,535.551

SE. standard error; PI, pelvic incidence; LL, lumbar lordosis.
*Significant if P<0.05.
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tcomes Non-expandable

Expandable

p val

lue

VAS-LBP
Pre-operation 559187
Post-operation 315178
Last follow-up 2452122

VAS-LBP on the operative side

Pre-operation 634+179
Post-operation 311£176
Last follow-up 185092

VAS-LBP on the contralateral side

Pre-operation 2122097

Post-operation 179084

Last follow-up 1332065
JOA

Pre-operation 951211

Post-operation 27.98+335

Last follow-up 205389
oDI

Pre-operation 28242223

Post-operation 15212124

Last follow-up 365125

537167
395158
255+ 112

615184
321=162
1.82+0.88

2352077
1.77£0.86
123061

9812281
2899347
209396

2722+085
1619+ 112
374118

0412
0.204
0.102

0512
0234
0354

0324
0214
0.102

0712
0301
0.124

0.612
0215
0.134

“Bold vakijes ars statistically siqrificarit < 0/05.
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B-value Exp (B) Exp (B), 95% CI
Age 0.871 0413 4448 0.035* 2390 1064-5372
Scoliosis Cobb angle 0.608 0240 6419 0.011% 1836 1.147-2.938
Sagittal plane balance 0.153 0511 5001 0.024 3167 1164-8.619
LL —4297 1085 15700 0.000* 0014 002-0.114
PT 3.881 1078 12971 0.000" 48.462 5.864-400.483
ss -1.188 0538 4871 0.027* 0305 0.106-0.875
Average degeneration degree of the multifidus muscle 1381 0449 9467 0.002* 3977 1651-9.583

SE, standard error; PI, pelvic incidence; LL, lumbar lordosis;
*Significant if P<0.05.

S5, sacral slope.
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Non- Expandable p value

expandable
Operative time (h) 236+067 286+ 110 0103
Estimated blood loss (ml) ~ 13333+10012  147.37+109.57  0.689
Length of stay (days) 10,57 +3.09 11,57 £5.06 0448

Bold sakues are: siutistically siorsficant o< 005
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r-value Asymmetric Average degeneration
degeneration degree of | degree of the multifidus

the multifidus muscle muscle
VAS score 0125 | 0515

Symptom 0403 0614
duration
ob1 0.143 0548"

PI-LL, pelvic incidence minus the lumbar lordosis angle; VAS, visual analog scale:
ODI, Oswestry disabilty index
*Significant if P< 0.05.
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t-

FIA%
value | value

1035+ 5.4

Asymmetric degeneration | 8.91 + 461

degree of the multifidus
muscle

Average degeneration
degree of the multifidus
muscle
PI-LL. pelvic incidence minus the lumbar lordosis angle; FIA%, percentage of fat
infiltration area.
*Significant if P<0.05.

2628+623 3222698
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Group

Group A
Group B
t value

Wi

VAS score

Number of cases
Preoperative 1 week 1 month 3 month 6 month
24 7.85+1.37 193+1.28 128+1.19 1.01 +1.34
24 7544142 315+1.23 1.52+1.10 1.10+1.20
0.67 =273 -0.78 -023
<005 <005 <005 <005
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Group Number of cases Age Constant-Murley score

Preoperative 1 month 3 month 6 month
Group A 24 4993 +6.733 45.54+12.53 65.50 £ 10.65 7850 +11.50 86.50 +13.24
Group B 24 52.14+7.211 135 7543 +£10.75 84.50 +12.32
t value 178 044

Wi

0532

5005

5005





OPS/images/fsurg-09-1043794/fsurg-09-1043794-g004.jpg





OPS/images/fsurg-09-1043794/fsurg-09-1043794-g003.jpg





OPS/images/fsurg-09-965332/fsurg-09-965332-t005.jpg
95%Confidence interval Cutoft

Sensitivity (%) Specificity (%)

Parameters AUC SE p value

Lower limit  Upper limit
FCSAVIof PVMonL4 0941 0025 <0.001 0.892 0990 11955 905 905
FCSA-VI of ES on L4 0900 0033 <0.001 0834 0965 68.46 88.1 810

AUC indicates area under curve: SE, standard error: FCSA-VI. functional cross-sectional area of vertebra index: ES, erector spinae: PVM, paravertebral muscle.
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Control  p value

group group
(n=42) (n=42)
BMD (HU) 1063141095 <0.001
Preoperative KA (°) 16.02+7.36 1287 +6.58 0.041
Preoperative AP ratio (%) 0.77+0.11 073+0.15 0204
Vertebral height restoration 204%+81%  164%+100% 0026
rate (%)
Cement leakage (Yes/No) 1131 8/34 0434

BMD indicates bone mineral density; KA, kyphotic angle; AP, anterior-posterior.
AVCFs, adjacent vertebral compression fractures.
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B SE ‘Wald Odds ratio 95% Confidence interval p value
Lower limit Upper limit

FCSA-VI of PVM on 14 —0.186 0.045 17315 0.830 0.760 0.906 <0.001

BMD —0.075 0.021 13.350 0928 0.891 0.966 <0.001

Preoperative KA 0.058 0.056 1074 1.060 0.949 1.183 0.300

Vertebral height restoration rate 0.087 0.064 1.858 1192 1.037 1347 0.097

KA indicites kyphotic arle: BMD,

), bone mineral density: FCSA-VI, functional cross-sectional area of vertebra index: PVM, paravertebral muscle: SE, standard error.
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AVCFs group Control group p value

(n=42) (n=42)
Age (years) 7555576 75.60 = 5.87 0970
Sex (M/F) 10732 10732 1.000
BMI 2444246 24142270 0597
Initialy treated level 2/3/7/18/913 23/7118/9/3 1000

(T10/T1/T12/L1/1213/L4)

M indicates male; F. female; BMI, body mass index: AVCFs, adjacent vertebral
compression fractures.
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AVCFs group Control group  p value

(n=42) (n=142)
L3
CSA (mm?)
MF 1564.68 + 277.86 1848.34 £ 370.71 <0.001
ES 208446 = 61053 244276 52957 0.005
PVM 364038 = 601.71 422248 67873 <0.001
Ps 1086.17 £304.11 129472231705 0.003
FCSA (mm?)
MF 84557 +201.24 1172.90 +256.62 <0.001
ES 112123 £327.69 1658.54 = 376.67 <0.001
PVM 1849.99 + 381.70 270511 +501.24 <0.001
Ps 829.46 * 269.01 1061.48 +285.88 <0.001
L4
CSA (mm’)
MF 1665.30 + 317.50 1905.35 + 368.55 0.002
ES 2107.75 £538.24 2393.83 +376.63 0.006
PVM 3819.05 £ 653.24 4246.47 +651.22 0.004
PS 1555.57 + 367.20 1767.65 + 366.51 0.010
FCSA (mm?)
ME 8147019428 1167.372237.71 <0.001
ES 101281 +254.58 1546.44 +278.59 <0.001
PVM 172352232695 2595.07 + 41047 <0.001
P 1181.76 = 338.12 1493.172355.77 <0.001

