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Abstract
BACKGROUND
[bookmark: OLE_LINK10][bookmark: OLE_LINK1]Osteoporosis with vertebral compression fractures is increasingly common in the elderly population. Cement augmentation is one of the effective surgical treatments for these patients. Currently, there are several different types of cement augmentation treatments. No studies have compared the safety and efficacy of different cement augmentation types for the treatment of such fractures; thus, we retrospectively compared vertebroplasty, balloon kyphoplasty, and kyphoplasty with SpineJack or an intravertebral expandable pillar (IVEP).

AIM
[bookmark: OLE_LINK11]To compare the postoperative safety and efficacy of each surgical intervention in treating vertebral compression fractures.

METHODS
We retrospectively analyzed 354 patients with acute vertebral compression fractures, defined as signal changes in the T1 weighted magnetic resonance imaging, and randomly divided the patients into five groups. Their visual analog scale scores for pain, kyphotic angle, average body height, rate of cement leakage, and occurrence of adjacent vertebral compression fractures were followed for 1 year. One-way analysis of variance, the post hoc Bonferroni test, and Fisher exact probability test were used for statistical analyses.

RESULTS
[bookmark: OLE_LINK12]All pain scores significantly improved 12 mo postoperatively; however, there was no significant difference between the groups (P = 0.325). Kyphoplasty with SpineJack significantly reduced the kyphotic angle (P = 0.028) and restored the height of the vertebral body (P = 0.02). The rate of adjacent compression fractures was the highest in the vertebroplasty group, with a statistically significant difference according to the Fisher exact probability test (P = 0.02). The treatment with the lowest cement leakage rate cannot be identified because of the small sample size; however, kyphoplasty with SpineJack, an IVEP, and vesselplasty resulted in lower rates of cement leakage than balloon kyphoplasty and vertebroplasty. 

CONCLUSION
[bookmark: OLE_LINK13]Kyphoplasty with SpineJack has good outcomes in kyphotic angle reduction and body height restoration. Vertebroplasty has the highest cement leakage rate and adjacent compression fracture occurrence.
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[bookmark: OLE_LINK9]Core Tip: The outcomes of different surgical treatments for vertebral compression fractures are discussed in this study. Kyphoplasty with SpineJack was found to have the best kyphotic angle reduction, body height restoration, and rate of cement leakage. Nevertheless, vertebroplasty was associated with the highest rate of cement leakage and adjacent compression fracture occurrence. There was no significant difference between each surgical group in terms of pain relief, which was quantified using visual analog scale scores.

INTRODUCTION
[bookmark: OLE_LINK14]Osteoporosis in the elderly population is becoming increasingly common with the increasing age of the population and affects approximately 35% of women older than 65 years of age[1]. Vertebral compression fractures (VCFs) represent a common problem in osteoporosis[2]. VCFs destabilize the vertebral body, whereas back pain is attributed to macro- and micromotion at the fracture site. In addition to back pain, the sequelae of VCFs are sometimes related to kyphotic angulation of the spine, which can diminish forced vital capacity[3,4].
Management of VCFs includes both conservative treatments and surgical interventions. Conservative treatments include bed rest or activity modification, analgesics, and bracing; however, for most patients, conservative treatment is ineffective and unsatisfactory[5]. The kyphotic change in spine alignment reduces the lung cavity and shifts the center of gravity forward; thus, for elderly patients, bed rest for long periods is associated with complications, such as pneumonia, urinary infections, and deep vein thrombosis[6,7]. Ultimately, conservative treatment does not correct spinal malalignment.
Surgical treatments for VCFs are increasingly crucial as they result in improvements in back pain and function, as well as quality of life following treatment[8]. There are several reported real-world practice and minimally invasive management options for VCFs, such as vertebroplasty (VP), balloon kyphoplasty (KP), KP with SpineJack, KP with an intravertebral expandable pillar (IVEP), and KP with vesselplasty. However, to date, no studies have compared their efficacy and safety, which was the main purpose of the present retrospective observational study. All the patients underwent surgical treatment by the same doctor, Professor Shing-Sheng Wu. Emphasis was placed on the visual analog scale (VAS) scores for pain, kyphotic angle (KA) reductions, average body height (AVBH) restorations, complications, and occurrence of adjacent VCFs during the 1-year follow-up.

