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Purpose This in vitro biomechanical study compares residual lumbar range of motion (ROM) and rod strain after lumbopelvic instrumentation using 2 rods, 4 rods and interbody cages. Methods Seven human cadaveric specimens were instrumented from L1 to sacrum, and pelvic screws were implanted. The pelvis was constrained and moments up to 7.5 Nm were applied to T12. Segmental L1-S1 ROM was analyzed by tracking radiopaque balls implanted in each vertebra using biplanar radiographs. Deformation within principal rods was measured by strain gauges. Four configurations were compared: 2 rods (2R), 4 rods (4R), 4 rods + ALIF at L4-L5 and L5-S1 (4R + ALIF), 2 rods + ALIF (2R + ALIF). Results Intact average global L1-S1 ROM was 42.9° (27.9°-66.0°) in flexion-extension (FE), 35.2° (26.8°-51.8°) in lateral bending (LB), 18.6° (6.7°-47.8°) in axial rotation (AR). In FE, average ROM was 1.9° with both 4-rod configurations versus 2.5° with 2R and 2.8° with 2R + ALIF (p < 0.05). In LB, ROM ranged between 1.2° and 1.5° without significant differences. In AR, ROM was 2.5° with both 4-rod configurations versus 2.9° with 2R (p = 0.07) and 3.1° with 2R ALIF (p = 0.01). In FE, strain decreased by 64% and 65% in principal rods at L3-L4 with 4-rod. When comparing 2-rod configurations, strain decreased by 1% in flexion and increased by 22% in extension at L3-L4 when adding an ALIF at L4-L5 and L5-S1. Conclusions Double rods and interbody cages decrease residual ROM in FE and AT. Double rods seem efficient in limiting strain in principal rods. The use of single rods with cages at the lumbosacral junction increases strain at the first adjacent level without cage.

Introduction

Degenerative lumbar scoliosis and sagittal malalignment represent common spinal deformities in the aging population. Adult spinal deformity (ASD) associated with imbalance has an impact on health-related quality of life (QoL) [START_REF] Smith | Change in classification grade by the SRS-Schwab Adult Spinal Deformity Classification predicts impact on health-related quality of life measures: prospective analysis of operative and nonoperative treatment[END_REF][START_REF] Schwab | International Spine Study Group (ISSG) (2013) Radiographical spinopelvic parameters and disability in the setting of adult spinal deformity: a prospective multicenter analysis[END_REF]. Surgical treatment might be considered if conservative treatment remains inefficient on low back and leg pain, and in progressive trunk imbalance. Although surgical treatment of ASD improves QoL, the incidence of long-term mechanical complications is reported between 30 and 40% [START_REF] Kelly | Fate of the adult revision spinal deformity patient: a single institution experience[END_REF][START_REF] Zhu | Unanticipated revision surgery in adult spinal deformity: an experience with 815 cases at one institution[END_REF]. These rates increase if the spinal deformity and degenerative changes require instrumentation to the sacrum [START_REF] Charosky | Complications and risk factors of primary adult scoliosis surgery: a multicenter study of 306 patients[END_REF][START_REF] Blamoutier | Surgery of lumbar and thoracolumbar scolioses in adults over 50. Morbidity and survival in a multicenter retrospective cohort of 180 patients with a mean follow-up of 4.5 years[END_REF][START_REF] Riouallon | Risk of revision surgery for adult idiopathic scoliosis: a survival analysis of 517 cases over 25 years[END_REF]. Among failures related to long instrumentation including the lumbosacral junction, distal screw loosening represents a common problem. In vitro biomechanical tests have demonstrated that an additional pelvic fixation has the highest potential to protect the S1-anchorage [START_REF] Volkheimer | Is pelvic fixation the only option to provide additional stability to the sacral anchorage in long lumbar instrumentation? A comparative biomechanical study of new techniques[END_REF]. Nevertheless, the use of strong iliac seems to be associated with an increased rate of rod fractures [START_REF] Schwab | Risk factors for major peri-operative complications in adult spinal deformity surgery: a multi-center review of 953 consecutive patients[END_REF][START_REF] Yamato | Committee for Adult Deformity, Japanese Scoliosis Society (2017) A Japanese nationwide multicenter survey on perioperative complications of corrective fusion for elderly patients with adult spinal deformity[END_REF]. Implant failure like rod breakage often indicates the presence of pseudarthrosis, which can lead to revision surgery.