CSA indicates cross-sectional area; FCSA, functional cross-sectional area; MF,
multifidus: ES, erector spinae: PVM, paravertebral muscle: PS, psoas.
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AVCFs group Control group p value

(n=42) (n=42)
L3
CSA-VI
MF 92.36 +20.27 100.48 + 18.30 0.058
ES 123.04 +39.03 1329212736 0.183
PVM 214.61 +43.52 229.80 + 33.20 0.076
PS 6357 +17.18 70.59 + 18.04 0.071
FCSA-VI
MF 4983 £13.16 63.77 £12.85 <0.001
ES 66.08 +20.18 90.27 +19.68 <0.001
PVM 109.08 +25.96 14731+ 25.74 <0.001
PS 48.45 = 15.00 5791 £ 16.46 0.007
14
CSA-VI
MF 94.82 +20.58 103.47 £20.53 0.057
ES 119.63 +33.08 13031 +23.01 0.090
PVM 217.26 +45.36 230.90 = 38.01 0.139
PS 87.91 +20.10 96.44 + 22.08 0.068
FCSA-VI
MF 46.34 £11.50 63.29 £ 12.71 <0.001
ES 57.34+14.26 84.08 £ 15.84 <0.001
PVM 97.77 £19.17 140.97 + 22.67 <0.001
PS 66.57 +17.55 8133 14 0.001

CSA-VI indicates cross-sectional area of vertebra index; FCSA-VI, functional
cross-sectional area of vertebra index; MF, multifidus; ES, erector spinae;
PVM, paravertebral muscle: PS, psoas.
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AUC (95% CI)

L3

p value

CSA-VI
MF
ES
PVM
PS

PS

0747 (0.641-0.836)
0.696 (0.586-0.791)
0740 (0.633-0.829)
0.694 (0.584-0.790)

0848 (0.753-0917)
0.868 (0.776-0.932)
0922 (0.843-0.969)
0730 (0.622-0.821)

0.630 (0.518-0.733)
0617 (0.504-0.721)
0631 (0.519-0.734)
0.609 (0.496-0.713)

0765 (0.660-0.850)
0806 (0.705-0.884)
0861 (0.768-0.927)
0.674 (0.563-0.773)

0673 (0562-0.772)
0706 (0.597-0.801)
0.690 (0.580-0.786)
0663 (0552-0.763)

0869 (0.778-0933)
0922 (0.842-0969)
0928 (0.850-0.960)
0759 (0.653-0.846)

0.592 (0.479-0.698)
0.653 (0.541-0.754)
0.605 (0.493-0.710)
0.616 (0.503-0.720)

0836 (0.739-0.908)
0.900 (0.815-0955)
0941 (0.867-0981)
0723 (0.615-0815)

0.170
0.837
0.164
0.488

0587
0.104
0.067
0393

0566
0520
0612

0.892

0.188
0027%
0034%
0271

Cl, indicates confidence interval; CSA-VI, cross-sectional area of vertebra
index; FCSA-VI, functional cross-sectional area of vertebra index; MF,

multifidus; ES, erector spinae; PVM, paravertebral muscle; PS, psoas.

*indicates statistical significance.
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ircRNA ~ Host gene  Expression Function Sponge Target Years  Reference

rc_0134111 PDEIC f Inflammation miR-224-5p ccr2 DMM (SD rat) 2021 ©8)
cicVMA21 VMA21 s Inflammation miR-495-3p FBWX7 DMM (SD rat) 2022 ©9)
CircRNF121 RNF121 t Proliferation miR-665 MyD88 DMM (SD rat) 2020 5)
circCTNNAL CTNNAL I Apoptosis miR-29a - - 2022 ©6)
circ_0005567 EPS15 t Apoplosis miR-492 s0cs2 2021 [€0)
CircRHOT1 RHOT1 1 Autophagy miR-142-5p CCND1 ACLT (SD rat) 2022 38)
CircZC3H7B ZC3HTB, t Differentiation miR-3677-3p Sox9 DMM (C57BL/6 mouse) 2021 [20)
CircNFIX. NFIX 2 Differentiation miR-758-3p KDM6A  DMM (C57BL/6 mouse) 2022 @)
circ_0136474 ASH2L 1 Oxidative stress miR7663p  DNMT3A - 2021 [EV)
circRSUL RSUL 3 Oxidative stress miR-93-5p MAP3K8  DMM (C57BL/6 mouse) 2021 @)
circ_0010026 PDPN T Mechanical stress miR 875 TNFa - 2017 ©9)
circ_0058097 EN1 1 Mechanical stress R-365a-5p  HDAC4 = 2020 (60)
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Status ial ID Phase Result
Completed 2017 IVDD therapy with allogeneic MSC. NCT01860417 12 MSC vs. Mepivacaine not yet available
Randomized, triple blind study. in database.
Spain Reproducible cell expansion and
satisfactory quality control tests (398)
Completed 2017 Use of autologous BM-MSC in patients NCT01513694 172 No results posted
with lumbar IVDD.
Open label.
Spain
Completed 2015 Safety and preliminary efficacy of NCT01290367 2 No results posted
mesenchymal precursor cells in subjects
with lumbar back pain.
Randomized, double blind.
United States, Australia
Completed 2013 Study of 3 doses of NeoFuse combined NCT00549913 172 No results posted
with MasterGraft granules in subjects
requiring posterolateral lumbar fusion.
Randomized, open label.
United States
‘Withdrawn 2015 Autologous AD-MSC transplantation in NCT01643681 n/a No results posted.
patient with lumbar IVDD. Unwilling to continue clinical trials.
Open label.
Republic of Korea.
‘Withdrawn Lumbar IVDD therapy with NCT02440074 1/2 No results posted.
2012 autologous BM-MSC. Not funded.
Open label. Administrative formalities.
No location data.
‘Withdrawn 2022 MSC for lumbar IVDD. NCT03692221 1 No results posted.
Randomized, open label. Stalled due to COVID-19
Unites States
‘Withdrawn 2011 Safety and efficacy of NeoFuse in NCT00810212 12 No results posted.
subjects requiring posterolateral lumbar ‘Withdrawn for better study
fusion. design (Mesoblast).
Open label.
United States

AD-MSC, adipose-derived mesenchymal stromal cell; BM-MSC, bone marrow derived mesenchymal stem cell.