MATERIALS AND METHODS
[bookmark: OLE_LINK15]Patient population
The inclusion criteria were as follows: (1) Patients aged ≥ 50 years; (2) those with bone mineral density < -1.0 [suggestive of osteopenia (between -1.0 and -2.5) or osteoporosis (less than -2.5) according to the definition by the World Health Organization]; (3) those with severe back pain (VAS score ≥ 6); (4) acute (< 2 wk), subacute (2 wk to 3 mo), or nonunion VCFs; (5) tenderness on physical examination; and (6) magnetic resonance imaging (MRI) showing bone marrow edema (T1-signal alteration in the vertebral body on MRI performed within 4 wk prior to hospitalization). All patients underwent surgical treatment by the same doctor, Professor Wu. The exclusion criteria were as follows: (1) Patients without regular postoperative follow-up examinations at our outpatient clinic for at least 1 year; (2) cancer-related VCFs, such as metastasis and multiple myeloma; and (3) VCF extending to the posterior vertebral cortex with retropulsed fragment, cord compression, or radiculopathy. 
Therefore, we retrospectively collected the data of 354 patients with VCFs treated between 2009 and 2019. The levels of VCFs ranged from T6 to L4. The patients were randomly divided into five groups: VP (88 patients; 20 men, 68 women), balloon KP (124 patients; 45 men, 79 women), KP with an IVEP (46 patients; 13 men, 33 women), KP with vesselplasty (36 patients; 11 men, 25 women), and KP with SpineJack (Vexim, Balma, France) (60 patients; 18 men, 42 women) (Table 1). The patients were aged 45-86 years. All surgical treatments were performed bipedicularly. 

Visual analog scale score
The VAS was used to indicate “pain at rest,” with 0 being no pain and 10 being the worst pain ever experienced. The VAS score was evaluated based on the patient’s subjective feelings. The ratio of the postoperative to preoperative VAS score was calculated, and the evaluation was performed 12 mo postoperatively.

Average body height
We defined AVBH as the average of the anterior edge of the vertebral body height and posterior edge of the vertebral body height in the lateral view of spinal radiographs. The ratio of preoperative AVBH to that at 1 year postoperatively was calculated.

Kyphotic angle
The KA was used to quantify the magnitude of vertebral body wedge deformities. We drew lines along the vertebral upper endplate and lower endplate using lateral spine radiographs. We then measured the angle between the two lines and defined it as the KA. The KA was measured 1 year postoperatively and preoperatively; the ratio of these two data points was then recorded.

Adjacent vertebral compression fractures
We counted the occurrence of adjacent VCFs at 1 year postoperatively. The null hypothesis was that there would be no difference between the groups; once the P-value was less than 0.05, the null hypothesis was rejected.

Cement leakage
In this study, we recorded the symptoms of patients with cement leakage events and divided them into symptomatic or asymptomatic episodes.

Statistical analysis
Analysis of variance (ANOVA) with the post hoc Bonferroni test was used to compare differences in baseline characteristics and percent changes in the VAS score and AVBH at 1 year between the four groups. One-way ANOVA was used to examine the significance of longitudinal changes in VAS scores at 3, 6, and 12 mo. A significance level of P < 0.05 was used for all comparisons.
The Fisher exact probability test was performed to determine the prevalence of adjacent VCFs. The null hypotheses were rejected if P-values were less than 0.05. Statistical analyses were performed using SPSS 12.0 statistical software (IBM Corp.).

RESULTS
[bookmark: OLE_LINK16]Visual analog scale score
A 1-year follow-up was completed for all patients. Compared with baseline scores, we found improvements in VAS scores after VP or KP 12 mo postoperatively. One-way ANOVA revealed no significant difference (P12th month = 0.325) among the various surgical treatments in terms of postoperative VAS scores (Figure 1).