It appears that posterolateral fusion might not be sufficient when instrumenting the thoracolumbar spine including the sacrum and pelvis. A rigid pelvic fixation might lead to fatigue of lumbar instrumentation under cyclic loading (daily activities, walking and recurrent anterior malalignment) which increases the risk of pseudarthrosis and rod fracture. Therefore, an anterior column support and fusion using interbody cages might be recommended to avoid pseudarthrosis [START_REF] Vaz | Bone grafting options for lumbar spine surgery: a review examining clinical efficacy and complications[END_REF][START_REF] Mummaneni | Guideline update for the performance of fusion procedures for degenerative disease of the lumbar spine. Part 11: interbody techniques for lumbar fusion[END_REF][START_REF] Mobbs | Lumbar interbody fusion: techniques, indications and comparison of interbody fusion options including PLIF, TLIF, MI-TLIF, OLIF/ATP, LLIF and ALIF[END_REF]. First clinical studies suggest that multiple rod constructs could reduce the incidence of pseudarthrosis [START_REF] Hyun | Comparison of standard 2-rod constructs to multiple-rod constructs for fixation across 3-column spinal osteotomies[END_REF][START_REF] Merrill | Multirod constructs can prevent rod breakage and pseudarthrosis at the lumbosacral junction in adult spinal deformity[END_REF][START_REF] Daniels | International Spine Study Group (2018) Rod fracture after apparently solid radiographic fusion in adult spinal deformity patients[END_REF][START_REF] Guevara-Villazón | Multiple-rod constructs in adult spinal deformity surgery for pelvic-fixated long instrumentations: an integral matched cohort analysis[END_REF][START_REF] Gupta | A novel 4-rod technique offers potential to reduce rod breakage and pseudarthrosis in pedicle subtraction osteotomies for adult spinal deformity correction[END_REF]. Figure 1 illustrates a clinical case of degenerative lumbar scoliosis instrumented with a 4-rod construct and additional interbody cages.

The main hypothesis of this study is that the use of interbody cages and/or multiple rods could decrease residual minimal range of motion in the instrumented segment, which might lead to nonunion and implant failure on long term.

The purpose of this biomechanical study was to investigate residual mobilities within the entire lumbar spine and strain in the rods after lumbosacral and pelvic instrumentation using single rods, double rods and interbody cages.

Materials and methods

Specimens

Seven fresh-frozen human cadaveric T12-pelvis specimens were tested. Specimens without spinal pathologies that would influence biomechanical testing (osteoporosis, fractures, metastases, major decrease in intervertebral disk height or facet joint osteoarthritis) were selected by visual examination and computed tomography (CT). All donors were males, and their average age was 57.7 (42-63) years. The average bone mineral density was 104.2 mg/cm 3 .

The specimens were freshly dissected, sealed in double plastic bags, frozen and stored at -20 °C until testing. The specimens were thawed to 6 °C for 12-14 h before starting the preparation process. The experiment itself was performed at room temperature. Soft tissues were removed, leaving all ligaments, joint capsules, disks and bony structures intact.

After reconstruction of the specimen's geometry from three-dimensional (3D) CT images (Medical imaging interaction toolkit, MITK 2016.11, Heidelberg, Germany), specimen-specific custom-made molds were 3D-printed to constrain the T12 vertebral body and spinous process cranially and the ischium caudally. The bone-mold interface was additionally secured with small screws. Two-millimeter-diameter stainless steel balls were then implanted in the cortical bone from L1 to S1 after drilling a small pilot hole (one in each spinous process and four in each vertebral body). Six balls were implanted in the sacrum and three in each iliac wing. Figure 2 shows anterior-posterior and lateral radiographs (EOS™, EOS Imaging, Paris, France) that allowed calculating 3D positions of the balls using MATLAB software (MathWorks, Natick, MA, USA). The coordinate systems for each group of balls (RBi) were associated with the respective vertebrae [START_REF] Humbert | 3D reconstruction of the spine from biplanar X-rays using parametric models based on transversal and longitudinal inferences[END_REF], the sacrum and pelvis [START_REF] Mitton | 3D reconstruction of the pelvis from bi-planar radiography[END_REF][START_REF] Ghostine | Influence of patient axial malpositioning on the trueness and precision of pelvic parameters obtained from 3D reconstructions based on biplanar radiographs[END_REF][START_REF] Muth-Seng | Experimental analysis of the lower cervical spine in flexion with a focus on facet tracking[END_REF]. The global coordinate system of the EOS cabin was defined as R0. The transformation matrices for each RBi to the global R0 allowed calculating relative successive positions between vertebrae and sacrum.