OPS/images/fsurg-09-1049513/fsurg-09-1049513-g002.jpg





OPS/images/fpubh-11-1156749/fpubh-11-1156749-t003.jpg
Status rial ID Phase Result
Completed 2014 Evaluate the safety, tolerability, and NCT01158924 1/2 Unclear if neurological, ODI and VAS
preliminary effectiveness of single outcome was an improvement,
administration intradiscal hGDF-5 for increased score for functional health
the therapy of early-stage lumbar IVDD and wellbeing
(1.0and 2.0 mg) Therapy emergent adverse effects in
Open label 14% (1.0 mg) and 4% (2.0 mg).
Australia
Completed 2013 Intradiscal hGDF-5 (0.25/1.0 mg) NCT00813813 172 Unclear if neurological, ODI and VAS
Open label outcome was an improvement,
United States increased score for functional health
and wellbeing.
Therapy emergent adverse effects in
29% (0.25 mg) and 4% (1.0mg).
Completed 2014 Evaluate the safety, tolerability, and NCT01182337 12 No therapy emergent adverse effects.
preliminary effectiveness of single Unclear if neurological, ODI and VAS
administration intradiscal hGDF-5 for outcome was an improvement, score for
the therapy of early-stage lumbar IVDD. functional health and wellbeing
(placebo/1.0 mg) indicates placebo effect.
Randomized, double blind study.
Republic of Korea
Completed 2014 Multicenter, randomized, double-blind, | NCT01124006 2 No therapy emergent adverse effects.
placebo controlled, clinical trial to Unclear if neurological, ODI and VAS
evaluate the Safety, Tolerability and outcome was an improvement, score for
Preliminary effectiveness of 2 doses of functional health and wellbeing
intradiscal thGDEF-5 (for the therapy of indicates placebo effect.
early-stage lumbar IVDD) (placebo/1.0
mg/2.0 mg)
Randomized, double blind study.
United States.
Not yet recruiting Intradiscal and intra-articular injection NCT04816747 3 No results posted
of autologous platelet-rich-plasma
(PRP) in patients with lumbar IVDD
and facet joint syndrome. Open label.

ODI, Oswestry disability index (Pain Intensity, Personal Care, Lifting, Walking, Sitting, Standing, Sleeping, Sex Life, Social Life, Traveling) disability measurement scale; VAS, visual analog scale

pain score.
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Published/peer reviewed/in-preprint cohort studies

Summary Outcome Limitations References
GWAS based studies
Investigate 5’ upstream SNP variant Positive association IVDD struggles with a lack of established (145)
rs143383 in 5 population cohorts in epidemiologic explanations, which makes it
Northern European women. difficult to examine it methodically.
Investigate VNTR polymorphism in 132 | ACAN polymorphism has a correlation Small sample size (146)
middle aged Finnish men. with IVDD. N=132
GWAS to study chronic LBP. Association of chronic LBP with genes No information on a detailed pain phenotype | (147)
expressed in the brain. description or pain medication.
Greater genetic contribution to chronic
vs. acute pain.
Linkage to CHST3 variants CHST3 linkage with IVDD. Small sample size (148)
N =4,043
First GWAS meta-analysis of [VDD PARK2 gene is involved in IVDD. Small sample size. (149)
with 4,600 subjects N = 4,600
GWAS related transcriptome analysis of Association ofrs6651255 and rs7833174 Selection bias and small sample size. (150)
Gasdermin-C with lumbar spinal stenosis. N =400
Anatomical based studies
MRI of 200 IVDD patients on signs of 21-30-year-old 38.8% showed at least Patient medical histories were not obtained. (151)
degeneration with respect to age, sex, one IVDD symptom. Area of facet joint arthritis was not included.
and other factors. 51-60-year-old 91.6% showed at least Quantification of spondylosis was
one IVDD symptom. not investigated.
No substantial difference in disc height
amongst all groups.
Investigation of LSTV with LBP and IVDD and LBP had a correlation with Small sample size (152)
IVDD LSTV. N = 1468
Baggage handlers from the Copenhagen | LBP was more prevalent in the baggage | Degree of exposure. Misclassification and (153)
Airport vs. control group handlers. misinterpretation of outcomes.
Investigates correlation between short Physical inactivity over a period of 14 No prior MRI images to compare with (154)
and long-term physical inactivity and years had a strong connection to IVDD. | current MRI images.
degeneration of the thoracic and lumbar Lack of substantial information about
spine. physical activity.
Investigation if different thresholds of IVDD was most strongly associated with | Odds ratio calculated by logistic regression (155)
IVDD lead to a correlation between disc | LBP at thresholds at more moderate analysis are associated with anomalies.
degeneration and self-reported LBP. grades at ages 45 and 49, despite a
tendency for disc degeneration to be
more strongly associated with LBP at
thresholds at more severe grades of disc
signal and disc height loss at age 41.
Fluoroscopic studies to compare Higher inequality motion sharing was Small sample size. (156)
intervertebral angular motion sharing found in patients with chronic, N=20
inequality and variability during non-specific LBP.
continuous lumbar motion in chronic,
non-specific LBP patients and controls.
A lumbar radiograph and a No correlation between osteophytesand | Inconsistent quality of radiographs. (157)
questionnaire were completed by 699 LBP Anteroposterior lumbar radiograph was
individuals. Disc space narrowing is associated with | not available.
neuropathic pain.
Correlation of symptomatic and Severe degeneration was seen in The symptomatic group had patients only (158)
asymptomatic age related IVDD. symptomatic patients in comparison to from 30 to 79 years of age.
the asymptomatic patients.
Pain level based and other cohort studies
Investigates correlation between modic Significant and independent association Small sample size. (159)
changes and LBP. between modic changes LBP. N=1512
Investigates correlation between LBP, Of the total population, 5.2% had severe Definition of clinically significant pain was (160)
IVDD and mental distress. and frequent LBP, and 29.0% had no relative.
LBP. Details were not obtained on
Mental distress increased the correlation | other comorbidities.
between LBP and IVDD.
Investigatescorrelation between BMI, Environmental factors play a role in The smoking data was self-reported (161)
smoking and physical activity with IVDD in young males. Imaging design was cross-sectional.
VDD in young adults.