Average body height
Statistical analysis for AVBH was performed using the ratio of the postoperative to preoperative AVBH via one-way ANOVA, which revealed a significant difference (P = 0.020), followed by post hoc Bonferroni analysis. Significant differences were observed in the VP and KP with SpineJack groups when compared with other groups in the post hoc analysis (P < 0.05) (Figure 2). 

Kyphotic angle
One-way ANOVA of the KA showed that  the VP and KP with SpineJack groups showed a significant difference in comparison with the other groups in the post hoc Bonferroni analysis (P < 0.05) (Figure 3). 

Adjacent vertebral compression fractures
Within 1 year, the numbers of adjacent VCFs were 15 (15%), 4 (6.7%), 7 (5%), 2 (5%), and 2 (4%) in the VP, KP with SpineJack, balloon KP, KP with vesselplasty, and KP groups, respectively (Figure 4). According to the Fisher exact probability test, the P-value was < 0.050 (P = 0.020); thus, the null hypothesis was rejected. Nevertheless, after we excluded the value of the VP group, the Fisher exact probability test was performed again. The P-value was 0.93, which is substantially greater than 0.05.

Cement leakage
Cement leakage is the most common complication among surgical treatments for VCF. In the VP group, there were 24 cases of cement leakage, with symptomatic problems occurring in eight patients. In the balloon KP group, cement leakage occurred in 30 cases, with seven symptomatic cases. One (1.7%) patient who underwent KP with SpineJack treatment suffered from non-symptomatic cement leakage. Failure of symptom relief occurred in only one (2%) patient who underwent KP with an IVEP due to implant migration. Similarly, one patient who underwent KP with vesselplasty suffered from symptomatic problems due to cement leakage.