Kinematic testing

The flexibility tests were conducted in a specific spine-testing device. The pelvic 3D-printed mold was rigidly fixed to the pelvis and to a frame in the EOS™ system. The cranial mold, fixed on T12, was mounted to a motor (Gearmotor 3242G024C, Faulhaber SAS, Montigny-le-Bretonneux, France), which was unconstrained in the three directions of translation and two perpendicular axes of rotation (Fig. 3). This system allowed applying quasistatic moments for flexion-extension, lateral bending and axial torsion by gradual loading in steps of 1.5 Nm, with an interval of 15 s between each step, until a maximum of 7.5 Nm was reached [START_REF] Wilke | Testing criteria for spinal implants: recommendations for the standardization of in vitro stability testing of spinal implants[END_REF]. Three preloading cycles were performed to compensate for small viscoelastic effects. A 6-axis load cell (FTD-Gamma SI-130-10, ATI Industrial Automation, Apex, NC, USA) placed under the specimen allowed checking whether pure moments were applied. After three preconditioning cycles, flexion and extension were completed during the same loading-unloading cycle. The same applied for right and left lateral bending as well as right and left axial torsion. Biplanar radiographs were taken at each increment, to track the metal balls. The successive positions of these markers were measured during the loading-unloading cycle values, which allowed to determine three angular displacements (rotations around X, Y and Z axis) and three linear displacements 3 Intact specimen mounted in the test bench in the biplanar X-rays system (white star) with the motor linked to the T12 mold by a universal joint (white arrow), the 6-axis sensor below the specimen (black arrow), the balancing weight above the motor (black star) (translations along TX, TY and TZ). The centers of the metal markers were localized automatically with templatematching using normalized cross-correlation. The incertitude (95% confidence interval) of this motion tracking method was estimated using a motorized linear translation stage and was below 0.049 mm for each axis.

Load-displacement curves were obtained, thus quantifying 3D segmental range of motion (ROM) between vertebrae and sacrum for the noninstrumented specimen. The global ROM of L1 related to the sacrum was considered for instrumented configurations.

The uncertainty of mobility measurement was estimated using a Monte Carlo method introducing Gaussian noise to the different sources of possible errors and performing 300 simulations. The confidence interval (95% CI) was lower than 0.12° for the main rotations, 0.23° for coupled rotations and 0.12 mm for linear displacements.

Instrumentation configurations

An orthopedic spine surgeon performed all instrumentations (Erisma Deformity ® , Clariance, Beaurains, France) using the free-hand technique for pedicle screw placement. Polyaxial pedicle screws were placed bilaterally from L1 to L5 (6.5 mm diameter, 45 mm length) and at S1 (7.5 mm diameter, 45 mm length). Iliac screws (8.5 mm diameter, 70 mm length) were placed bilaterally in a subcrestal fashion. Cobalt-chromium rods (CoCr, 5.5 mm diameter) were contoured and connected to the screws while taking care to minimize the need for reduction techniques. Offset connectors between iliac screws and rods were utilized. A crosslink connector was placed between L5 and S1 screws. Two uniaxial strain gauges (KFG-2N-120-C1-11 L3M2R, KYOWA, Tokyo, Japan) were stuck on the posterior side of each rod midway between L3 and L4 screws (Fig. 4). This positioning allowed rod strain measurements in flexion-extension.

This standard setting of posterior L1-pelvis instrumentation was defined as 2-rod configuration (2R). Afterward, two additional 5.5-mm-diameter CoCr rods were placed medially and connected to the principal rods between L1 and L2 and between the S1 and iliac screws using side-by-side connectors, which was defined as 4-rod configuration (4R). An anterior discectomy was then performed at L4-L5 and L5-S1 while preserving the endplates and the posterior longitudinal ligament. Anterior lumbar interbody fusion (ALIF) polyether-ether-ketone (PEEK) cages were then inserted at both levels. The cage height (10-14 mm) was adapted to each level in order to fill out the interbody space (4R + ALIF configuration). The accessory rods were then removed for the last step, which represented a 2-rod construct with L4-L5 and L5-S1 ALIF cages (2R + ALIF configuration). Figure 5 shows radiographs for each configuration.