ACAN, Aggrecan; BMI, body mass index; CNS, central nervous system; CHST3, carbohydrate sulfotransferase 3 variant; GWAS, genome wide association studies; IVDD, intervertebral disc

degeneration; LB, low back pain; LSTYV, lumbosacral transitional vertebrae; MRI, magnetic resonance imagi

SNP, single nucleotide polymorphism; VNTR, variable number of tandem repeats.
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Preclinical in vivo studies on growth factors

Animal model Therapeutic source Brief outcome References
Rabbit PGDE-BB Alleviated disc degeneration, prevented apoptosis (70)
OP-1 Disc height increased (71-73)
Disc height and proteoglycans increased
BMP-2 Increase of hypervascularity and fibroblast (74)
proliferation
GDEF-5 Increased cell proliferation and matrix synthesis 75)
PRP Disc height increased along with chondrocyte (76)
proliferation
PRP PRP-ADSC group restored discs compared to 77)
controls.
Rat IGE-1, GDF-5, TGFg, bFGF Increase of GDF-5 and TGFB (78)
GDE-5 Slows progression of degeneration (79)
Mouse GDE-5 Disc height increased (80)
Dog NTG-101 Decreased expression of pain related neutrophins | (81)

Preclinical in vitro and in vivo studies on EVs

EV source Method Animal model Brief outcome References

AD-MSCs Invitro Human NPCs were protected from oxidative stress by the (82)
Iyo-secretome

BM-MSCs Invitro Mouse Increase in Col2 and Acan expression (83)
Invivo Decreased levels of Mmp3 and Mmp6
Invitro Mouse Reduced inflammatory cytokines and activated MAPK (84)
pathway
Invitro Rat Inhibition of apoptosis and ECM catabolism (85)
In vitro Rat Decreased NPC apoptosis (86)
Invivo Slowed the decrease in disc height
Invitro Rat Apoptosis decreased for NPCs in treatment group. 87)
Invivo Alleviated expression of Tnf-o
In vitro Human Proliferation rate increased (88)
In vitro Human Reduction of ER stress-induced apoptosis (89)
Invitro Human Apoptosis reduced in degenerated disc cells. (90)
Invitro Human Upregulation of COL2A1 and ACAN 1)
Invitro Human Inhibition of AF cell autophagy 92)
UC-MSCs Invitro Human Prevented damage from high glucose induced injury 93)
USCs Invitro Human Lowered GRP78, GRP94, Caspase 3, and Caspase 12 (94)
expression
Invivo Rat Alleviated IVDD in vivo
MSCs Invitro Rat Inhibition of apoptosis (95)
Alleviates IVDD
Invivo Alleviated IVDD hallmarks
Invitro Mouse Inhibited pyroptosis (96)
Invivo Alleviated IVDD
PLMSCs Invitro Human Induces proliferation and migration ©7)
Invivo Mouse Increased ZNF121 expression
NCs In vitro Canine Increased GAG and collagen content (98)
Human Increased GAG and collagen content
In vitro Bovine Only canine CLCs were affected by the mild (99)
concentration-dependent anabolic impact of EVs.
Canine
Invitro Human Angiogenesis was inhibited by EV conditioned media (100)
via miR-140-5p, which also controls WNT/Catenin
signaling.
Invivo Mouse Vascularization in degenerated IVDs was inhibited by
EV conditioned media.
NPCs Invitro Rat Upregulation of Acan, Sox9, and Col2a1 compared to (101)
controls
Invitro Human Increased expression of ACAN, SOX9, COL2A1, (88)
HIFla, CA12, and KRT19
Invivo Rat miR-223-3p application lowered C-fiber responses (102)
Invitro Rat P21 and P53 relative expression increased in senescent (103)
NPCEVs.
N/A N/A NPC autophagy and EV secretion were induced by (104)
rapamycin and bafilomycin Al inan
autophagy-dependent manner.
Invitro Human Downregulation of SIRT1 in vitro (105)
Invivo Rat By adsorbing miRNA-141-5p and downregulating
SIRT1 in vivo, circRNA_0000253 accelerated IVDD.
In vitro Human Significant cellular uptake (106)
AFCs Invitro Human Degenerated AFC-EVs stimulated cell migration and (107)
increased levels of [L-6, TNF-o, MMP-3, MMP-13, and
VEGE, whereas EVs originating from non-degenerated
AF cells had the opposite effects.
CEPCs Invitro Rat Apoptotic bodies promoted PPi metabolism, increased | (108)
Piand decreased PPi
CESCs Invitro Rat Alleviation of IVDD by the activation of the PI3K/AKT (109)
pathway
PMEFs Invivo Mouse Upregulation of Foxf1 and Brachyury (106)

Preclinical in vivo and in vitro studies on gene therapy

Therapeutic source Animal model Brief outcome References
Naringin Rat Might have a protective effect on IVD. (110)
Cannabidiol Rat High dose can only alleviate IVDD [¢88))
EGCG Rat Reduction of pain in vivo 112)
UA Rat UA alleviated IVDD (113)
E2 Rat E2 can regulate autophagy of IVD and can be a therapeutic agent in (114)
postmenopausal women
Rat E2 downregulates catabolic proteins and prevents [VDD (115)
Icariin Rat Icariin reduced disruption of AF (116)
Resveratrol Rabbit Resveratrol alleviated IVDD 117)
Rat Levels of IL-1 and TNF-a proteins decreased 118)
CXB Dog In dogs with IVDD, the controlled dose of CXB partially inhibited the generation | (119)
of PGE2.
Dog In vivo, the progression of IVDD was reduced by intradiscal regulated release of (120)
CXB.
Life quality improves without evident signs of regeneration
Berberine Rat Could alleviate IVDD in animal model @121)
Metformin Rat Showed a protective effect against VDD (122)
Gefitinib Rat Decreased histological scores in comparison to the control group (123)
Statin Rat Intradiscal injection alleviates IVDD (124)
Luteoloside Rat ECM and NP tissues well preserved (125)
Curcumin Rat Lowered NF-kB-p65 and TNF-a expression (126)
Pre a O and (] aies o gene erap
e o e od 2 a oge REEE e
BV Invivo Rabbit 127)
v In vivo Rabbit (128)
RV In vitro Bovine (129)
AV In vitro, In vivo Rabbit (130)
In vivo Rabbit a31)
AAV In vivo Rat 132)
RNAQ In vitro Rat (133)
Ultrasound targeted microbubble destruction Invivo Rat (134)
Polyplex micelle In vitro Human and rat (135)
CRISPR/Cas9 In vitro Human (136)