DISCUSSION
[bookmark: OLE_LINK17]VCFs cause debilitating back pain, and as a result of the aging population, the incidence of these fractures is increasing[9]. Conservative treatment for compression fractures has not been suggested, as it fails to restore the vertebral body to its origin height. Additionally, pain and spinal deformity are not improved or corrected, and the domino effect follows rapidly after the first VCF[10]. This effect is a direct consequence of the mechanical variations that affect the spine when physiological curves are modified[11]. Treatment of VCFs by VP or KP maintains the integrity of adjacent structures and reduces the likelihood of a domino effect[10]; thus, the role of surgical treatment has increased.
Currently, percutaneous cement augmentation procedures are gaining popularity[12]. VP or KP can provide immediate effective pain relief for patients with VCFs[13]. To date, several papers regarding minimally invasive cement augmentation procedures have been published. Nevertheless, no study has compared the efficacy and safety of these procedures; therefore, we compared VP, balloon KP, KP with an IVEP, KP with vesselplasty, and KP with SpineJack, performed via a bipedicular transpedicular approach by the same surgeon in five similar groups of patients.
The VAS is the most common pain measurement method. Several studies have found a significant improvement in pain after VP or KP[14,15]. These results are in line with those of our studies; we found that both VP and KP were effective in reducing pain, as measured by the VAS score at 12 mo postoperatively. The VAS score was not significantly different between the KP and VP groups at 12 mo postoperatively. The results showed that once polymethylmethacrylate (PMMA) was injected into the vertebral body to stabilize the fracture, pain relief was significantly increased, regardless of the type of surgical intervention.
KP with SpineJack provides the best performance for AVBH restoration 1 year postoperatively. SpineJack is a permanent titanium implant designed to restore vertebral height through an endplate distraction device by expanding like a small jack; it is equipped with a mechanical opening, ensuring a gradual and controlled vertebral fracture reduction. This technique allows good reconstruction of the anterior column and restores vertebral height[16].
The KA evaluates the reduction in kyphosis. In our study, VP was unfavorable for kyphotic reduction due to the lack of effective strength acting on the upper and lower endplates. VP requires cement injection at higher pressures, and hence, incurs a higher risk of cement extravasation than KP and merely eliminates the deformity, without reducing kyphosis[14,17].
Berlemann et al[18] reported a mean kyphotic reduction of approximately 8° in a group of 27 patients after KP, whereas Theodorou et al[14] revealed an average KA correction of 9°. Weisskopf et al[19] showed that the reduction in kyphotic deformity was achieved in only four cases (average, 8.5°) in a 22-patient trial. In contrast, the corrections of KAs in our study were 14.2°, 16.0°, 15.8°, and 14.2° in balloon KP, KP with an IVEP, KP with vesselplasty, and KP with SpineJack, respectively, 1 year after surgical treatment; our kyphotic correction was substantially higher than those reported in previous studies. We were unable to discriminate between the acute VCFs from old VCFs using only conventional two-plane radiography with the patient in an erect position instead of MRI. In the acute or subacute phase of VCF, edema was noted during replacement of the normal vertebral body bone marrow in a benign compression fracture, resulting in hypointensity on T1-weighted images and hyperintensity on T2-weighted images. The nonunion VCF presented a confined high intensity or a diffuse low-intensity area on T2-weighted MRI, which was found to be of significant importance[20,21]. The more recent the fracture, the better the kyphotic reduction after KP[22]. In contrast to previous studies, patients with a diagnosis of acute, subacute, or nonunion VCFs underwent surgical treatment in our study. Therefore, we achieved better satisfaction from patients and better postoperative correction of the kyphotic deformity.
Among the five groups, the VP group had the most adjacent VCF episodes. KP requires a larger injection pressure, creating a cancellous fill effect with PMMA, finally leading to better spinal biomechanical stability; as a result, the risk of secondary vertebral fractures is decreased[5].
To date, it is not clear how new vertebral fractures occur in adjacent vertebrae. Some studies have shown that the pressure on adjacent vertebrae was increased as a result of injected cement[23]. Both VP and KP reduced swelling of the vertebral endplate and vertebral joint mobility, causing swelling of the adjacent vertebrae and increasing the risk of adjacent vertebral fracture[24]. In the present study, we found that the highest rate (17%) of adjacent VCFs occurred in the VP group.
In the KP group, although the null hypothesis was not rejected, the difference may be related to the small amount of data. The prevalence of adjacent VCFs within 1 year was lowest in the KP with an IVEP group. Generally, balloon KP, KP with vesselplasty, or KP with SpineJack, as well as VP, are completed by filling the vertebral body with PMMA; only KP with an IVEP is associated with bone healing. The healed vertebrae following IVEP treatment have similar bone mineral densities to the adjacent vertebrae. The fractured vertebrae filled with PMMA were stiffer than the adjacent level vertebrae, explaining the lower adjacent VCF rate in the KP with an IVEP group.