Segmental ROM was measured between L1 and S1 in flexion and extension, left and right lateral bending and axial torsion for each instrumentation configuration. Configurations were then compared to the intact specimen, and results were reported as percentage using the formula: variation = ROM instrumented -ROM intact/ROM intact × 100. The strain in the principal rods was measured by strain gauges for each configuration between L3 and L4 in flexion-extension only.

Statistical analysis

Data were analyzed using R software (R Foundation, Vienna, Austria). Quantitative data were expressed as average, standard deviation and range. A Shapiro-Wilk test was used to check normal distribution. A linear mixed model was then used to analyze quantitative variables with a fixed effect (configuration) and a random effect (specimen). ROM was compared between the intact specimen and each instrumented configuration. Rod strain was compared between instrumented configurations. The significance level was set at p < 0.05. 

Results

Segmental lumbar range of motion

Global lumbar range of motion with instrumentation

Table 3 demonstrates ROM of the entire L1-S1 segment for the intact specimen and the four instrumented configurations.

When comparing the intact specimen to instrumented configurations in flexion-extension, the average ROM decreased by 94% with 2 rods (2R and 2R + ALIF) and by 96% with 4 rods (4R and 4R + ALIF, respectively). The decrease in ROM was significant for each configuration (p < 0.0001). The average ROM was 2.5° with 2R and 2.8° with 2R + ALIF, whereas ROM was 1.9° with 4R and 4R + ALIF, respectively. When comparing the influence of the number of rods, 4-rod configurations reduced the ROM slightly but significantly compared to 2-rod configurations: 2R versus 4R (p = 0.035), 4R versus 2R + ALIF (p = 0.010), 4R + ALIF versus 2R + ALIF (p = 0.002). There was no significant difference between 2R and 2R + ALIF (p = 0.444) and between 4R and 4R + ALIF (p = 0.756).

In lateral bending, average ROM ranged between 1.2° and 1.5° and each configuration reduced ROM by 96% compared to the intact spine (p < 0.0001). There was no significant difference between the instrumented configurations.

In axial torsion, average ROM was decreased by 84% with 2R, by 87% with 4R and 4R + ALIF, respectively, and by 83% with 2R + ALIF compared to the intact spine (p < 0.02). When comparing the influence of number of rods and additional cage implantation, it appeared that 4 rods would mainly influence ROM: 2R versus 4R (p = 0.066), 4R versus 2R + ALIF (p = 0.014), 4R + ALIF versus 2R + ALIF (p = 0.011). There was no significant difference between 2R 

Rod strain

Table 4 demonstrates average rod strain (RS) in the principal rods at the level L3-L4. There was no difference between left and right RS in any configuration. When comparing 2-and 4-rod configurations in extension, 4R and 4R + ALIF decreased strain by 64% in the principal rods compared to 2R, respectively. In flexion, strain decreased by 68% with 4R and 65% with 4R + ALIF. For flexion and extension, the differences were significant between 2-rod and 4-rod configurations: 2R versus 4R (p = 0.016), 2R versus 4R + ALIF (p = 0.015), 2R + ALIF versus 4R (p = 0.011), 2R + ALIF versus 4R + ALIF (p = 0.015).

When analyzing the influence of cages with 2-rod configurations, it appeared that strain decreased by 1% in flexion with 2R + ALIF compared to 2R. In extension, cage implantation at L4-L5 and L5-S1 (2R + ALIF) increased strain by 22% at L3-L4 compared to 2R.

