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Abstract 
AIM
To determine the incidence and risk factors for mechanical complications (MC) after surgical correction of adult spinal deformity (ASD) with osteotomy.

METHODS
A retrospective study was performed. Inclusion criteria: Surgical correction of ASD using osteotomy; male or female; > 20 years old; follow-up ≥ 24 mo or revision. The MC of spine and spinal instrumentation were studied separately. Risk analysis included assessment of the association between more than 50 different characteristics (demographic, clinical, radiographic, and instrumentation) with different types of MC. 

RESULTS
The medical records of 94 operations in 88 subjects were analyzed: Female (68%), mean age 58.6 (SD, 12.7) years. Cumulative incidence of MC at 2 year follow-up was 43.6%. Of these, 78% required revision (P < 0.001). The following characteristics had significant (P ≤ 0.05) association with MC: (1) preoperative: osteoporosis, smoking, previous spinal operation, sagittal vertical axis (SVA) > 100 mm, lumbar lordosis (LL) < 34o; (2) postoperative: SVA > 75 mm; operative correction: SVA > 75 mm, LL > 30o, thoracic kyphosis > 25o, and pelvic tilt > 9o; a fall; pseudarthrosis; and (3) device and surgical technique: use of previously implanted instrumentation; use of domino and/or parallel connectors; type of osteotomy (PSO vs SPO) if preoperative SVA < 100 mm; lumbar osteotomy location; in-situ rod contouring > 60o; and fixation to sacrum/pelvis.

CONCLUSION
Risk of MC after surgical correction of ASD is substantial. To decrease this risk over- and/or insufficient correction of the sagittal imbalance should be avoided. 
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Core tip: The main study goal was evaluation of incidence and risk factors for different mechanical complications (MC) after surgical correction of adult spine deformity with osteotomy. Around half of patients experienced complications during two postoperative years; 78% of these cases required additional surgery. MC of spine occurred earlier and more often required revision than the MC of spinal instrumentation. The main risk factors for MC included severe preoperative sagittal imbalance, inadequate correction of the spinopelvic alignment, preoperative comorbidities (osteoporosis), postoperative events (falls), and features of the spinal instrumentation. 
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INTRODUCTION 
Surgical correction of adult spinal deformity (ASD) often requires one or more osteotomies such as a Smith-Petersen (SPO) and/or pedicle subtraction (PSO); SPO involves resection of the posterior column of the spine while PSO utilizes a resection of a triangular wedge through the pedicle and vertebral body[1,2]. In general a PSO can achieve significantly greater correction than a single SPO, and has been utilized for spinal deformities with severe sagittal imbalance, with relatively good clinical outcomes[3-10]. However, this method increases the risk of postoperative complications, which may result in revision surgeries[8-14]. The reported cumulative rate of revisions after surgical correction of ASD ranged from 28% at 24 mo follow-up[15] to 48% at 49 mo follow-up[11], with an increased cost in treatment. It was noted that the majourity of these reoperations were related to mechanical complications (MC)[11,16]. Currently, there is no generally accepted definition of MC in spinal surgery. These have been described as failure of the fusion, spine or instrumentation. Therefore, the reported incidence of MC after surgical treatment in ASD is heterogeneous, and varies from 3.7% to 37%[10-12,17-24]. Published data concerning risk factors for MC in ASD corrected with an osteotomy are fragmented and suffer from several limitations. In particular, it was found that rate of postoperative symptomatic pseudarthrosis identified at 2-5 years after PSO was 10.5%. Patients with pseudarthrosis had signifficantly higher rates of previous fusion surgeries with pseudarthrosis, previous lumbar decompression, preoprative radiation of the spine/sacrum, and a preoperative history of infalmmatory arthropaties/neurological disorders[25]. However, the level of correspoding risk was not evaluated. It was also noted that insufficient correction of spinal sagittal alignment with a PSO may be linked to pseudarthrosis and proximal junctional failure (PJF)[26]. However, the level of correction was defined by an integral index, making interpretation of the results difficult, and risk analysis was not performed. The reported incidence of symptomatic rod fracture (RF) after surgical correction of ASD with any osteotomy is cosistent: 5.3%[27], and 6.8%[14]; after a PSO it was higher: 15.8%[14] and 16.2%[27]. The following risk factors of RF were revealed (P ≤ 0.05): fusion construct crossing the thoracolumbar and lumbosacral junctions (OR = 9.1); maximum sagittal rod contour ≥ 60o (OR = 10.0); application of dominos and/or parallel connectors in the instrumentation constract (OR = 10.0); pseudarthrosis diagnosed at ≥ 1 year follow-up (OR = 28.9); and fixation to pelvis[27]. However, only a limited number of RF cases were included, which could cause an underestimation of the risks assosiated with other factors. 
While the literature lacks clear evidence about the risk factors for MC after osteotomies, we expanded our literature search to MC after surgery for ASD (non-specific to osteotomy). This yielded several factors significantly (P ≤ 0.05) associated with MC. In particular: The number of instrumented segments; fusion to the sacrum; and high preoperative pelvic tilt (PT), > 26o.[11] This was limited as MC were not specified, and were combined with neurological complications. In another study, MC after spinal fusion in ASD were classified as: (1) proximal junctional complications including fracture of upper instrumented vertebra (UIV) and/or one level above (UIV + 1); and postoperative pseudarthrosis[16]. In this study the following risk factors were revealed: ≥ 3 comorbidities, hazard ratio (HR) = 3.2; smoking, HR = 3.3; and preoperative sagittal imbalance with sagittal vertical axis (SVA) > 95 mm, HR = 2.7[16]. When compiling the data from multiple studies, the following preoperative spinopelvic measurements were identified as risk factors for PJF: SVA > 50 mm, OR = 2.5[28]; thoracic kyphosis (TK) > 30o, HR = 3.2[29-31]; and pelvic incidence (PI) > 55o[29,31]. Risk factors for PJF were also associated with postoperative overcorrection of the spinopelvic alignment, including: Postoperative SVA change[32], in particular, postoperative SVA < 50 mm[33]; change of TK > 10o[34], or > 30o, OR = 2.5[28]; and change of lumbar lordosis (LL) > 30o, OR = 4.8[28], HR = 2.4[31]. Risk factors for PJF associated with instrumentation and surgical technique included: Posterior spinal fusion[32], and fixation to the sacrum or pelvis, OR = 2.2[28,32,33]. Finally, risk of PJF was linked to the following demographic data: Male[8]; age > 55[35-37]; osteoporosis[32]; and increased body mass index (BMI)[35,36]. However, in some of the studies referenced above, the level of risk was not assessed properly. It is unclear how the revealed risk factors can be modified by the implementation of an osteotomy; whether there is a synergistic effect of different risk factors? If normal postoperative SVA < 50 mm is associated with risk of MC[28], what postoperative SVA or combination of factors is associated with less risk? The predictive value of the revealed risk factors was not defined. 
The purpose of this study was to evaluate the most clinically relevant MC seen after surgical correction of ASD with corrective osteotomies, taking into account the incidence, period of occurrence, association with additional surgeries, and assessment of risk factors associated with the MC and their predictive value.