ACAN, Aggrecan; ADSC, adipose-derived mesenchymal stromal cell; AV, adenovirus; AAV, adeno-associated virus; AFC, annulus fibrosus cell; BEGE, basic fibroblast growth factor; BM-MSC,
bone marrow-derived mesenchymal stem cell; BMP, bone morphogenetic protein; BY, baculovirus; CEPC, cartilage endplate chondrocyte; CESC, cartilage endplate stem cell; CLC, chondrocyte
like cell; CXB, celecoxib; COL, collagen; E2, estradiol; ECM, extracellular matrix; ER, endoplasmic reticulums EV, extracellular vesicle; GAG, glycosaminoglycan; GDE growth differentiation
factor; IGE, insulin like growth factors 1L, interleukin; IVDD, intervertebral disc degeneration; LV, lentivirus; MAPK, mitogen activated protein kinase; MMP, matrix metalloproteinase;
MSC, mesenchymal stem cell; NC, notochordal cell; NF-kb, nuclear factor kappa-light-chain-enhancer of activated B cells; OP, osteogenic protein; Pi, inorganic phosphate; PP, extracellular
pyrophosphate; PGDE-BB, platelet-derived growth factor BB; Pi, inorganic phosphate; PI3K/AKT, phosphatidylinositol 3-kinase Akt; PLMSC, placental mesenchymal stem cell; PMEE, primary
mouse embryonic fibroblast; PP, extracellular pyrophosphate; PRR, platelet rich plasma; RNAi, RNA interference; RV, retrovirus; SIRT, Sirtuin; TGE, transforming growth factor; TNE, tumor
necrosis factor; UA, urolithin A; UC-MSC, umbilical cord-derived mesenchymal stem cell; USC, urine-derived stem cell.
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Parameter Pre-operation Post-operation (24 h) Last follow-up

Group U-PVP (n=77) B-PVP P-value U-PVP B-PVP P-value U-PVP B-PVP P-value
(n=87) (h=77) (n=87) (n=77) (n=87)
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Variable Preoperative P
postoperatively value

VAS 5.63+1.09 0.88 +0.54 <0.001

HHS 70.18+7.84 8036 + 4.08 <0.001

VAS, Visual Analogue Scale: HHS, The Harris Hip Score.
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Two weeks

ASEPSIS
Serous discharge 0
Erythema 0
Purulent discharge 0
Wound defect 0
SBSES
Width 0,69+ 0.46
Height 088033
Color 006024
Suture marks 100+ 0,00
The overall view 095022
Total score 355+061

ne month
postoperatively  postoperatively

o oo o

081 +0.40
090+0.30
069+0.46
1.00 +0.00
1.00 £0.00
438071

P value

1.000
1.000
1.000
1.000

0057

0.640

<0.001

1.000

0025
<0.001

SBSES, Stony Brook Scar Evaluation Scale.
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Characteristics Subjects (n=120)
Age, year
Median age 57.17+1286
Range 275
Age distribution, year, No (%)
18-50 12 (10%)
50-70 102 (85%)
70-85 6(5%)
Gender
Males 59 (49.17%)
Females 61 (50.83%)
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Variables Pain duration Pain degree

Short (n=18) Medium (n=23) Long (n=19) Light (n=18) Medium (n=34) Heavy (i
CSA index 0.6 +0.04 055003 045+0.04 0.660.04 053%0.05 042004
EalE 13548 90.79
e 0.000% (short versus medium, P=0.000%; short versus long, 0.000* (light versus medium, P=0.000%; light versus heavy,
P=0.000% P=0000%)

Values are expressed as the mean + SD, number, or as otherwise indicated. LBP, low back pain; PM, psoas major muscle; CSA, cross-sectional area
*p< 0.05 was considered to be statistically significant.
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95% Cl F-test

F value P value

LBP group 055+0.09 0.53-058

LLP group 061 +0.07 0.59-063

Control group 071008 069073

Values are expressed as the mean + SD, number, or as otherwise indicated. LBP, low
back pain; LLP, lower limb pain; CSA, cross-sectional area; PM, psoas major muscle;
Cl, confidence interval.

*P < 0.05 was considered to be statistically significant.
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Variables  LBP group LLP group Control group P value

(n=60) (n =60) (n=60)
Age (years) 57.58 £5.73 56.28 +5.76 55.53 +5.25 0.129
BMI (kg/ml) 23.03 +0.87 23.15 +0.87 | 23.11 £ 0.86 | 0.771

Values are expressed as the mean + SD, number (%), or as otherwise indicated. LBP,
lowe bl pain: [LD hower Sl g DMl Buchwrmss: 15
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Year Published Symptoms Surgical method Outcome

Cantini (6) 1986 72 Female LBP, LLP, CES Not clear Not clear

Lee (1)

32 Male LLP, LLW Laminectomy Improvement

Crivelli () 2017 73 Male LLP Not clear Not clear

Hidalgo-Ovejero () 2004 64 Female LBP, CES Laminectomy and internal fixation Improvement

Sasaji (10) 2011 56 Male LLP, LLW. Laminectomy Improvement

Moon (11) 2020 65 Male P Microscopic discectomy Improvement

Kim (12) 2018 78 Male LBP PELD Improvement

Karabekir (1%) 2006 46 Male LBP, LLP Interlaminar fenestration Improvement

Koc (14) 2001 59 Male LBP, LLP Laminectomy Improvement

Kobayashi (15) 2014 67 Female LLP Interlaminar fenestration Improvement

D'Andrea (16) 2004 72 Female LBP, LLP Hemilaminectomy Improvement

Han (17) 2009 40 Male CES Subtotal laminectomy Improvement

Kataoka (1) 1989 33 Male LBP, LLP Laminectomy Improvement

Daffner (15) 2015 68 Female LBP, LLP, LLW Laminectomy Improvement

Whittaker (19) 1994 66 Male LLP Not clear Not clear

Hida (20) 1999 60 Female LBP, LLW Laminectomy Improvement

Sakai (21) 2007 72 Female LLP Laminoplasty Improvement

Kim (22) 2012 54 Male LBP, LLP Laminectomy Improvement

Tempel (23) 2016 56 Male CES, LLW Laminectomy Improvement

Chen (24) 2021 63 Female LBP, LLP Laminectomy and internal fixation Improvement

Pholprajug (25) 2022 67 Male CES, LLW TLIF Improvement

LBP, low back pain; LLP, lower extremity pain; LLW, lower extremity weakness; CES, cauda equina syndrome; PELD, percutaneous endoscopic lumbar discectomy: TLIF,
btk Urlss i e ety R
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] [ Screening ] [ Identification ]

Eligibility

Included

Records identified through four Records identified through other
common databases (n = 362) sources (n = 0)

[

Records after duplicates removed
(m=178)

Records screened

(n=178)

l

Records excluded by
evaluating the abstracts or
titles (n = 150)

Full-text articles assessed

for eligibility
(n=28)

|

Studies included in
qualitative synthesis
(n=15)

!