Discussion

Pseudarthrosis and rod fractures remain a major challenge in adult spinal deformity surgery since instrumentation to the sacrum and pelvis is often required. Daniels et al. [START_REF] Daniels | International Spine Study Group (2018) Rod fracture after apparently solid radiographic fusion in adult spinal deformity patients[END_REF] and Lertudomphonwanit et al. [START_REF] Lertudomphonwanit | Rod fracture in adult spinal deformity surgery fused to the sacrum: prevalence, risk factors, and impact on health-related quality of life in 526 patients[END_REF] analyzed risk factors for rod fractures and demonstrated that the patient's age, obesity, residual anterior malalignment, the number of instrumented levels, the use of osteotomies, the rod diameter and alloy might play a role. Four-rod instrumentation has been used recently to prevent pseudarthrosis and implant failure. Hyun et al. and Gupta et al. [START_REF] Gupta | A novel 4-rod technique offers potential to reduce rod breakage and pseudarthrosis in pedicle subtraction osteotomies for adult spinal deformity correction[END_REF] compared radiologic outcomes after 2-rod and 4-rod instrumentation. These first clinical studies indicate that the incidence of pseudarthrosis is lower with 4-rod constructs and that revision surgery for rod fractures was not required. However, long-term results are required to better understand the effects of this new instrumentation strategy. It seems that satellite rods limit minimal ROM and strain within principal rods, which could prevent rod fractures. Combining lumbosacral and pelvic instrumentation with interbody cages represents an additional strategy to prevent mechanical complications [START_REF] Barbera | Preclinical evaluation of posterior spine stabilization devices: can the current standards represent basic everyday life activities?[END_REF][START_REF] Barbera | Preclinical evaluation of posterior spine stabilization devices: can we compare in vitro and in vivo loads on the instrumentation?[END_REF]. Furthermore, Banno et al. [START_REF] Banno | Multi-rod constructs can increase the incidence of iliac screw loosening after surgery for adult spinal deformity[END_REF] investigated the incidence of proximal pedicle and iliac screw loosening with 2-rod versus 4-rod constructs. A radiologic halo developed around screws in 21% of patients with 2-rod versus 33% after 4-rod instrumentation. This indicates that more rigid multiple rod instrumentations might lead to enhanced stress at the proximal and distal end of the construct. First studies on multiple rods focused on pedicle subtraction osteotomies (PSO). However, the exact role of additional cages remained unclear, and analyzing the scenario of adult scoliosis instrumentation without three-column osteotomies seemed mandatory.

Three-dimensional segmental ROM has been analyzed in vivo on lumbar spine radiographs of healthy volunteers [START_REF] Pearcy | Three-dimensional X-ray analysis of normal movement in the lumbar spine[END_REF][START_REF] Pearcy | Axial rotation and lateral bending in the normal lumbar spine measured by three-dimensional radiography[END_REF][START_REF] Dvorák | Functional radiographic diagnosis of the lumbar spine. Flexion-extension and lateral bending[END_REF][START_REF] Hayes | Roentgenographic evaluation of lumbar spine flexion-extension in asymptomatic individuals[END_REF]. These studies have demonstrated that the amount of ROM depends on the lumbar level. The highest ROM value in FE is located at L4-L5 and L5-S1. The largest ROM in LB and AT is located at L2-L3 and L3-L4. Panjabi et al. [START_REF] Panjabi | Mechanical behavior of the human lumbar and lumbosacral spine as shown by three-dimensional load-displacement curves[END_REF] studied segmental ROM from L1-L2 to L5-S1 in vitro and demonstrated results that were concordant with previous clinical radiographic findings. Guan et al. [START_REF] Guan | Moment-rotation responses of the human lumbosacral spinal column[END_REF], Heuer et al. [START_REF] Heuer | Stepwise reduction of functional spinal structures increase range of motion and change lordosis angle[END_REF] and Charles et al. [START_REF] Charles | Influence of an auxiliary facet system on lumbar spine biomechanics[END_REF] studied L4-L5 ROM in vitro, and Hlubek et al. [START_REF] Hlubek | Iliac screws may not be necessary in long-segment constructs with L5-S1 anterior lumbar interbody fusion: cadaveric study of stability and instrumentation strain[END_REF] reported normal values for L5-S1 ROM. Our results were in line with these previous findings, showing similar ROM corridors, when loading the entire lumbar spine up to 7.5 Nm.