MATERIALS AND METHODS
After institutional review board approval (COMIRB #14-1258), medical records and radiographic images were retrospectively identified in patients with ASD undergoing surgical correction with an instrumented spinal fusion including one or more osteotomies of the thoracic and/or lumbar spine. These operations were performed between 2007 and 2014 by 4 surgeons at a single institution. Inclusion criteria were used: (1) demographics: Age > 20 years; gender, male and female; (2) diagnosis of ASD from any of the following etiologies: fixed sagittal imbalance, idiopathic or degenerative scoliosis, kyphosis or kyphoscoliosis, posttraumatic kyphosis, idiopathic or postoperative flat back syndrome, and ankylosing spondyloarthropathies; and (3) operation consisting of ≥ 2 spinal posterior instrumented fusion levels (with or without interbody fusion) of the lumbar, or thoracic spine and having an osteotomy (PSO and/or SPO). All patients had to have follow-up not less than 2 years or undergone revision/reoperation prior to 2 year follow-up. Exclusion criteria consisted of: Malignancy, infection, congenital diseases, acute trauma, or latest follow-up < 2 year (unless revision surgery was performed at any postoperative time-point). If a patient had multiple SPOs during one operation, it was analyzed as one SPO procedure. If an operation included both SPOs and PSO, it was analyzed as one PSO procedure. The final decisions regarding inclusion/exclusion for each case was made by the project principal investigator (EB).
The following MC were taken into consideration: (1) MC of the spine: Vertebral fracture (VF): single or multiple fractures of the vertebral body, vertebral endplate, and/or pedicle at any level(s) of the spine; PJF: fracture and/or severe spondylolisthesis of the UIV and/or adjacent vertebra (UIV+1) (Figure 1); Distal segment degeneration/failure (DSF): Vertebral fracture and/or significant spondylolisthesis, collapse of the intervertebral disc(s) with or without herniation, stenosis with neurologic claudication at the lowest instrumented fused level (LIV) or caudally (Figure 2); and (2)  MC of instrumentation: Screw loosening (SL): Failure of the bone-screw interface, including screw pull-out from the pedicle, sacrum, or ilium  (Figure 3); RF: Fracture of one or both rods (Figure 4); Iliac bolt connector failure (IBCF): loosening or fracture; Disassociation of instrumentation (DI): Disconnection/loosening between any element(s) of the posterior fusion construct (Figure 5).
All types of MC were diagnosed radiographically and/or during revision surgery. The specific postoperative period when each MC was diagnosed was collected. The following characteristics were collected and assessed as potential risk factors: (1) Demographic: Age, gender, ethnicity, BMI, and smoking status at the time of the index operation; (2) Clinical: Primary diagnosis, indication for the index operation, osteoporosis, history of pseudarthrosis after previous operation (in cases of revision surgery); (3) Characteristics of the studied (index) operation: primary or revision, type of osteotomy (SPO/PSO), osteotomy location, number of posterior levels fused, transition segments of the spine crossed by posterior instrumentation, connection of new instrumentation to indwelling hardware, cement use, use of anterior supplemental fixation, fixation to the sacrum, fixation to the pelvis; (4) Characteristics of the instrumentation: type of screws (polyaxial/monoaxial), screw manufacturer, type of rods (precontoured by manufacturer/no), rod material, thickness and shape of rods, greatest angle of rod contouring, manufacturer of rods, method of the rod contouring, number of crosslinks, number of domino and/or parallel connectors, use of bone morphogenetic protein (BMP); (5) Radiographic characteristics of spinopelvic alignment in standard preoperative and postoperative (1st-4th week after operation) images: SVA, LL, TK, PT, pelvic incidence (PI), PI-LL mismatch with discrete and absolute differences between postoperative and preoperative values of each spinopelvic parameter; and (6) Postoperative events: fall after operation, but before diagnosis of MC, and postoperative pseudarthrosis (nonunion at the fused site(s) confirmed radiographically (plane radiography or computed tomography) or during revision at more than 1 year follow-ups) Osteoporosis/osteopenia information was obtained from the patients’ medical records by analyzing the results of dual energy X-ray absorptiometry or ultrasound evaluation. 
Clinical and demographic data were extracted from the medical records by an experienced researcher (CB) under control of the project PI (EB). Spinopelvic parameters were defined by retrospective analysis of radiographic images using Surgimap surgical planning software (Nemaris Inc, New York, NY) by a trained researcher (CB). Ten percent of the performed measurements were additionally evaluated by the PI (EB) to assess correspondence. Correspondence between these two measurements was assessed by the Kappa test[38]. Measurements were regarded identical, if deviation between them did not exceed 10% of the smaller value. The studied spinopelvic parameters were defined using currently accepted standards of measurement as outlined in previous studies[39,40]. If the quality of a radiographic image did not allow accurate assessment of a studied index, this index was excluded from analysis. Decisions concerning the exclusion were made by the project PI (EB) after discussion with Musculoskeletal Radiologists. All these exclusions were then taken into consideration as a potential source of bias. 
The collected data were entered in to the electronic data base for further analysis. Data quality control was performed by 2 experts (EB and AN), and disagreements were resolved by discussion.

Statistical analysis
Following indices were applied to characterize the studied population: Quantitative characteristics were analyzed using number of observations, mean, standard deviation, median, minimum and maximum values[38]. Percentiles were applied for better description of distribution of spinopelvic characteristics before and after operation, and also difference between postoperative vs preoperative values (level of correction)[38,41]. Categorical characteristics were analyzed using percentage[38].
Cumulative number and incidence rate for each of MC for the studied postoperative period was calculated as a rate (0-1) or percentage with 95% confidence limits (95%Cl)[41]. To define the postoperative period with maximum likelihood of occurrence, distribution of latent periods (time between the index operation and diagnosis of MC) were analyzed using percentiles[41]. Risk of postoperative revision/reoperation associated with each type of MC was defined by OR with 95%Cl[41]. The P-value was defined by the 2-test[41]; if the number of studied events in any of the analyzed subgroups was small (≤ 5), the Fisher-exact test (F) was applied[41]. Analysis of risk factors associated with MC was performed in a few stages. Initially, there were revealed factors that have statistically significant (P ≤ 0.05) association with any type of MC. This analysis was performed using the logistic regression[38]. Then, quantitative characteristics that showed such association were categorized to define an exact range with the most significant risk of MC. The level of risk was assessed by OR (95%Cl), and P-value was defined by the 2 or the Fisher exact tests[41]. Categorical indices were analyzed to identify a category having the most significant association with the MC. The level of risk was also assessed by OR (95%Cl), and P-value by the 2 or the Fisher exact tests[41]. Grouping analysis was applied to reveal risk factors that are general for all or a few types of MC; in particular, those that are mainly associated with MC of the spine, and those that are mainly linked with MC of spinal instrumentation. Impact of confounders and combinations of different risk factors was defined by stratification, if it was applicable due to the number of cases[38]. Multiple regression analysis was applied to define prognostic capability of an integrative approach when a few risk factors having significant association with MC are taken into consideration. The JMP®7.0.1 (SAS Institute Inc., United States; www.jmp.com) statistical program was used for analysis. The next stage of analysis included assessment of predictive values for each revealed risk factor. The predictive values included sensitivity (Sn), specificity (Sp), positive (+PV) and negative (-PV) predictive values[38]. There was applied following definition for each predictive value taking into consideration context of this study: Sn is the probability of risk factor presence if the MC has been diagnosed during the studied follow-up period; Sp is the probability of risk factor absence if the MC has been not diagnosed during the studied follow-up period; +PV is the probability of diagnosed MC during the studied follow-up period if the risk factor is present; -PV is the probability of absence of diagnosed MC during the studied follow-up period if the risk factor is absent. The Bayesian method was used to generalize the obtained results with previous findings, if it was applicable due to the quality of the previously published data. The previously published data were used as prior odds combining of which with the result of current study provided posterior odds (PO) which combined effects of the previous and the current data[42,43]. If the PO was ≥ 5 or ≤ 0.2, it was considered as a sufficient level of evidence of the generalized effect[42,43]. The statistical analysis was performed by statistician experienced in analysis of biomedical data who is a coauthor this publication (AN).