Studies included into the
meta-analysis (n = 10) and
systematic review (n = 5)

Records were excluded with
following reasons (n =13):
Reviews or case reports (n =4);
Duplicated patients (n = 3);
Irrelevant to the topic (n = 6).
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roup Mean Difference Mean Difference
_StudyorSubgroup  Mean SD Total Mean SD Total Weight IV.Random.95%Cl  IV.Random.95%Cl
Chang 2020 2604 376 43 2416 322 86 56%  188[0.57,3.19] ==
Endo 2021 (localized OLF /non-OLF) 231 28 74 233 35 136 63%  -020[-107,067] =
Endo 2021 (multilevel OLF /non-OLF) ~ 286 48 51 233 35 136 54%  530[3.86,674] ===
Endo 2021 (OLF+OPLL / non-OLF) 304 63 79 233 35 136 52%  7.10(559,861) =
Feng 2018 (female) 2549 305 11 241 337 14 36%  139[1.13,391] i
Feng 2018 (male) 2647 346 24 2526 446 15 34%  121[-1.44,3.86] —
Ikeda 2011 (female) 252 44 57 229 31 27 50%  230[0.67,393 .
Ikeda 2011 (male) 24 27 68 231 25 35 60%  0.90[0.15195 =
Kim 2018 (female) 234 37 416 231 36 1654 69%  030[0.10,070]
Kim 2018 (male) 232 36 674 233 35 2255 69%  -0.10[041,021] &
Kobashi 2004 (female) 259 09 29 234 04 58 69%  250[216,284] o
Kobashi 2004 (male) 258 06 40 233 03 80 7.0%  250[230,270] 4
Liao 2020 2511 313 1314 2426 3.04 589 7.0% 0.85(0.66, 1.04] 4
Mori 2014 (female) 23 42 38 22 36 1223 55%  100(-035235] T
Mori 2014 (male) 24 3 18 22 34 173 54%  200[0.60,340] i
Shirakura 2000 (female) 254 14 17 234 04 20 67% 200145255 =
Shirakura 2000 (male) 233 06 32 237 05 37 7.0% -0.40[0.66,-0.14] #
Total (95% CI) 2985 13542 1000%  1.70[1.02,239] <>
Heterogeneity: Tau = 1.73; Chi = 578.29, df = 16 (P < 0.00001); = 97% % 7

5 5
Test for overall effect: Z = 4.87 (P < 0.00001) Higher BMI in non-OSL  Higher BMI in OSL
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Variables

Pain duration

Pain degree
Short (n=17) Medium (n=26) Long (n=17) Light (n=20) Medium (n=30) Heavy (n=10)
CSA index 064007 0612007 0.58£0.07 064007 0582005
Eiltie 257 252
Pvalve 0.085 (short versus medium, P=0.268; short versus long, 0.090 (light versus medium, P=0.190; light versus heavy,
P=0.050)

P=0.074)

.1 R R DR q—

Values are expressed as the mean + SD, number, or as otherwise indicated. LLP, lower limb pain:
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roup non-OSL group lean Difference lean Difference
tudy or Subgroup Mean SD Total Mean SD Total Weight IV, Random. 95% Cl 1V, Random, 95% Cl

1.2.1 Male

Feng 2018 (male) 2647 346 24 2526 446 15 115%  121[1.44,3.86] =

Ikeda 2011 (male) 24 27 68 231 25 35 170%  090[0.15,1.95 =

Kim 2018 (male) 232 36 674 233 35 2255 185%  -0.10[-0.41,0.21] b

Kobashi 2004 (male) 258 06 40 233 03 80 18.6% 250 (230, 2.70) -

Mori 2014 (male) 24 3 18 22 34 1734 159% 2.00[0.60, 3.40] =%

Shirakura 2000 (male) 233 06 32 237 05 37 186%  -0.40[-0.66,-0.14] |

Subtotal (95% CI) 856 4156 100.0%  0.98 [-0.46, 2.42] -

Heterogeneity: Tau? = 2.90; Chi? = 378.39, df = 5 (P < 0.00001); I = 99%

Test for overall effect: Z = 1.33 (P = 0.18)

1.2.2 Female

Feng 2018 (female) 2549 305 11 241 337 14 95%  139[1.13,3.91] 1=

Ikeda 2011 (female) 252 44 57 229 34 27 13.9% 2.30[0.67, 3.93] e —

Kim 2018 (female) 234 37 416 231 36 1654 205%  030[0.10,0.70] -

Kobashi 2004 (female) ~ 259 09 29 234 04 58 206% 250 (2.16, 2.84] ok

Mori 2014 (female) 42 38 22 36 1223 156%  1.00(-035,235] T

Shirakura 2000 (female) ~ 254 1.1 17 234 04 20 19.9% 2.00 [1.45, 2.55] Sl

Subtotal (95% Cl) 568 2996 100.0%  1.58[0.54,2.63] >

Heterogeneity: Tau? = 1.35; Chi? = 71.32, df = 5 (P < 0.00001); I* = 93%

Test for overall effect: Z = 2.97 (P = 0.003)

-10

K 5
Higher BMI in non-OSL  Higher BMI in OSL
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Feng 2018 (female) 2549 305 11 241 337 14
Feng 2018 (male) 2647 346 24 2526 446 15
Ikeda 2011 (female) 252 44 5T 229 31 27
Ikeda 2011 (male) 24 27 68 281 25 35
Kobashi 2004 (female) 259 09 29 234 04 58
Kobashi 2004 (male) 258 06 40 233 03 80
Liao 2020 2511 313 1314 2426 304 5896
Mori 2014 (female) 23 42 38 22 36 1223
Mori 2014 (male) 24 3 18 22 34 174
Subtotal (95% CI) 9082

Heterogeneity: Tau® = 1.00; Chi* = 168.06, df = 8 (P < 0.00001); I* = 95%

Test for overall effect: Z = 4.26 (P < 0.0001)

1320LF

Chang 2020 2604 376 43 2416 322
Endo 2021 (localized OLF /non-OLF) 231 28 74 233 35
Endo 2021 (multilevel OLF /non-OLF) ~ 286 4.8 51 233 35
Endo 2021 (OLF+OPLL / non-OLF) 304 63 79 233 35
Kim 2018 (female) 234 37 416 231 36
Kim 2018 (male) 232 36 674 233 35

Subtotal (95% CI)
Heterogeneity: Tau® =
Test for overall effect: Z = 3.03

02)
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0.0

1= 96%
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Author  Year Country ~Study Design RA/FA
Patients Size  Vertebrae size  Age (mean, year) Diagnosis Robot types ~ Mean Follow-Up (mos)
Alalmi 2019 France  cohort studies 30/30 35/82 49.4/406 VCF ROSA ’
Jin 2021 China  cohort studies 81/131 81/131 75.44/72.65 OveF TiRobot 6877704
Lin 2020 China  cohort studies 33/30 86175 68.8/67.9 OveF TiRobot 1113
Wang 2021  China  cohort studies 30/30 30/30 66176 OveF TiRobot /
Yuan(d) 2020  China  cohort studies 37/22 37122 715703 OoveF TiRobot 6
Yuan(s) 2020  China  cohort studies 2116 42132 69.973.4 OveF TiRobot 6

TVCF: traumatic vertebral compression fracture; OVCF: osteoporotic vetebral compression fracture.
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Author Year Selection Comparability Outcomes  Quality

judgment
Alsalmi 2019 4 2 3 9
Jin 2021 4 1 2 7
Lin 2020 4 2 2 8
Wang 2021 4 1 2 7
Yuan (@) 2020 4 2 2 8
Yuan(s) 2020 4 2 2 8

Selection: (1) representativeness of the exposed cohort, (2) selection of the
nonexposed cohort, (3) ascer tainment of exposure and (4) demonstration that
outcome of interest was not present at the start of stud.