Experimental cadaveric studies analyzing 4-rod posterior instrumentation can be found in the recent literature. However, most studies are based on PSO models [START_REF] Hlubek | Iliac screws may not be necessary in long-segment constructs with L5-S1 anterior lumbar interbody fusion: cadaveric study of stability and instrumentation strain[END_REF][START_REF] Scheer | Biomechanical analysis of revision strategies for rod fracture in pedicle subtraction osteotomy[END_REF][START_REF] Hallager | Use of supplemental short pre-contoured accessory rods and cobalt chrome alloy posterior rods reduces primary rod strain and range of motion across the pedicle subtraction osteotomy level: an in vitro biomechanical study[END_REF][START_REF] Dahl | Kinematic efficacy of supplemental anterior lumbar interbody fusion at lumbosacral levels in thoracolumbosacral deformity correction with and without pedicle subtraction osteotomy at L3: an in vitro cadaveric study[END_REF][START_REF] Barbera | Biomechanical advantages of supplemental accessory and satellite rods with and without interbody cages implantation for the stabilization of pedicle subtraction osteotomy[END_REF][START_REF] Barbera | Biomechanical in vitro comparison between anterior column realignment and pedicle subtraction osteotomy for severe sagittal imbalance correction[END_REF]. Scheer et al. [START_REF] Scheer | Biomechanical analysis of revision strategies for rod fracture in pedicle subtraction osteotomy[END_REF] compared multidirectional bending stiffness of multiple rod instrumentation with iliac fixation and L3 PSO in seven human spines (T11-pelvis). Satellite rods restored stiffness in FE and LB, but not in AT. The addition Strain is an index that can be used to predict rod failure. Hallager et al. [START_REF] Hallager | Use of supplemental short pre-contoured accessory rods and cobalt chrome alloy posterior rods reduces primary rod strain and range of motion across the pedicle subtraction osteotomy level: an in vitro biomechanical study[END_REF] used uniaxial strain gauges and reported that accessory rods and CoCr rods reduced relative surface strain on primary rods, irrespective of the construct. The use of four CoCr rods and interbody cages provided 48% reduction in primary rod strain compared to 2-rod constructs. They reported a small decrease in primary and accessory rod strain at PSO level when adding interbody cages. Furthermore, strain was lower with CoCr compared to titanium rods. La Barbera et al. [START_REF] Barbera | Biomechanical advantages of supplemental accessory and satellite rods with and without interbody cages implantation for the stabilization of pedicle subtraction osteotomy[END_REF] used rosette gauges in a PSO model. When comparing 4-rod and 2-rod constructs, primary rod strain decreased by 74.4% in FE, 90.6% in LB and 63.5% in AR. This effect was enhanced when adding interbody cages. La Barbera et al. [START_REF] Barbera | Biomechanical in vitro comparison between anterior column realignment and pedicle subtraction osteotomy for severe sagittal imbalance correction[END_REF] described a similar effect in an anterior column realignment (ACR) model. The role of 4-rod constructs and interbody cages in reducing primary rod strain after PSO was further confirmed in finite element models [START_REF] Vosoughi | Optimal satellite rod constructs to mitigate rod failure following pedicle subtraction osteotomy (PSO): a finite element study[END_REF][START_REF] Luca | Anterior support reduces the stresses on the posterior instrumentation after pedicle subtraction osteotomy: a finite-element study[END_REF][START_REF] Luca | Instrumentation failure following pedicle subtraction osteotomy: the role of rod material, diameter, and multi-rod constructs[END_REF]. Although the findings of these experimental settings focus on three-column osteotomies, the findings are in agreement with the results of our study, which represented a setting of lumbopelvic instrumentation for adult scoliosis. Godzik et al. [START_REF] Godzik | Supplemental rods are needed to maximally reduce rod strain across the lumbosacral junction with TLIF but not ALIF in long constructs[END_REF] demonstrated that strain would increase in the caudal part of the construct when instrumenting the pelvis. Kleck et al. [START_REF] Kleck | Strain in posterior instrumentation resulted by different combinations of posterior and anterior devices for long spine fusion constructs[END_REF][START_REF] Kleck | Reply to Letter to Editor: strain in posterior instrumentation resulted by different combinations of posterior and anterior devices for long spine fusion constructs[END_REF] demonstrated that spinopelvic fixation increases L5-S1 rod strain especially during flexion. The addition of an ALIF divided strain by two in FE, but it had no effect in AT. Moreover, Hlubek et al. [START_REF] Hlubek | Iliac screws may not be necessary in long-segment constructs with L5-S1 anterior lumbar interbody fusion: cadaveric study of stability and instrumentation strain[END_REF] investigated the effect of L5-S1 ALIF and transforaminal lumbar interbody fusion (TLIF) cages as well as iliac screws on rod and S1 pedicle screw strain. They demonstrated that iliac screws were protective of sacral screws but increased rod strain at L5-S1. When using iliac screws with 2 rods, the ALIF reduces rod strain significantly, whereas the TLIF did not. In our study strain gauges were placed at L3-L4, which represented the first level adjacent to a 360° instrumentation (ALIF L4-L5 and L5-S1). Our findings suggested that the use of 2 rods with cages could increase rod strain in extension at the first adjacent level without cage. This is in line with the clinical findings of Lertudomphonwanit et al. [START_REF] Lertudomphonwanit | Rod fracture in adult spinal deformity surgery fused to the sacrum: prevalence, risk factors, and impact on health-related quality of life in 526 patients[END_REF] who showed that 44% of rod fractures occurred at L3-L4 when cages were implanted at L4-L5 and L5-S1. Our results indicated that 4 rods significantly decreased strain in primary rods at the adjacent level.