RESULTS 
Initially, 118 patients who underwent 130 osteotomies were identified. Thirty patients and 36 corresponding operations were excluded due to < 2 year postoperative follow-up. Eighty-eight patients who had 94 operations were included; 6 of 88 patients had 2 operations, each was analyzed as a separate case. In total, 94 cases were analyzed. Mean follow-up was 30 mo.
The demographic characteristics of the included cases were: Female 68%, male 32%; mean age, 58.6 (SD, 12.7); mean BMI, 26.6 (SD, 5.6); smoking at the time of operation, 14.9%; ethnicity: Caucasians 87.2%, Hispanic 7.4, other 5.3% (Table 1).
The primary diagnosis included: Degenerative scoliosis and/or kyphosis, 23.5%; idiopathic scoliosis, 31.1%; combination of different etiologies of adult spine deformity, 45.4%. Concomitant osteoporosis or osteopenia: 30.3% (Table 1).
The characteristic of the studied (index) operations included: Primary, 21%; revision, 79%; number of levels fused: median 8, minimum 2 and maximum 17; type of osteotomy: SPO, 46%; PSO, 54%; osteotomy location: lumbar, 62%; thoracic, 21%, thoracolumbar junction, 14%, and sacrum, 3%; transitional segments crossed by instrumentation: cervicothoracic, 2%; thoracolumbar, 26%; lumbosacral, 14%; thoracolumbar and lumbosacral, 51%; fixation to sacrum, 40%; fixation to pelvis, 23%; use of anterior fusion, 38%; number of anterior levels fused: median, 2; minimum 2 and maximum 6; supplemental anterior fixation, 66%; cement use, 25%; BMP use, 52%; use of individually precontoured posterior rods, 34%; connecting of new instrumentation to previously implanted, 17%; use of domino and/or parallel connectors, 14% (Table 2).
The number of high quality images adequate for obtaining spinopelvic parameters was limited, but was enough to reach statistically significant results. Two independent evaluations of the studied radiographic indices showed good agreement by the Kappa test, 0.85 (SE, 0.09), P = 0.08. 
Preoperative and postoperative characteristics of sagittal spinopelvic alignment were highly heterogeneous having distribution close to the normal (bell shaped curve) (Table 3). In particular, preoperative SVA ranged from 0 to 203 mm; 70% of patients had anterior sagittal imbalance (SVA > 50 mm, Table 3). After operative treatment the mean SVA decreased from 73.9 mm to 41.7 mm (P < 0.001) with the percentage of patients with the sagittal imbalance decreasing to 35%. However, variability remained high with values ranging from -66 mm to 167 mm. The absolute difference between postoperative and preoperative values ranged from 0 to 182 mm (Table 3). 
Preoperative LL ranged from 4o to 99o with mean value 34.4o. After surgical treatment the mean value increased to 51.3o (P < 0.001), but variability remained high (Table 3). Absolute difference between postoperative and preoperative LL values varied from 1o to 50o (Table 3).
The mean preoperative TK was 39.4o, and extreme values ranged from -3o to109o. While the mean value did not change significantly after operative treatment (41.9o), the absolute difference between postoperative and preoperative values varied from 0o to 41o with the mean value 12o suggesting significant (P < 0.001) reciprocal postoperative change (Table 3). 
Preoperative PT ranged from 8o to 40o with a mean value of 27.8o. After surgery the mean decreased to 20.2 (P < 0.001), but variability remained high with extreme values from -4o to 51o. The absolute difference between postoperative and preoperative values ranged from 0o to 29o with a mean of 9.9o (Table 3).
Preoperative PI-LL ranged from -43o to 66o with the mean 20.9o. The mean decreased postoperatively to 3.8o (P < 0.001), but the range remained approximately the same. The absolute difference between postoperative and preoperative values ranged from 0o to 48o with the mean, 19.2o (Table 3).
A fall after surgery was observed in 15% (95%Cl: 11.3; 18.7) of cases. Postoperative pseudoarthrosis was revealed in 10.6% (95%Cl: 7.4; 13.6) of cases. One MC had 27.6% (95%Cl: 23.0; 32.2), and multiple MC (from 2 to 4) had 16% (95%Cl: 12.2; 19.8) of the patients. Additional postoperative treatment was required in 57.5% of cases, including 42.5% (95%Cl: 37.4; 47.6) requiring revision surgery, and 15% (95%Cl: 11.3; 18.7) conservative treatment in only (Table 4). 
The total incidence of cases with MC was 43.6% (95%Cl: 33.4; 53.8%). MC of the spine occurred in 25.5% (95%Cl: 16.5; 34.5); and MC of the instrumentation in 25.5% (95%Cl: 16.5; 34.5, Table 5). Cases with MC of the spine included: VF in 20.2% (95%Cl: 12.0; 28.4), PJF in 11.7% (95%Cl: 5.2; 18.2), and DSF in 6.4% (95.5Cl: 1.4; 11.4%, Table 5). Cases with MC of the instrumentation included: SL in 18.1% (95%Cl: 14.1; 22.1), fracture of the screw in 2.1% (95%Cl: 0; 4.9), RF in 7.4% (95%Cl: 4.7; 10.1), IBCF in 4.3% (95%Cl: 2.2; 6.5), and DI in 7.4% (95%Cl: 4.7; 10.1) (Figure 6 and Table 5). 
An association between MC and secondary surgical treatment was strong, OR = 20 (95%Cl: 6.9; 57.4, P < 0.001) with 78% of cases of MC (32 of 41) leading to revision surgery. This association was the most significant (P < 0.04) in cases with MC of the spine, in particular: VF, PJF and DSF. It was also significant in MC of the instrumentation such as: SL and DI (Table 5). 
Majority of MC (70%) were diagnosed during the 1st postoperative year (Figure 7). The shortest latent period had PJF, VF, SL (specifically screw fracture), and DI (≥ 70% of these cases was revealed during 1st year). Longer latent periods (> 1 year in majority of cases) were seen in MC such as DSF, SL, RF, IBCF (Figure 7). 
The following factors had significant association with MC (all types): Preoperative SVA > 110 mm, OR = 4.5 (95%Cl: 1.3; 15.4), P = 0.011; postoperative SVA > 74 mm, OR = 5.4 (95%Cl: 1.4; 21.1), P = 0.014; preoperative LL < 20o, OR = 5.5 (95%CL: 1.8; 16.9), P = 0.002; postoperative change of LL > 34o, OR = 4.7 (95%Cl: 1.2; 18.0), P = 0.028; postoperative change of PI-LL > 34o, OR = 6.4 (95%Cl: 1.2; 33.2), P = 0.033; type of osteotomy, SPO vs PSO, OR = 0.42 (95%Cl: 0.18; 1.0), P = 0.045; fixation to sacrum with or without fixation to pelvic after PSO if number of fused levels > 4, OR = 3.6 (95%Cl: 0.92; 13.9), P = 0.056; postoperative pseudarthrosis, OR = 14.6 (95%Cl: 1.8; 120.9), P = 0.002 (Table 6). However, in spite of statistical significance, prediction capacity of these factors was limited, in particular, majority of them had low Sn (< 40%) (Table 6). To take into consideration all factors listed above, an integral index was obtained by multiple regression analysis using equation (1) described below. With this equation risk of MC ranged from 0 to 1. Analysis showed that the index values ≥ 0.46 have the highest association with MC (OR = 31.7, 95%Cl: 6.7; 149.3, P < 0.0001, Table 6). Predictive capacity of this integral index was in general higher than that of single characteristics, but did not exceed moderate level: Sn, 79%; Sp, 89%; +PV, 86%, and –PV, 83%.
[image: ] (1)
Where: y is risk of MC ranged from 0 to 1; X1 is preoperative LL: < 20o match to 0.22, and ≥ 20o match to (-0.22); X2 is fall after surgery, but before MC: “yes”, match to 0.15, and “no”, match to (-0.15); X3 is fixation to sacrum or pelvic: “yes”, match to 0.07, and “no”, match to (-0.07); X4 is preoperative SVA: ≥ 110 mm match to 0.04, and < 110 mm match to (-0.04); X5 is postoperative SVA: ≥ 75 mm match to 0.14, and < 75 mm match to (-0.14); X6 is postoperative change of LL: ≥ 35o match to 0.07, and < 35o match to (-0.07); X7 is postoperative change of PI-LL: ≥ 35o match to 0.001, and < 35o match to (-0.001); X8 is type of osteotomy: PSO match to 0.05, and SPO match to (-0.05); and X9 is presence of postoperative pseudarthrosis: “yes”, match to 0.17, and “no” match to (-0.17).
Factors that have significant association with MC of the spine include: Postoperative SVA > 107 mm, OR = 11.3 (95%Cl: 1.1; 118.1), P = 0.043; type of osteotomy (SPO vs PSO), OR = 0.39 (95%Cl: 0.1; 1.1), P = 0.046; fall after surgery, OR = 5.3 (95%Cl: 1.6; 17.5), P = 0.006; postoperative change of TK > 25o in absolute values, OR = 4.8 (95%Cl: 1.1; 20.8), P = 0.041; postoperative change of PT ≥ 9o in absolute values, OR = 3.3 (95%Cl: 0.9; 11.1), P = 0.049; postoperative change of PI-LL ≥ 35o in absolute values, OR = 3.8 (95%Cl: 0.9; 15.6), P = 0.059. The integral characteristic ≥ 0.46 showed higher association, OR = 14.0 (95%Cl: 27; 73.6), P < 0.001 (Table 7). Nevertheless, all these indices had limited predictive values, in particular, low Sn and +PV (Table 7). Prognostic capability of the integrative characteristic was somewhat better, but +PV was only 50% (Table 7).
Factors having significant association with VF were: smoking, OR = 5.7 (95%Cl: 1.7; 19.1), P = 0.008; SPO vs PSO if osteotomy, OR = 0.25 (95%Cl: 0.1; 0.8), P = 0.02; and fall after operation, OR = 4.3 (95%Cl: 1.3; 14.5), P = 0.024 (Table 8). However, Sn and +PV of these variables was < 50% (Table 8). The integrative index had twice higher association, OR = 11.7 (96%Cl: 2.2; 61.5), P < 0.001, as well as general prognostic capacity, but +PV was approximately the same (Table 8). Those factors having significant association with PJF included: Smoking, OR = 4.2 (95%Cl: 1.0; 16.8), P = 0.05; SPO vs PSO of osteotomy, OR = 0.23 (95%Cl: 0.05; 1.1), P = 0.041; a fall after the operation, OR = 4.2 (95%Cl: 1.0; 16.8), P = 0.05; osteoporosis or osteopenia in cases treated with a PSO having > 5 fused levels, OR = 10.4 (95%C:0.8; 137.8), P = 0.039; reoperation vs primary operation, OR = 20.1 (95%Cl: 2.5; 163.6), P < 0.001 (Table 8). However, all these characteristics had low +PV (< 30%) (Table 8). The integrative index did not show significant association with PJF, P = 0.167 (Table 8).
Factors having significant association with DSF included: preoperative LL ≤ 20o, OR = 20.9 (95%Cl: 2.3; 190.6), P = 0.002; crossing the thoracolumbar junction, OR = 18.6 (95%Cl: 2.0; 164.9), P = 0.004; fixation to the sacrum or pelvis, OR = 0.08 (95%Cl: 0.01; 0.73), P = 0.001 (Table 8). However, +PV of these characteristics was low (< 25%) (Table 8). The integrative index did not show significant association with DSF, P = 0.167 (Table 8).
Factors having significant association with MC of instrumentation were: Preoperative SVA ≥ 100 mm, OR = 4.1 (95%Cl: 1.5; 11.3), P = 0.007; postoperative change of SVA > 76 mm in absolute value, OR = 4.4 (95%Cl: 1.1; 18.0), P = 0.041; postoperative SVA < 50 mm in cases with preoperative SVA > 110 mm, OR = 9.3 (95%Cl: 1.4; 63.2), P = 0.025; crossing the thoracolumbar and/or lumbosacral junction(s), OR = 6.5 (95%Cl:1.4; 30.2), P = 0.0.6; fixation to the sacrum and/or pelvis, OR = 4.0 (95%Cl: 1.2; 12.1), P = 0.025; maximum rod contouring angle ≥ 60o, OR = 4.4 (95%Cl: 1.2; 16.1), P = 0.025; the use of rods individually precontoured by the manufacturer, OR = 0.35 (95%Cl: 0.1;1.3), P = 0.05; use of more than 1 domino and/or parallel connectors, OR = 6.3 (95%Cl: 0.5; 72.6), P = 0.06; preoperative LL ranging from 48o to 60o, OR = 0.15 (95%Cl: 0.01; 1.3), P = 0.05; postoperative pseudarthrosis, OR = 9.2 (95%Cl: 2.1; 39.3), P = 0.002, and the integrative index ≥ 0.46, OR = 7.8 (95%Cl: 2.0; 29.9), P = 0.002 (Table 9). In spite of the revealed statistically significant association the predictive capacity of all these characteristics was limited, in particular, +PV did not exceed 70% (Table 9).
The factors having significant association with SL included: preoperative SVA > 100 mm, OR = 5.1 (95%Cl: 1.6; 15.4), P = 0.005; postoperative change of SVA in absolute value > 76 mm, OR = 5.4 (95%Cl: 1.3; 22.9), P = 0.026; postoperative SVA < 50 mm in cases with preoperative SVA > 110 mm, OR = 20.6 (95%Cl: 2.6; 163.8), P = 0.004; fixation to sacrum and/or pelvis, OR = 2.5 (95%Cl: 0.8; 8.3), P = 0.103; preoperative LL < 34o, OR = 3.4 (95%Cl: 1.0; 10.9), P = 0.034; postoperative pseudoarthrosis, OR = 9.9 (95%Cl: 2.4; 40.0), P = 0.001; rod fracture, OR = 15.6 (95%Cl: 2.7; 89.8), P = 0.001; and the integrative index ≥ 0.46, OR = 29.0 (95%Cl: 3.3; 251.9), P < 0.001 (Table 10). The predictive capability of all these characteristics was limited, +PV ≤ 71% (Table 10). 
The factors having significant association with RF were: preoperative SVA > 100 mm, OR = 9.6 (95%Cl: 1.7; 53.5), P = 0.008; postoperative change of SVA absolute value > 76 mm, OR = 11.3 (95%Cl: 2.0; 63.3), P = 0.007; postoperative SVA < 50 mm in cases with preoperative SVA > 110 mm, OR = 33.0 (95%Cl: 2.6; 424.1), P = 0.002; preoperative LL < 20o, OR = 4.9 (95%Cl: 1.0; 24.3), P = 0.05; postoperative change of absolute values in LL ≥ 30o, OR = 7.4 (94%Cl: 1.3; 41.5), P = 0.022; postoperative pseudoarthrosis, OR = 8.6 (95%Cl: 1.6; 46.2), P = 0.019; use of domino and/or parallel connectors, OR = 5.8 (95%Cl: 1.1; 29.6), P = 0.052; sagittal rod contouring angle > 56o, OR = 9.8 (95%Cl: 1.1; 85.2), P = 0.019; connecting to previously placed instrumentation, OR = 8.3 (95%Cl: 1.7; 41.9), P = 0.014; iliac bolt connector loose and/or fracture, OR = 17.0 (95%Cl: 1.9; 147.0), P = 0.026; the integrative index ≥ 0.46, OR = 6.9 (95%Cl: 0.7; 66.5), P = 0.027 (Table 10). The predictive value of these characteristics was limited, in particular, +PV ranged from 12% to 75% (Table 10).
The factors having significant association with IBCF included: preoperative SVA > 100 mm, OR = 24.0 (95%Cl: 1.6; 356), P = 0.02; and postoperative change in absolute value of SVA > 76 mm, OR = 7.4 (95%Cl: 0.7; 81.4) > 8, P = 0.029. The integrative index did not show significant association with this type of MC (Table 11). The predictive capability was limited, +PV of these characteristics did not exceed 60% (Table 11).
Finally, factors having significant association with DI were: SPO vs PSO, if osteotomy applied, OR = 0.15 (95%Cl: 0.02; 1.3), P = 0.050; osteotomy of the lumbar spine, OR = 7.4 (95%Cl: 0.7; 81.4), P = 0.029; and fixation to sacrum and/or pelvis, OR = 4.80.2, P = 0.04, the integrative index did not show significant association with this type of MC, Table 11. The predictive capability was limited; +PV of these characteristics was ≤ 40% (Table 11).