Comparabiiity: comparability of cohorts on the basis of the design or analysis.
Outcomes: (1) assessment outcome, (2) was follow-up long enough for outcomes to
oceur, (3) adequacy of follow-up of cohorts (21 years).

NOS scores > 7 indicate a high-quality study.
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Variables No. of studies Heterogeneity test Effect size Model Conclusion
(%) p value OR/WMD 95%Cl p value
VH
Postoperative VH 3 0 0.37 2.89 1.72/4.06 p<0.001 Fixed Signifcant
Final follow-up VH 3 0 099 294 1.93/3.94 p<0001 Fixed Signifant
VKA
Postoperative VKA 6 65 001 -1.99 -2.93/-1.05 p<0.001 Random Signifeant
Final follow-up VKA 4 54 0.09 -2.19 -8.27/-1.10 p<0.001 Random Signifeant
VAS score for back pain
Postoperative VAS 6 0 066 023 ~0.41/-0.06 001 Fixed Signifeant
Final follow-up VAS 4 [ 095 -0.14 ~0.28/-0.01 0.03 Fixed Signifeant
cement leakage 6 0 080 029 0.17/0.49 p<0.001 Fixed Signifcant

V. velsinad haiain: VKA, istabial kpbosis ancle: VAS isosl Analogiis scals,
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Clinical Outcomes Preoperative BDI Preoperative HAMD-24

Univariate Multiple Univariate Multiple
Regression Regression Regression Regression

Analysis Analysis Analysis Analysis

Post 0313 <0.001 0171 0017 —0.169 <0.001 —0.067
Changes —0.269 <0.001 —0.147 0020 —0.147 <0.001 —0.065
RR (%) 2951 <0.001 -1225 0036 —1.607 <0.001 —0.554

NDI
Post 0759 <0.001 0472 0020 0403 <0.001 0.126
Changes —0.716 <0.001 -0327 0010 —0.382 <0.001 —0.092
RR (%) -2.146 <0.001 -0919 0027 -1.142 <0.001 ~0.236

BDI, 21-item beck depressive inventory; changes, [post—prel; HAMD-24, hamilton depression scale-24; JOA, japanese orthopaedic association scores; NDI, neck
SR O R R —
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Clinical Outcomes BDI- (n=101) BDI+(n=14) HAMD-24— (n=86) HAMD-24+ (n=29)

Pre 72%13 70£1.0 0541 74212 66+ 1.1 0.004
Post 135+18 10011 <0.001 141213 10212
Changes 63+16 30£08 <0.001 6713 36+10 <0.001
RR (%) 652169 301275 <0.001 69.8+127 34586

P <0.001 <0.001 <0.001 <0.001

NDI
Pre 34933 35224 0725 34633 358+28 0.081
Post 16948 25133 <0.001 158+43 23936
Changes 180+39 101+23 <0.001 188+37 119428 <0.001
RR (%) 53.6+12.0 29.6+7.0 <0.001 56.2+109 343+80

P <0.001 <0.001 <0.001 <0.001

BDI, 21-item beck depressive inventory; changes, [post—prel; HAMD-24, hamilton depression scale-24; JOA, japanese orthopaedic association scores; NDI, neck
bl e Do Hreasni Host: aaaEonrias: B TReaEer TR
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Characteristics BDI- (1=101)  BDI+(n=14) HAMD-24— (n=86) = HAMD-24+ (n=29)

Age (year) 58555 72726 694545

Gender (male), n (%) 75 (74.3) 4 (286) 69 (¢ 10 (34.5)

BMI (kg/m’) 249+28 25043 24934

Smoking, n (%) 2(2.0) 8 (57.1) 8 (27.6)

Drinking, 7 (%) 5 (5.0) 1(7.1) 5. 1(34)

Diabetes mellitus, (%) 13 (12.9) 2(143) 11 40138)

Hypertension, n (%) 9(8.9) 1(7.1) 2(69)

RA, 1 (%) 6(59) 3(214) 7. 3 (103)

Symptom duration (year), n (%)

45 (44.6) 0 45 (52.3) 0

25 (24.8) 0 17 (19.8) 4(138)

17 (16.8) 14 (100) 6 (7.0) 25 (86.2)

Surgical levels, n (%)

3 48 (47.5) 8 (57.1) 41 (47.7) 15 (51.7)

4 53 (52.5) 6 (429) 45 (52.3) 14 (483)

Hospital day (day) 13523 144523 0.190 133£23 14620 0.005

BDI, 21-item Beck Depressive Inventory: BMI, body mass index: HAMD-24, Hamilton Depression Scale-24: RA, rheumatism.
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312 Consecutive patients who underwent single-
level kyphoplasty twice from January 2017 to
December 2019

753 Consecutive patients who underwent single-
level kyphoplasty once from January 2017 to
December 2019

——» Lack of preoperative CT or MRI (n = 40)

272 Patients who underwent single-level kyphoplasty
twice with preoperative CT and MRI

High-energy trauma (n = 24)
Pathological fracture (n = 6)
Posterior instrumentation (n = 21)
Non-osteoporosis (n = 56)

165 Patients who underwent single-level
kyphoplasty twice because of osteoporosis
vertebral compression fractures

 Multiple vertebral fractures (n = 77) |
i Remote vertebral fractures (n = 46) |

Propensity score matching
-+((age, sex, BMI, and treatment level
matched)