Complications of percutaneous VP or KP are fairly common, and in most cases, they are asymptomatic[25,26]. The most common complications are cement leakage due to the fact that osteoporosis increases the vulnerability of the vertebral bone structure; extraction of the endplate during KP may further displace the fractured fragment[27,28], which can migrate into veins, paravertebral soft tissue, intervertebral discs, or the spinal canal, affecting the foraminal area or epidural space. In the VP and balloon KP groups, there was a higher percentage of cement leakage: 24 cases (16 asymptomatic, and 8 symptomatic) and 30 cases (23 asymptomatic, 7 symptomatic), respectively. Cement leakage or implant migration occurred less frequently in the KP with an IVEP, KP with vesselplasty, and SpineJack groups.
With VP, the cement was injected into the vertebral body while the PMMA flowed to fill the gaps between the fracture fragments. During this step, the less viscous the cement, the more easily it filled defects in the cortex. Additionally, impaction of the trabecular bone against the surrounding cortical bone reduced the risk of cement penetrating the cortex. Another factor related to the leakage of cement in both VP and KP is the fracture pattern. When the endplates and anterior or posterior wall are not intact, cement leakage occurs more often[29]. Although the number of cement leakages was small and the results inconclusive, the rate of cement leakage was lowest in the KP with SpineJack group. After expanding the implants, we stabilized the fractured vertebra via an injection of PMMA bone cement (Cohesion, Vexim), which is characterized by its high viscosity; this prevented the occurrence of cement leakage.
It was previously thought that vesselplasty was a safe surgical treatment because of the absence of potentially fatal cement leakage from the vertebral body and into the spinal canal[30]; however, one of our patients who underwent vesselplasty experienced cement leakage. In a 2015 study, a certain amount of cement leakage occurred during cement injection. This major complication of KP with vesselplasty resulted in symptomatic, irreversible sequelae, paraplegia due to thermal damage and spinal nerve compression by the cement, even though an emergent laminectomy was immediately performed[4].
Some studies reported rare complications of VP or KP including infections, epidural hemorrhage, fat embolism, cardiac damage, and arterial or renal embolism[31-35]. Fortunately, we did not observe these complications during our patients’ clinical courses.
Although we present promising results, this study has limitations owing to the rapid pace of innovations regarding spinal implants for VCFs. There are some published studies on innovative spinal implants, including the Vertebral Body Stent, KIVA Vertebral Compression Fractures Treatment System, and Osseofix. Although these implants are useful and reported to be effective for body height restoration[36], these have not yet been introduced to our hospital. Therefore, we could not include these data in our study.
Some researchers might question our choice of implants; however, the patients’ economic conditions were considered as well. The treatments used in this study, listed from the most to least expensive, were KP with SpineJack, KP with an IVEP, KP with vesselplasty, balloon KP, and VP. In clinical practice, we emphasized self-decision-making. Thus, we allowed patients to choose among these treatment methods. In addition, SpineJack implants had not been introduced to our hospital until 5 years prior to this report; therefore, all SpineJack data were collected within 5 years. Moreover, we experienced a tragic episode from cement leakage during vesselplasty; since then, we have not had the confidence to perform this procedure again[4]. For this reason, there was no bias of treatment choice based on disease severity; this was a fully randomized retrospective observational study.
We enrolled 354 patients, including 107 men and 247 women, in our study. Some researchers might doubt about the effect of sex. Actually, as we mentioned previously, we provided all treatment choices to patients. Female gender was also one of the risk factors for VCF[37]. Population studies have shown that the annual incidence of VCFs is 10.7 per 1000 women and 5.7 per 1000 men[38]. Dr. Lin surveyed the VCF in another study with 600 patients, which enrolled 186 men and 404 women[39]. The ratio of men and women was similar to that in our study, including each treatment subgroup. There was no existing gender selection bias in our study. Besides, according to the previous study, no significant difference was observed in the pain outcomes of cement augmentation among male and female patients[3].
Despite enrolling 354 patients in our study, which is a relatively large patient sample size for a single-doctor series observational study, our sample size was insufficient to demonstrate the safety of each intervention. We restricted the study to a single surgeon to minimize inter-operator variability. The safety and effectiveness of surgery depend on the surgeon’s technique; nevertheless, although we collected the data from a single surgeon over 10 years, the sample size remained insufficient. Thus, given the small sample size, the result for the least amount of cement leakage remains inconclusive. In further studies, we will enroll more patients to evaluate cement leakage rates in KP more accurately with SpineJack, vesselplasty, and an IVEP. Besides, larger sample size will also allow us to discuss more factors and postoperative outcomes. 