DISCUSSION 
To evaluate the postoperative MC and associated risk factors after surgical correction of ASD with an osteotomy, a case-series of 94 consecutive operations performed in 88 patients were studied. The incidence of postoperative return to the operating room after the index surgery was 42.5%. The cumulative incidence of MC was 43.6%. The incidence of MC of the spine and MC of instrumentation were approximately similar, 25%. Of those, 16% of cases had multiple MC. The most typical MC of the spine were VF (20.2%), PJF (11.7%), and less common DSF (6.4%) (Figure 6 and Table 5). The most typical MC of instrumentation was SL (18.1%), other MC of instrumentation had incidence ranging from 2% to 7.4% (Figure 6 and Table 5). 
Around 70% of all MC were diagnosed during the 1st postoperative year. The majority of MC with the shortest latent period were linked with failure of the spine (VF and PJF, where 70% of cases were revealed during 8 mo of follow-up) (Figure 7). Approximately the same latent period also showed higher rates of SL (specifically screw fracture) and DI (Figure 7). It is necessary to note that 2 cases of screw fracture observed in the current study were accompanied with fractures of the pedicle. The MC with a longer latent period (70% of cases were revealed at ≥ 19 mo of follow-up) tended to be linked with instrumentation failure. This included RF, and IBCF (Figure 7). As expected, DSF had a longer latent period closer to that of IBCF (Figure 7). 
The MC had significant association with postoperative return to the operating room (OR = 20.0). The strongest association showed MC of the spine, in particular: VF, PJF (OR ≥ 19.0), and DSF (OR = 7.6). Among MC of instrumentation, significant association with secondary surgical treatment showed cases of SL (OR = 4.2) and DI (OR = 9.4). It may be explained by the fact that MC of the spine occurred early, preceding solid fusion, and provoked the corresponding severe clinical symptoms. Some of the MC of instrumentation, in particular RF and IBCF occurred later. There were seen even after the development of solid intervertebral fusion. They were less likely to lead to spinal instability and clinical symptoms requiring surgical treatment.
The revealed characteristics that have significant association with increased risk of MC may be classified into subgroups. First, indices linked with severity of the preoperative sagittal imbalance including: SVA > 100o; and LL< 34o. Second, preoperative comorbidities such as: smoking, and osteoporosis/osteopenia (specifically, in cases after PSO with more than 5 levels fused). Third, postoperative events such as: a fall and pseudoarthrosis. The fourth subgroup reflects insufficient correction of the sagittal imbalance (postoperative SVA > 75 mm). The fifth group includes indices linked with over-correction of the sagittal imbalance and spinopelvic alignment or reciprocal changes including: postoperative SVA < 50 mm, if preoperative SVA ≥ 110 mm; postoperative changes in absolute values for SVA > 76 mm, TK > 25o, LL > 29o, PI-LL > 35o, and PT > 9o. Also, characteristics of the index operation and the surgical technique were associated with MC: revision surgery, type of osteotomy (PSO), lumbar location of the osteotomy, crossing transitional spinal segments (thoracolumbar, lumbosacral, and > 1 junction crossed). The seventh group included characteristics of the instrumentation and the fusion construct including: Sagittal rod contouring > 60o, fixation to the sacrum or pelvis (specifically after PSO with > 5 level fused), use of dominos and/or parallel connectors, and connecting to the previously implanted instrumentation. Finally, the other device failures, in particular, RF associated with SL. 
Off note, some factors had significant association with low risk of MC or had multiple effects. This was seen in particular with cases having preoperative LL ranging between 47o and 61o (showed lower risk of MC of instrumentation), fixation to the sacrum with or without fixation to pelvis increased risk of SL, but expected decreased risk of DSF, and use of rods individually precontoured by manufacturer decreased risk of MC of instrumentation. 
Unlike previous investigators we regarded postoperative pseudarthrosis as a risk factor rather than a MC. This showed that pseudarthrosis was significantly association with MC of instrumentation, in particular SL and RF. This association may reflect progression of postoperative instability, which increases strain at the fused spinal segments preventing ossification of the callus and contributing to the risk of instrumentation failure.
The main results of the current study correspond with previous findings. The results revealed the incidence of pseudarthrosis, revision/reoperation, and severe PJF values very close to those previously reported[11,16,25]. The postoperative period of occurrence for PJF and RF also corresponded with the previously published time-frames[27,44]. It was demonstrated by Charosky et al[11] (2012) that the use of a PSO is associated with higher risk of MC. This corresponds with the results of the current study. However, an additional analysis has shown that a PSO (as expected) is more often applied in cases with severe preoperative sagittal imbalance (SVA ≥ 100 mm). This high starting SVA is also a risk factor of MC, making the argument somewhat circular. Stratification demonstrated that in cases with a preoperative SVA < 100 mm, a PSO showed higher risk of MC than SPO (OR = 2.3; P = 0.1), while in the cases with the SVA ≥ 100 mm this difference was absent (OR = 0.95; P = 0.96). It suggests that SPO has benefit only in cases with small or moderate sagittal imbalance. While this seems intuitive, this finding requires further confirmation due to the relatively small number of cases in the studied subgroups after the stratification. The same authors, previously cited, suggested that fixation to sacrum is associated with a higher risk of MC (OR = 3.7)[11]. The results of current study confirm this finding with important details: fixation to sacrum with or without fixation to pelvis was associated with instrumentation failure (OR = 4.0, Table 9), in particular SL (OR = 2.5, Table 10). However, it simultaneously minimized risk of DSF as would be expected (OR = 0.08, Table 8). Inoue et al[16] (2015) showed that preoperative SVA > 95 mm is a risk factor of MC (HR = 2.6). Our results confirmed this finding with somewhat higher SVA threshold (SVA > 110 mm, OR = 4.5, Table 6). Combining of these findings by the Bayesian method suggested strong evidence (PO = 11.7) that severe preoperative anterior sagittal imbalance contributes to the risk of postoperative MC. Smoking was shown as a risk factor of MC (HR = 3.3)[16]. It was also confirmed by the present study, particularly for VF (OR = 5.7) and PJF (OR = 4.2), with a strong level of evidence by the Bayesian method (PO > 13.8). Smith et al[33] (2015) reported that postoperative SVA < 50 mm is a risk factor of PJF; however, adequate risk analysis and acceptable interpretation of this finding were not shown. The results of the current study have added details necessary for adequate interpretation of this finding. It was shown that the postoperative SVA < 50 mm can be associated with MC (SL), but specifically in patients with a preoperative SVA > 110 mm. This suggests significant correction, not SVA < 50 mm, is the more important factor to consider. Yagi et al[32] (2012) showed that progress of proximal junctional kyphosis is more significant in patients with osteoporosis. The results of present study confirmed the role of osteoporosis as a risk factor of PJF, specifically in cases after PSO and more than 5 levels fused. The obtained results regarding risk factors of RF are close to those previously published[27]. However, a few additional factors were revealed which are linked with severity of the preoperative sagittal imbalance and level of correction (Table 10). A relatively high incidence of SL appears contradictory to the experimental data, which showed that force around 1300N is necessary to cause pedicle screw failure. Supplemental hooks have not been shown to change this force[45]. Forces in the fusion construct are considerably less, but they act constantly during a long period of time which can cause permanent strain (micromotion). This strain may stimulate bone remodeling, decreasing contact surface between screws and the bone[46,47]. Finally, it may result in screw pullout (Figure 8). This process may take anywhere from 1 to several months. 
In the current study we did not reveal a significant association between MC and such demographic characteristics as age, gender and BMI unlike some previous studies[8,35-37]. It may be explained by more severe preoperative sagittal imbalance in the cases that were included in the present study. This suggests the impact of factors other than demographic data prevailed in the studied case series. Devices and techniques for preoperative planning of correction were recently introduced at our institution[48]. These utilize patient specific rods precontoured by the manufacturer according to a preoperative surgical plan. The present study has shown that the use of this approach decreases the risk of the instrumentation failure (Table 9). 
Analysis of the risk factors as presented above allows assumption that permanent mechanical stress in the spine and in the implanted devices, as a result of spinal correction, is the main risk of MC. The mechanical strength of bone and ligaments is less than that of the instrumentation; therefore MC of the spine occurred earlier than MC of instrumentation. Other factors such as surgical technique, type of instrumentation, and preoperative health status of patient may significantly modify the effect of this constant stress. This statement corresponds well with the previous experimental data suggesting that stiff instrumentation, which provides stability, simultaneously increases strain in the construct through a physiologic range of motion[49]. There are therefore two main sources of the postoperative mechanical stress. First is proportional to the preoperative spinal deformity, sagittal imbalance, abnormality of the spinopelvic alignment, and the level of correction; second is caused by the patient’s postoperative posture and motion. The first maybe increased by over-correction and the second may be worsened by insufficient correction. The combination of these 2 main effects causes somewhat contradictory results. An optimal balance between these two mechanical stresses is important to minimize the risk of the postoperative MC.
The results of the current and previous studies provide guidelines that may decrease the risk of postoperative MC. First, the absolute difference between postoperative and preoperative spinopelvic parameters should not exceed SVA > 75 mm, LL > 30o, TK > 25o, PI-LL > 30o, and PT > 9o. Second, postoperative anterior sagittal imbalance should not exceed 75 mm, and in patients with preoperative SVA > 110 mm, a postoperative SVA from 50 mm to 75 mm may be regarded as an acceptable. Third, in situ contouring of rods > 60o and repetitive contouring should be avoided. Fourth, the use of dominos and/or parallel connectors should be avoided or minimized. Fifth, the combination of pedicle screws with hooks may be appropriate in cases with preoperative SVA > 100 mm, having concomitant osteoporosis, and requiring significant correction with long posterior instrumented fusion (> 5 levels) and an osteotomy. Sixth, in cases with preoperative SVA < 100 mm, SPO is preferred to a PSO, if there is no specific indication for a PSO (such as ankylosing spondylitis) and adequate correction may be obtained. Finally, the use of preoperative planning with precontoured rods decreases the risk of instrumentation failure. The protective effect of this method may be enhanced by the application of optimal spinopelvic parameters, which provide criteria correction[50]. 
This study had several limitations, including the retrospective design with an inherent risk of selection bias and the incomplete/limited quality of the radiographic data, which may cause underestimation of significance for several of the studied risk factors. In particular, the role of sacral slope and pelvic incidence was not evaluated in the current study. The causes of the postoperative falls were not studied, and it is still unclear whether it was consequences of vestibular, vascular, mental or other diseases. The revealed risk factors, in spite of high statistical significance, had limited predictive capability, in particular, low positive predictive value. There may other risk factors that were not taken into consideration in the current study. However, in spite of these limitations, the combination of obtained results with the previously published findings confirms the consistency of the revealed effects. Therefore, the presented results should be viewed as a grounded, preliminary basis for further research with higher levels of evidence. 
Incidence of MC after surgical correction of ADS is relatively high, and often requires additional surgical treatment. To diminish the risk of MC, the correction of sagittal imbalance and spinopelvic alignment should be appropriate, over- and insufficient correction should be avoided. Treatment strategy, surgical technique, and instrumentation should be improved for cases with severe anterior sagittal imbalance, spine compromised by previous surgical interventions, and, specifically, with concomitant osteoporosis.