42 Patients with AVCFs

42 Control patients
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Study Country Research  Sample size  Gender (male/ Age (OSL/non-

center  (total/OSL) (1)  female) (n) osL)(mean,
year)
Shingyouchi 1996 (17) Japan Single center  4,802/198 NA 51.41
Shirakura 2000 (18) Japan Single center  106/49 69/37 59.26/59.95
Kobashi 2004 (6) Japan Muttiple 207/69 120/87 61.71/61.77
center
lkeda 2011 (1) Japan Single center  187/125 103/84 60.01/58.76
Mori 2014 (15) Japan Single center  3,013/56 1,752/1,261 68/65
Feng 2018 (12) China Single center  64/35 39/25 58.48/59.60
Kim 2018 (13) South Korea Single center 4,999/1,090 2,920/2,070 60.9/60.9
Chang 2020 (20) South Korea Single center  129/43 69/60 69.5/69.0
Liao 2020 (14) China Single center  7,210/1,314 4,546/2,664 54.00
Oshima 2020 (16) Japan Single center  1,789/120 1,116/673 63.3 /582
Endo 2021 (9) Japan Muttiple 340/204 190/150 52.6/64.95
center
Tang 2021 (19) China Muttiple 1,864/114 1,158/706 475
center
Study BMI (OSL/non-OSL) Types of  Location of OSL Recruitment time NOS
osL
Shingyouchi 1996 (17) ~ Incidence of OPLL: BMI > 25 kg/m? group (6.0%), BMI<25kg/m® ~ OPLL  Cervical spine  1984-1994 6
group (32%), P<0.01
Shirakura 2000 (18)  BMI: male: 23.3+0.6/23.7 0.5 kg/n?, NS; female: 25.4£1.1/23.4=  OSL Whole spine 1999-2011 6
0.4 kg/m’, NS
Kobashi 2004 () BMI: male: 25.8 +0.6/23.3 0.3 kg/m?, P<0.05; female: 259409/  OPLL Cervical / 1998-2001 6
23.4.0.4 kg/m?, P<0.05 thoracic spines
lkeda 2011 (1) BMI: male: 24 £2.7/23.1 £ 2.5 kg/m?, NS; female: 25.2+4.4/22.9+  OPLL Whole spine 1995-2008 6
3.1 kg/m?, P<0.05
Mori 2014 (15) BMI: male: 24 +3/22 + 3.4 kg/m?, P=0.01; female: 23+4.2/22 + OPLL  Thoracic spine  Wthin 2010 6
3.6 kg/m?, P=0.06; total: 24 +3.9 /22 +3.5 kg/m?, P<0.01
Feng 2018 (12) male: 26.47 +3.46/25.26 + 4.46 kg/m’, NS; female: 25494305/~ OPLL  Cervical spine NA 7
24.10+3.37 kg/m?, NS
Kim 2018 (13) BMI: male: 23.2 3.6/23.3+ 3.5 kg/m?, NS; female: 23.4+3.7/23.1+  OLF  Thoracic spine  2014-2015 7
3.6 kg/m?, NS
Chang 2020 (20) BMI:26.04 +3.76/24.16 £ 3.22 kg/m?, P<0.01 OLF  Thoracic spine  2014-2019 7
Liao 2020 (14) BMI: 25.11+3.13/24.26 + 3.04 kg/m?, P <0.01 OPLL  Cervical spine  2012-2016 6
Oshima 2020 (16) BMI: 24.8/23.6 kg/m?, P<0.01 OPLL  Cervical spine  Wthin 2011 6
Endo 2021 (9) BMI: OLF + OPLL group: 30.4£6.3 kg/m? (P<0.01), multiple OLF OLF  Thoracic spine  2015-2020 6

roup:28.6 + 4.8 kg/m’ (P<0.01), localized OLF group: 23.1 +
2.8 kg/m” (NS) / non-OSL group: 23.3 3.5 kg/m”
Tang 2021 (19) incidence of new OLF: underweight group (BMI < 18.5 kg/m?) OLF  Thoracic spine  2003-2006 6
(30.8%); normal weight group (18.5-23 kg/m?) (42.7%); overweight
group (BMI: 23-25 kg/m?) (52.8%)'; obesity group (BMI > 25 kg/m?)
(55.8%)"

OSL, ossification of spinal ligaments; BMI, body mass index; NOS, Newcastle-Ottawa scale; OPLL, ossification of the posterior longitucinal ligament; OLF, ossification of the
fonmevitum fmasm: NS, not significant (> 0.06): NA, niot svaiabls,
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Study Country Research Sample size Gender (male/ Age (mean,
center ) female) () year)

Akune 2001 (7) Japan Single center 100 89/11 58.10
lkeda 2011 (11) Japan Single center 125 68/57 59.17
Hirai 2016 (10) Japan Multiple 322 242/80 646
center
Ando 2017 (§) Japan Single center 46 25/21 56.01
Endo 2021 (9) Japan Multiple 204 115/89 64.95
center
Study Results Types of  Location of Recruitment time ~ NOS
osL
Akune 2001 (7) BMI was positively associated with the extent of ossification in multiple- OPLL Whole spine 1989-1999 6
regression analysis (§=0.34, P<0.01)
lkeda 2011 (11)  There was no significant difference in BMI between patients with OPLL limitedto ~ OPLL ~ Whole spine  1995-2008 7

the cervical spine and those with OPLL extended to the thoracic and/or lumbar
spine (male: 23.9.+2.6/24.3 = 3.2 kg/m”, NS; female: 24.2.+5/25.5+ 4.1 kg/m?,
NS)

Hirai 2016 (10) (1) BMI is positively associated with the OP index in multiple regression analysis ~ OPLL  Whole spine NA i
(8=0.11, P<0.05). (2) There was no significant difference in BMI between
patients with cervical OPLL only and those with OPLL in multiple spinal regions
(25.3+4.4/26.1 £5.1 kg/m?, NS).

Ando 2017 () There was a higher BMI in surgical therapy group compared with observational ~ OPLL Thoracic 2012-2015 7
therapy (27.2/33.6 kg/m?, P=0.02)
Endo 2021 (9) (1) Higher BMI in the OPLL+ OLF group (30.4 6.3 kg/m®) and the multilevel OLF  OLF Thoracic 2015-2020 6

group (28.6+ 4.8 kg/m?) compared with localized OLF (23.1+2.8 kg/m?) (P <
0.01). (2) BMI was positively associated with the thoracic OLF index in multiple
regression analysis (3= 0.43, P<0.01)

OSL, ossification of spinal ligaments; BMI, body mass index; NOS, Newcastle-Ottawa scale; OPLL, ossification of the posterior longitudinal ligament; OLF, ossification of the
koamantin s NS, not signiicant (P> 006 NA not svaiable;
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Ikeda 2011 (female)
Ikeda 2011 (male)

Endo 2021 (OLF+OPLL / localized OLF)
Endo 2021 (multilevel OLF / localized OLF)
Hirai 2016

Total (95% CI)
Heterogeneity: Tau® = 9.9
Test for overall effect: Z =2.11 (P = 0.04)

vere group

41
32
63
48
51

non-severe group

Chi* =70.45, df = 4 (P < 0.00001); I* = 94%

17.9%
20.3%
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21.0%

100.0%
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