CONCLUSION
In summary, our results suggest that VP or KP provides excellent treatment for VCF, with no difference in terms of pain relief. KP with SpineJack has the lower risk of cement extravasation and results in greater vertebral body height restoration, kyphotic reduction, and safety than the other procedures, whereas VP demonstrates the highest occurrence of adjacent compression fractures. Given the small sample size, the lowest results for cement leakage rate are not conclusive; nevertheless, we recommend that KP with SpineJack, vesselplasty, and an IVEP are safe, minimally invasive procedures. Our study will serve as a reference to surgeons when choosing a safe and effective procedure for treating VCFs.

ARTICLE HIGHLIGHTS
Research background
[bookmark: OLE_LINK18]Cement augmentation is an effective surgical treatment for osteoporotic compression fractures. There are several cement augmentation types. However, no studies have compared the safety and efficacy of different cement augmentation types for the treatment of compression fractures.

Research motivation
[bookmark: OLE_LINK19]We performed this study to understand the efficacy of different cement augmentation methods on osteoporotic compression fractures. 

Research objectives
[bookmark: OLE_LINK20]The purpose of this study was to investigate the visual analog scale scores for pain, kyphotic angle, average body height, rate of cement leakage, and occurrence of adjacent vertebral compression fractures for each different cement augmentation type.

Research methods
[bookmark: OLE_LINK21]We retrospectively analyzed 354 patients with acute vertebral compression fractures. Visual analog scale scores for pain, kyphotic angle, average body height, rate of cement leakage, and occurrence of adjacent vertebral compression fractures were followed for 1 year and compared among different cement augmentation types. 

Research results
[bookmark: OLE_LINK22]In these 354 patients, all cement augmentation types showed significant improvement on pain scores, and no significant difference was noted between the groups (P = 0.325). Kyphoplasty with SpineJack performed best with regard to kyphotic angle reduction (P = 0.028) and vertebral body height restoration (P = 0.02). The rate of adjacent compression fractures was highest in the vertebroplasty group, with a statistically significant difference according to the Fisher’s exact probability test (P = 0.02). Although kyphoplasty with SpineJack, kyphoplasty with an intravertebral expandable pillar (IVEP), and vesselplasty resulted in lower rates of cement leakage than balloon kyphoplasty and vertebroplasty, the results might not be conclusive due to the small sample size. 

Research conclusions
[bookmark: OLE_LINK23]Kyphoplasty with SpineJack has good outcomes in sagittal alignment correction. Vertebroplasty has the highest cement leakage rate and adjacent compression fracture occurrence.

Research perspectives
[bookmark: OLE_LINK24]In follow-up studies, more patients will be enrolled to validate and evaluate cement leakage rates in balloon kyphoplasty more accurately with SpineJack, vesselplasty, and an IVEP, and discuss more factors and postoperative outcomes.
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Figure Legends
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[bookmark: OLE_LINK31]Figure 1 Ratio of the preoperative visual analog scale score/postoperative visual analog scale score. There was no significant different between any of the surgical treatments 1 year postoperatively. VAS: Visual analog scale; VP: Vertebroplasty; KP: Kyphoplasty; IVEP: Intravertebral expandable pillar; SJ: SpineJack; pre-op: Preoperatively; post-op: Postoperatively.

[image: ]
Figure 2 Ratio of 1-year postoperative average body height/preoperative average body height. The vertebroplasty group had the worst performance in terms of average body height. aP < 0.05. AVBH: Average body height; VP: Vertebroplasty; KP: Kyphoplasty; IVEP: Intravertebral expandable pillar; SJ: SpineJack; post-op: Postoperatively.
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Figure 3 Ratio of the 1-year postoperative kyphotic angle/preoperative kyphotic angle. The vertebroplasty group had the worst performance in terms of kyphotic angle correction. aP < 0.05. KA: Kyphotic angle; VP: Vertebroplasty; KP: Kyphoplasty; IVEP: Intravertebral expandable pillar; SJ: SpineJack.
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Figure 4 Rate of adjacent vertebral fractures. The highest rate of adjacent vertebral fracture occurred in the vertebroplasty group, with a rate as high as 17%. VP: Vertebroplasty; KP: Kyphoplasty; IVEP: Intravertebral expandable pillar; SJ: SpineJack.

Table 1 Patient data and cement volume for each different surgical intervention
	
	No. of patients
	Age (yr)
	Sex (M/F)
	Volume of cement

	VP
	88
	74.3 ± 6.4 (50-86)
	20/68
	3.2 (1.0-7.0)

	KP with a balloon
	124
	72.3 ± 7.6 (50-85)
	45/79
	5.5 ± 0.6

	KP with an IVEP
	46
	72.7 ± 6.4 (50-90)
	13/33
	–

	KP with vesselplasty
	36
	77.9 ± 9.5 (65-89)
	11/25
	5.7 ± 2.0

	KP with SJ
	60
	65.9 ± 1.9 (45-87)
	18/42
	4.8 ± 0.4


[bookmark: _Hlk60238605]VP: Vertebroplasty; KP: Kyphoplasty; IVEP: Intravertebral expandable pillar; SJ: SpineJack; M: Male; F: Female.
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