ARTICLE HIGHLIGHTS
Research background
It has been pointed out during last decades that mechanical complications (MC) after surgical correction of adult spine deformity (ASD) are most typical, and often require additional surgical treatment. However, these complications were not clearly defined. Their specific appearances, incidence, distribution by postoperative follow-ups, and risk factors were not studied well.

Research motivations
New knowledge concerning nature and causes of the MC would enable diminish their occurrence and improve postoperative clinical outcomes after surgical correction of ASD.

Research objectives
The main objectives of the study were identification of the most clinically relevant MC seen after surgical correction of ASD with corrective osteotomies, defining of their incidence, the most likelihood period of occurrence, association with additional surgeries; revealing of risk factors and assessment their predictive value. Achievement of these purposes would have enabled formulation of grounded recommendation to diminish risk of such complications and contribute to defining directions for further research in this field. 

Research methods
The retrospective clinical study was performed. Medical records, operation protocols, and radiographic images were studied in patients who underwent surgical correction of adult spine deformity with osteotomy. Preoperative, perioperative, and postoperative data were collected for 2 and more years of follow-up. Postoperative mechanical failures of spine and implanted instrumentation were studied in detail including: their features, latent periods, incidence, required additional treatment, and different risk factors such as: Demographic, preoperative and postoperative spinopelvic alignment, level of correction, spinal instrumentation, features of surgical intervention, etc.

Research results
It was shown that around half of patients experienced MC during two postoperative years; majority of these cases required additional surgery. MC of spine occurred earlier and more often required revision than breakage of the instrumentation. The main risk factors included severe preoperative sagittal imbalance, inadequate correction of the spinopelvic alignment, preoperative comorbidities (osteoporosis, smoking), postoperative events (falls), and features of the spinal instrumentation. There was developed method that enables recognition of patients with high risk of postoperative MC.

Research conclusions
The performed study is first that performed a clear classification of the clinically relevant MC after surgical correction of ASD with osteotomy. In particular, there were specified those complications that are linked with failure of spine, breakage of the instrumentation; and disassociation between different elements of the spinal fusion construct. First time, impact of more than 50 potential risk factors of the MC and their combinations was assessed. There were revealed risk factors and their combinations that had statistically significant association with one or a few MC. The predictive value of each of these risk factors for each type of MC was evaluated. The obtained results allowed development of a new method to recognize patients with high risk of postoperative MC; and provide newel grounded recommendations to diminish risk of such complications. Implication for clinical practice: implementation of these methods can contribute to improvement of treatment outcomes after surgical correction of ASD with osteotomy, and diminish treatment expenses. 

Research perspectives
The obtained results and recommendations require further confirmation by studies with higher level of evidence such as prospective cohort and randomized clinical trials. The predictive capability of the risk factors revealed in the current study showed underestimation of risk of MC after surgical correction of ASD. It suggests that other currently unknown risk factors likely also exist. Therefore, further researches are needed in this field to reveal these factors. 
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Figure 1 An example of radiographic findings of proximal junctional failure. Compression fracture of T11 proximal junctional failure (PJF) with screw pullout is shown by a black arrow. It was diagnosed at 1 mo follow-up after the surgical adult spine deformity correction using lumbar osteotomy and long thoracolumbar fusion surgery with fixation to sacrum. Before diagnosis of PJF, the patient experienced increased back pain limiting walking distance and increasing sagittal imbalance. The patient was revised with removal of the pedicle screws at T11 with extension of instrumentation to T9 two months after the index surgery. 
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Figure 2 An example of distal segment degeneration/ failure. This event was observed after surgical correction of adult spine deformity in a patient (67 years old male) with idiopathic kyphoscoliosis complicated by degenerative disc disease and lumbar stenosis. A: Severe preoperative spinal kyphosis; B: Postoperative correction by T3-L4 posterior instrumented fusion with L3/L4 decompression, transforaminal interbody fusion by cage placement (1), and multilevel (T5-T11) Smith-Petersen osteotomy; C: Distal segment degeneration/ failure at 35 mo follow-up with deformation and/or fracture of L3 (1) subsidence of the interbody cage (2), collapse of L4/L5 and L5/S1 intervertebral discs with L5/S1 spondylolisthesis (3), loss of sagittal balance, and progression of proximal junctional kyphosis. Interestingly, these changes were accompanied by significant increase of pelvic incidence (PI) from 27o to 68o due to simultaneous increase of pelvic tilt (PT) and sacral slope (SS) which suggested that position of sacrum relatively to pelvis changed after surgery. Likely, this is the result of displacement in the sacroiliac joints. This finding contravenes the concept concerning postoperative stability of PI.
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Figure 3 An example of radiographic findings of screw pullout/loosening. Screw pullout is shown by black arrows at L5 and S1 bilaterally identified at the 6 mo follow-up visit after surgical correction of adult spine deformity with osteotomy. Pseudarthrosis was diagnosed later at 12 mo post-operative. The patient experienced increasing low back pain and “popping” with movement. A revision operation was performed at 12 mo follow-up to revise the fusion and re-instrument, including placement of iliac bolts. 
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Figure 4 An example of radiographic findings of rod fracture. Bilateral L5-S1 rod fractures are shown by black arrow; they were diagnosed consequently at 12 and 20 mo follow-up after surgical correction of adult spine deformity, and accompanied with L5-S1 pseudo-arthrosis. The pseudo-arthrosis at L5-S1 was diagnosed simultaneously with the second rod fracture at 20 mo follow-up. The patient experienced increasing low back pain and sagittal imbalance. A revision operation was performed at 21 mo follow-up with revision of the fusion and an osteotomy to correct residual sagittal imbalance. 
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Figure 5 An example of radiographic findings of disassociation of instrumentation. Uncoupling of the rod from the iliac bolts disassociation of instrumentation (DI) is shown by black arrow; it was diagnosed at 4 mo follow-up after surgical correction of adult spine deformity. The patient experienced ongoing low back pain. A revision operation was performed with replacement of iliac screws and connectors. Intraoperatively, it was noted that the right pelvic screw cap had disengaged. 
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Figure 6 Cumulative incidence rates of different mechanical complications after surgical correction of adult spine deformity with osteotomy at long term postoperative follow-up; the error bars show 95%CI. 
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Figure 7 Distribution of different types of mechanical complications after surgical correction of adult spine deformity with osteotomy by different periods of long-term postoperative follow-up; the error bars show 95%CI.
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Figure 8 Failure of the bone-screw interface. This effect was observed in a 75-year-old male after surgical correction of adult spine deformity with T12-L2 instrumented fusion, L1/L2 Smith-Petersen osteotomy, and transforaminal interbody fusion. A: Postoperative pedicle screws placed at T12 with good contact between the screws and the bone (absence of noticeable radiolucency around the screws); B: Loosening of the screws with loss of boney fixation that was revealed at 6 mo follow-up. This effect is viewed as radiolucency around the screw (1). This may be due to bone resorption, starting the process of screw pullout at 6-mo follow-up. 


Table 1 Main demographic and clinical characteristics of the studied case series (patients who underwent surgical correction of adult spine deformity with osteotomy, n = 94)
	#
	Demographic characteristic
	Subgroup 
(if applicable)
	Measure units
	Statistical
characteristics
	Value

	1
	Age
	NA
	Years
	N
	94

	
	
	
	
	Median
	59.5

	
	
	
	
	Mean 
	58.6 

	
	
	
	
	SD
	12.7

	
	
	
	
	Min.
	23

	
	
	
	
	Max.
	82

	2
	Gender
	Male
	Subjects
	Number (%)
	30 (32)

	
	
	Female
	
	Number (%)
	64 (68)

	3
	Body mass index 
	NA
	Conventional units
	Number
	79

	
	
	
	
	Median
	26.6

	
	
	
	
	Mean 
	27.2 

	
	
	
	
	SD
	5.6

	
	
	
	
	Min.
	16.2

	
	
	
	
	Max.
	43.5

	4
	Primary diagnosis 
	Degenerative scoliosis
	Subjects
	Number (%)
	9 (9.6)

	
	
	Idiopathic scoliosis 
	
	Number (%)
	29 (31.1)

	
	
	Degenerative kyphosis
	
	Number (%)
	13 (13.9)

	
	
	Mixed and other adult spine deformities
	
	Number (%)
	43 (45.4)

	5
	Smoking status
	Never
	Subjects
	Number (%)
	38 (40.4)

	
	
	Former
	
	Number (%)
	37 (39.4)

	
	
	Current
	
	Number (%)
	14 (14.9)

	
	
	Not specified
	
	Number (%)
	5 (5.3)

	6
	Ethnicity
	Caucasians 
	Subjects
	Number (%)
	82 (87.2)

	
	
	Hispanic
	
	Number (%)
	7 (7.4)

	
	
	Not specified
	
	Number (%)
	5 (5.3)

	7
	Osteoporotic status
	Osteoporosis or osteopenia
	Subjects
	Number (%)
	29 (30.3)


NA: Not applicable; SD: Standard deviation; Min.: Minimum value; Max.: Maximum value.

Table 2 Main characteristics of the index operation (surgical correction of adult spinal deformity with posterior instrumentation and osteotomy, n = 94)
	#
	Characteristics of operation
	Subgroup (if applicable)
	Measure units 
	Statistical
characteristic
	Value

	1
	Index operation
	Primary
	Subjects 
	Number (%)
	20 (21)

	
	
	Reoperation
	
	Number (%)
	74 (79)

	2
	Number of fused levels
	NA
	Number
	Median 
	8 

	
	
	
	
	Min; max
	2; 17

	3
	Type of osteotomy 
	PSO
	Subjects
	Number (%)
	51 (54)

	
	
	SPO 
	
	Number (%)
	43 (46)

	4
	Osteotomy location
	Lumbar
	Subjects
	Number (%)
	58 (62)

	
	
	Thoracic
	
	Number (%)
	20 (21)

	
	
	Thoracolumbar junction
	
	Number (%)
	13 (14)

	
	
	Sacrum
	
	Number (%)
	3 (3)

	5
	Inter-level junctions crossing by instrumentation
	Cervicothoracic
	Subjects
	Number (%)
	 2 (2)

	
	
	Thoracolumbar
	
	Number (%)
	24 (26)

	
	
	Lumbosacral
	
	Number (%)
	13 (14)

	
	
	Thoracolumbar and lumbosacral
	
	Number (%)
	48 (51)

	
	
	No
	
	Number (%)
	 7 (7)

	6
	Fixation to sacrum (not pelvis)
	NA
	Subjects
	Number (%)
	 38 (40)

	7
	Fixation to sacrum and/or pelvis 
	NA
	Subjects
	Number (%)
	59 (63)

	8
	Use of anterior fusion
	NA
	Subjects
	Number (%)
	36 (38)

	9
	Number of anterior levels fused
	NA
	Subjects
	Median
	2

	
	
	
	
	Min; max
	1; 6

	10
	Supplemental anterior support/fixation by implant or instrumentation
	NA
	Subjects
	Number (%)
	62 (66)

	11
	Use of cement
	NA
	Subjects
	Number (%)
	23 (25)

	12
	Use of bone morphogenetic protein 
	NA
	Subjects
	Number (%)
	49 (52)

	13
	Use of individually precontoured posterior rods 
	Precontoured
	Subjects
	Number (%)
	32 (34)

	
	
	In situ contouring
	Subjects
	Number (%)
	62 (66)

	14
	Connecting to previously implanted instrumentation
	NA
	Subjects
	Number (%)
	16 (17)

	15
	Use of Domino and/or parallel connectors
	2
	Subjects
	Number (%)
	2 (2)

	
	
	1
	
	Number (%)
	11 (12)

	
	
	0
	
	Number (%)
	81 (86)


NA: Not applicable; SD: Standard deviation; PSO: Pedicle subtraction osteotomy; SPO: Smith-Peterson osteotomy.

Table 3 Characteristics of sagittal spinopelvic alignment before and after index operation, and level of perioperative change
	#
	Spinopelvic characteristic, units
	Subgroup
	n
	Characteristics of distribution

	
	
	
	
	Percentiles
	Mean
	SD

	
	
	
	
	Min.
	10
	25
	50
	75
	90
	Max.
	
	

	1
	Sagittal vertical axis, mm
	Preop.
	94
	0
	15
	33
	74
	105
	128
	203
	73.9
	42.4

	
	
	Postop.
	61
	-66
	0.2
	14
	40
	60
	94
	167
	41.7
	38.4

	
	
	Postop.-Preop.
	61
	73
	34
	-5
	-30
	-59
	-96
	-182
	-33.1
	47.8

	
	
	Postop.-Preop. (abs)
	61
	0
	10
	20
	38
	60
	96
	182
	46.0
	35.7

	2
	Lumbar lordosis, L1-S1, degree
	Preop.
	77
	4
	8
	19
	36
	45
	56
	99
	34.4
	19.4

	
	
	Postop.
	90
	3
	32
	43
	52
	61
	71
	97
	51.3
	16.6

	
	
	Postop.-Preop.
	74
	-37
	-6
	4
	16
	30
	38
	50
	16.1
	17.4

	
	
	Postop.-Preop. (abs)
	74
	1
	3
	9
	17
	31
	37
	50
	19.7
	13.2

	3
	Thoracic kyphosis, T1-T12, degree
	Preop.
	64
	-3
	11
	23
	39
	54
	64
	109
	39.4
	21.9

	
	
	Postop.
	81
	9
	18
	32
	44
	51
	58
	75
	41.9
	14.7

	
	
	Postop.-Preop.
	62
	-41
	-19
	-10
	1
	13
	25
	34
	1.6
	15.9

	
	
	Postop.-Preop. (abs)
	62
	0
	1
	2
	12
	18
	29
	41
	12.0
	10.3

	4
	Pelvic tilt, degree
	Preop.
	68
	8
	13
	19
	27
	35
	43
	48
	27.8
	10.4

	
	
	Postop.
	78
	-4
	9
	13
	20
	27
	33
	51
	20.2
	9.7

	
	
	Postop.-Preop.
	61
	10
	5
	-2
	-8
	-15
	-19
	-29
	-7.9
	9.1

	
	
	Postop.-Preop. (abs)
	61
	0
	2
	5
	8
	15
	19
	29
	9.9
	6.7

	5
	Pelvic incidence – lumbar lordosis mismatch, degree
	Preop.
	68
	-43
	-10
	9
	23
	37
	47
	66
	20.9
	21.6

	
	
	Postop.
	78
	-41
	-17
	-7
	2
	13
	28
	41
	3.8
	15.6

	
	
	Postop.-Preop.
	61
	25
	4
	-2
	-18
	-31
	-37
	-48
	-16.2
	16.6

	
	
	Postop.-Preop. (abs)
	62
	0
	3
	9
	18
	31
	37
	48
	19.2
	13.2


n: Number of measured cases; SD: Standard deviation; SEM: Standard error of the mean; Postop.-preop.: Difference between postoperative and preoperative values; Postop.-preop.(abs): Difference between postoperative and preoperative characteristics in absolute value. 
Table 4 Undesirable postoperative events and additional treatment after surgical correction of adult spinal deformity with osteotomy (n = 94)
	#
	Index 
	Number of cases 
	Rate, % (95%Cl: min; max)

	1
	Fall after operation before mechanical complication(s)
	14
	15% (11.3; 18.7)

	2
	Postoperative pseudarthrosis 
	10
	10.6% (7.4; 13.6)

	3
	Cases with 1 mechanical complication
	26
	27.6% (23.0; 32.2)

	4
	Cases with a few (2-4) mechanical complications
	15
	16.0% (12.2; 19.8)

	5
	Additional surgical treatment
(revision/reoperation)
	40
	42.5% (37.4; 47.6)

	6
	Additional conservative treatment
	14
	15.0% (11.3; 18.7)





Table 5 Association of different types of mechanical complications with postoperative revision/reoperation after surgical correction of adult spinal deformity with osteotomy (n1 = 94)
	#
	Mechanical complication
	n1
	Association with revision/reoperation after index operation

	
	
	
	n2
	OR (95%Cl)
	P value

	1
	Total (failure of spine and/or instrumentation)
	41
	32
	20.0 (6.9; 57.4)
	< 0.0001

	2
	Failure of spine (total)
	24
	21
	18.8 (5.0; 70.3)
	< 0.0001

	3
	Vertebral fracture (total)
	19
	17
	19.2 (4.1; 90.1)
	< 0.0001

	4
	PJF
	11
	11
	> 19.0
	< 0.0001

	5
	DSF
	6
	5
	7.6 (0.8; 67.6)
	0.033

	6
	Instrumentation failure (total)
	24
	18
	6.6 (2.3; 18.8)
	0.001

	7
	Screw loose 
	17
	12
	4.2 (1.3;13.2)
	0.014

	8
	Screw fracture
	2
	2
	NA
	0.161

	9
	Rod fracture
	7
	4
	1.9 (0.4; 8.9)
	0.453

	10
	Iliac bolt connector (loose and/or fracture)
	4
	3
	5.7 (0.6; 53.4)
	0.308

	11
	Disconnection of instrumentation
	7
	6
	9.4 (1.1; 81.1)
	0.022


n1: Number of cases with exact type(s) of mechanical complication; n2: Number of cases required revision and/or reoperation after index operation; OR: Odds ratio; 95%Cl: 95% Confidence limits; PJF: Proximal junctional failure; DSF: Distal segment degeneration/failure; NA: Not applicable.


Table 6 Risk factors for mechanical complications (all types: Failure of spine and/or instrumentation) after surgical correction of adult spine deformity with osteotomy 
	Risk factor(s)
	OR (95%Cl: min; max)
	P value
	Predictive values

	
	
	
	Sn
	Sp
	+PV
	-PV

	Preoperative SVA > 110 mm
	4.5 (1.3; 15.4)
	0.011
	0.27
	0.92
	0.73
	0.62

	Postoperative SVA > 75 mm
	5.4 (1.4; 21.1)
	0.014
	0.24
	0.94
	0.77
	0.62

	Preoperative LL< 20o
	5.5 (1.8; 16.9)
	0.002
	0.37
	0.91
	0.75
	0.65

	Postoperative change of LL > 34o (absolute values) 
	4.7 (1.2; 18.0)
	0.028
	0.22
	0.94
	0.75
	0.61

	Postoperative change of PI-LL > 34o (absolute values)
	6.4 (1.2; 33.2)
	0.033
	0.29
	0.94
	0.80
	0.62

	Type of osteotomy SPO vs PSO
	0.42 (0.18; 1.0)
	0.045
	0.34
	0.45
	0.33
	0.47

	Fall after operation before mechanical complication
	6.1 (1.6; 23.7)
	0.007
	0.27
	0.94
	0.79
	0.63

	Fixation to sacrum or pelvic if number of fused levels > 4
	2.4 (0.9; 6.4)
	0.068
	0.74
	0.46
	0.53
	0.68

	Fixation to sacrum or pelvic if number of fused levels > 4 with PSO
	3.6 (0.92; 13.9)
	0.053
	0.78
	0.50
	0.67
	0.64

	Postoperative pseudarthrosis
	14.6 (1.8; 120.9)
	0.002
	0.22
	0.98
	0.90
	0.62

	Integral index based on parameters presented above by results of multiple regression modeling (1) ≥ 0.46 
	31.7 (6.7; 149.3)
	< 0.001
	0.79
	0.89
	0.86
	0.83


SVA: Sagittal vertical axis; n: Number of cases; LL: Lumbar lordosis; PI-LL: Pelvic incidence (PI) - LL mismatch; PSO: Pedicle subtraction osteotomy; SPO: Smith-Peterson osteotomy; OR: Odds ratio; 95%Cl: min; max: 95% confidence limits, maximum and minimum values; Sn: Sensitivity; Sp: Specificity; +PV: Positive predictive value; -PV: Negative predictive value.



Table 7 Risk factors for mechanical complications of spine (all types: Vertebral fracture, proximal junctional failure, and distal segment degeneration/failure) after surgical correction of adult spinal deformity with osteotomy
	Risk factor(s)
	OR
(95%Cl: min; max)
	P value
	Predictive values

	
	
	
	Sn
	Sp
	+PV
	-PV

	Postoperative SVA > 106 mm
	11.3 (1.1; 118.1)
	0.043
	0.20
	0.98
	0.75
	0.79

	Type of osteotomy: SPO vs PSO
	0.39 (0.1;1.1)
	0.046
	0.29
	0.49
	0.16
	0.67

	Fall after operation before mechanical complication
	5.3 (1.6; 17.5)
	0.006
	0.33
	0.91
	0.57
	0.80

	Postoperative change of TK > 25o (absolute values) 
	4.8 (1.1; 20.8)
	0.041
	0.31
	0.91
	0.56
	0.79

	Postoperative change of PT > 8o (absolute values)
	3.3 (0.9; 11.1)
	0.045
	0.69
	0.60
	0.38
	0.84

	Postoperative change of PI-LL > 34o (absolute values)
	3.8 (0.9; 15.6)
	0.065
	0.31
	0.89
	0.50
	0.79

	Integral index by multiple regression modeling (1) ≥ 0.46
	14 (2.7; 73.6)
	< 0.001
	0.85
	0.72
	0.50
	0.93


SVA: Sagittal vertical axis; TK: Thoracic kyphosis; PT: Pelvic tilt; PI-LL: Pelvic incidence (PI)-lumbar lordosis (LL) mismatch; PSO: Pedicle subtraction osteotomy; SPO: Smith-Peterson osteotomy; OR: Odds ratio; 95%Cl: min; max: 95% confidence limits, maximum and minimum values; Sn: Sensitivity; Sp: Specificity; +PV: Positive predictive value; -PV: Negative predictive value.



Table 8 Risk factors for different mechanical complications of spine after surgical correction of adult spinal deformity with osteotomy
	Mechanical complication of spine
	Risk factors
	OR
 (95%Cl: min; max)
	P value
	Predictive values

	
	
	
	
	Sn
	Sp
	+PV
	-PV

	Vertebral fracture
	Current smoking
	5.7 (1.7; 19.1)
	0.008
	0.37
	0.91
	0.50
	0.85

	
	Type of osteotomy: SPO vs PSO
	0.25 (0.1; 0.8)
	0.020
	0.21
	0.48
	0.09
	0.71

	
	Fall after operation before mechanical complication
	4.3 (1.3; 14.5)
	0.024
	0.32
	0.89
	0.43
	0.84

	
	Integral index by multiple regression modeling (1) ≥ 0.46
	11.7 (2.2;61.5)
	< 0.001
	0.83
	0.70
	0.45
	0.93

	Proximal junctional failure
	Current smoking
	4.2 (1.0; 016.8)
	0.055
	0.36
	0.88
	0.29
	0.91

	
	Osteoporosis/osteopenia
	3.19 (0.9; 11.3)
	0.075
	0.55
	0.72
	0.21
	0.92

	
	PSO and > 5 levels fused in osteoporosis/osteopenia 
	10.4 (0.8; 137.8)
	0.039
	1.0
	0.84
	0.29
	1.0

	
	Fall after operation before mechanical complication
	4.2 (1.0; 16.8)
	0.055
	0.36
	0.88
	0.29
	0.91

	
	Reoperation vs primary operation
	20.1 (2.5; 163.6)
	< 0.001
	0.92
	0.65
	0.28
	0.98

	
	Type of osteotomy: SPO vs PSO
	0.23 (0.05; 1.1)
	0.048
	0.18
	0.51
	0.05
	0.82

	
	Integral index by multiple regression modeling (1) ≥ 0.46
	4.6 (0.4; 47.3)
	0.167
	0.75
	0.60
	0.14
	0.97

	Distal segmental degeneration/ failure
	Preoperative LL ≤ 20o
	20.9 (2.3; 190.6)
	0.002
	0.83
	0.81
	0.23
	0.99

	
	Thoracolumbar crossing junction
	18.6 (2.0; 164.9)
	0.004
	0.83
	0.78
	0.21
	0.99

	
	Fixation to sacrum or pelvic
	0.08 (0.01; 0.73)
	0.001
	0.14
	0.33
	0.02
	0.83

	
	Integral index by multiple regression modeling (1) ≥ 0.46
	2.9 (0.1; 89.1)
	0.186
	0.67
	0.59
	0.05
	0.98


 PSO: Pedicle subtraction osteotomy; SPO: Smith-Peterson osteotomy; OR: Odds ratio; 95%Cl: min; max: 95% confidence limits with minimum and maximum values; Sn: Sensitivity; Sp: Specificity; +PV: Positive predictive value; -PV: Negative predictive value; LL: Lumbar lordosis.



Table 9 Risk factors for instrumentation failure (all types) after surgical correction of adult spinal deformity with osteotomy
	Factors
	OR
(95%Cl: min; max)
	P value
	Predictive values

	
	
	
	Sn
	Sp
	+PV
	-PV

	Preoperative SVA ≥ 100 mm
	4.1 (1.5; 11.3)
	0.007
	0.46
	0.83
	0.48
	0.82

	Postoperative change of SVA > 76 mm (absolute values)
	4.4 (1.1; 18.0)
	0.041
	0.32
	0.90
	0.60
	0.75

	Postoperative SVA < 50 mm, if preoperative SVA ≥ 110 mm
	9.3 (1.4; 63.2)
	0.025
	0.67
	0.82
	0.40
	0.93

	Preoperative LL 48o-60o
	0.15 (0.01; 1.3)
	0.043
	0.05
	0.76
	0.07
	0.67

	Thoracolumbar and/or lumbosacral crossing junction(s)
	6.5 (1.4; 30.2)
	0.006
	0.92
	0.37
	0.36
	0.92

	Fixation to sacrum and/or pelvic 
	4.0 (1.2; 12.8)
	0.026
	0.83
	0.44
	0.34
	0.89

	Maximum rod contouring angle > 60o
	4.4 (1.2; 16.1)
	0.025
	0.62
	0.73
	0.40
	0.87

	Precontoured posterior rods vs in situ contouring
	0.35 (0.1; 1.3)
	0.050
	0.38
	0.36
	0.16
	0.65

	Domino and/or parallel connectors number > 1
	6.3 (0.5; 72.6)
	0.063
	0.08
	0.99
	0.67
	0.76

	Postoperative pseudarthrosis
	9.2 (2.1; 39.3)
	0.002
	0.29
	0.96
	0.70
	0.80

	Integral index by multiple regression modeling (1) ≥ 0.46
	7.8 (2.0; 29.9)
	0.002
	0.75
	0.72
	0.55
	0.87


SVA: Sagittal vertical axis; LL: Lumbar lordosis; Sn: Sensitivity; Sp: Specificity; +PV: Positive predictive value; -PV: Negative predictive value.



Table 10 Risk factors for screw loosening and rod fracture after surgical correction of adult spinal deformity with osteotomy
	Instrumentation failure
	Risk factors
	OR (95%Cl: min; max)
	P value
	Predictive values

	
	
	
	
	Sn
	Sp
	+PV
	-PV

	Screw loosening
	Preoperative SVA ≥ 100 mm
	5.1 (1.6; 15.4)
	0.005
	0.53
	0.82
	0.39
	0.89

	
	Postoperative change of SVA > 76 mm (absolute values)
	5.4 (1.3; 22.9)
	0.026
	0.38
	0.90
	0.50
	0.84

	
	Postoperative SVA < 50 mm, if preoperative SVA ≥ 110 mm
	20.6 (2.6; 163.8)
	0.004
	0.67
	0.91
	0.57
	0.94

	
	Preoperative LL < 34o
	3.4 (1.0; 10.9)
	0.034
	0.69
	0.61
	0.31
	0.88

	
	Fixation to sacrum and/or pelvic 
	2.5 (0.8; 8.3)
	0.103
	0.78
	0.42
	0.24
	0.89

	
	Postoperative pseudarthrosis
	9.9 (2.4; 40.0)  
	0.001
	0.35
	0.95
	0.60
	0.87

	
	Rod fracture
	15.6 (2.7; 89.8)
	0.001
	0.29
	0.97
	0.71
	0.86

	
	Integral index by multiple regression modeling (1) ≥ 0.46
	29.0 (3.3;251.9)
	< 0.001
	0.92
	0.73
	0.50
	0.97

	Rod fracture
	Preoperative SVA ≥ 100 mm
	9.6 (1.7; 53.5)
	0.008
	0.71
	0.79
	0.22
	0.97

	
	Postoperative change of SVA > 76 mm (absolute values)
	11.3 (2.0; 63.3)
	0.007
	0.57
	0.89
	0.40
	0.94

	
	Postoperative SVA < 50 mm, if preoperative SVA ≥ 110 mm
	33.0 (2.6; 424.1)
	0.002
	0.50
	0.97
	0.75
	0.92

	
	Preoperative LL < 20o
	4.9 (1.0; 24.3)
	0.050
	0.57
	0.79
	0.21
	0.95

	
	Postoperative change of LL ≥ 30o 
	7.4 (1.3; 41.5)
	0.022
	0.71
	0.75
	0.23
	0.96

	
	Postoperative pseudarthrosis
	8.6 (1.6; 46.2)  
	0.019
	0.43
	0.92
	0.30
	0.95

	
	Domino and/or parallel connectors
	5.8 (1.1; 29.6)
	0.052
	0.43
	0.89
	0.23
	0.95

	
	Sagittal rod contouring angle > 56o
	9.8 (1.1; 85.2)
	0.019
	0.86
	0.62
	0.15
	0.98

	
	Number of crossing junctions > 1
	5.6 (0.7; 48.5)
	0.087
	0.86
	0.48
	0.12
	0.98

	
	Connecting to previously implanted instrumentation
	8.3 (1.7; 41.9)
	0.014
	0.57
	0.86
	0.25
	0.96

	
	Iliac bolt connector loose and/or fracture
	17 (1.9;147.0)
	0.026
	0.67
	0.89
	0.50
	0.94

	
	Integral index by multiple regression modeling (1) ≥ 0.46
	6.9 (0.7; 66.5)
	0.027
	0.80
	0.63
	0.18
	0.97


 SVA: Sagittal vertical axis; LL: Lumbar lordosis; Sn: Sensitivity; Sp: Specificity; +PV: Positive predictive value; -PV: Negative predictive value.



Table 11 Risk factors for iliac bolt connector loosening/fracture and disassociation of instrumentation after surgical correction of adult spinal deformity with osteotomy
	Instrumentation failure
	Risk factors
	OR 
(95%Cl: min; max)
	P value
	Predictive values

	
	
	
	
	Sn
	Sp
	+PV
	-PV

	Iliac bolt connector loosenin/fracture
	Preoperative SVA ≥ 100 mm
	24.0 (1.6; 356.0)
	0.021
	0.75
	0.89
	0.60
	0.94

	
	Postoperative change of SVA > 76 mm (absolute values)
	7.4 (0.7;81.4)
	0.029
	0.80
	0.65
	0.40
	0.92

	
	Integral index by multiple regression modeling (1) ≥ 0.46
	4.69 (0.4; 47.3)
	0.069
	0.75
	0.60
	0.14
	0.97

	Disassociation of instrumentation
	Type of osteotomy, SPO vs PSO
	0.15 (0.02; 1.3)
	0.050
	0.13
	0.51
	0.02
	0.86

	
	Lumbar osteotomy
	7.4 (0.7; 81.4)
	0.029
	0.80
	0.65
	0.40
	0.92

	
	Fixation to sacrum or pelvic
	4.8 (0.6; 40.8)
	0.039
	0.88
	0.41
	0.12
	0.97

	
	Integral index by multiple regression modeling (1) ≥ 0.46
	4.5 (0.4; 47.4)
	0.069
	0.75
	0.60
	0.14
	0.97


 SVA: Sagittal vertical axis; LL: Lumbar lordosis; SPO: Smith-Petersen osteotomy; PSO: Pedicle subtraction osteotomy; Sn: Sensitivity; Sp: Specificity; +PV: Positive predictive value; -PV: Negative predictive value.
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