Although our findings provide a foundation for future clinical research with 4-rod constructs, some limitations are inherent to biomechanical studies. Standard lumbar loading conditions using pure moments up to 7.5 Nm were applied [START_REF] Wilke | Testing criteria for spinal implants: recommendations for the standardization of in vitro stability testing of spinal implants[END_REF], although loading conditions for the entire lumbosacral spine might be revised for longer instrumentation configurations. Testing focused on the lumbosacral spine only, whereas scoliosis instrumentation usually involves thoracic segments as well. Moreover, rod strain measurement was analyzed at a single location in FE because of the use of uniaxial strain gauges, even if maximal strain and stress values could be located elsewhere. An additional analysis in LB and AR should be considered using rosette strain gauges in future studies. Nevertheless, such analysis with ROM and rod strain quantitative assessment provide a solid base for further finite element modeling and validation, thus yielding a deeper stress analysis in the entire spine construct to further complete the present results.

Conclusion

The results of this study indicate that using double rods and interbody cages can decrease residual ROM in FE and AT. The use of 4-rod constructs seemed to be the most efficient method in limiting strain in principal rods. The use of 2 rods with ALIF cages at L4-L5 and L5-S1 increases strain at L3-L4.

Fig. 1

 1 Fig. 1 Preoperative posterior-anterior (a) and lateral (b) full spine standard radiographs of a patient with adult scoliosis and postoperative posterior-anterior (a) and lateral (b) radiographs after T5-ilium instrumentation using double rods and interbody fusion cages

Fig. 2

 2 Fig. 2 Anteroposterior (a) and lateral (b) biplanar radiographs of an intact specimen showing cranial and caudal custom molds (black arrows) and metallic balls in each vertebra from L1 to S1, the sacrum and pelvis

Fig. 4

 4 Fig.[START_REF] Zhu | Unanticipated revision surgery in adult spinal deformity: an experience with 815 cases at one institution[END_REF] Posterior view of a specimen with 4-rod instrumentation and custom mold fixation (arrows) at T12 and the pelvis (a). Focus on strain gauges (white circles) placed on the principal rods between the pedicle screws of L3 and L4 (b)

Fig. 5

 5 Fig. 5 Biplanar radiographs of the four instrumented configurations: 2 rods (a, b), 4 rods (c, d), 4 rods + ALIF L4-L5 and L5-S1 (e, f), 2 rods + ALIF L4-L5 and L5-S1 (g, h)

Table 1

 1 demonstrates segmental ROM which was measured when a 7.5 Nm bending moment was applied to the intact lumbar specimens. ROM ranged from 7.4° to 10.5° in flexion-extension, 6.0° to 10.3° in lateral bending and 2.0° to 5.8° in axial torsion. The largest ROM was found at the level L4-L5 for each direction.The segmental ROM with instrumentation is descripted in

Table 2 .

 2 

Table 1

 1 Segmental lumbar range of motion in intact specimens: average values ± standard deviation (minimum-maximum)

	Level	Flexion-extension	Lateral bending	Axial rotation
	L1-L2	7.4° ± 1.7°(	7.9° ± 2.1°(	2.8° ± 1.4°(
		4.4°-9.6°)	6.0°-11.3°)	1.2°-4.6°)
	L2-L3	7.7° ± 2.8°(	9.5° ± 2.7°(	4.9° ± 3.7°(
		4.1°-13°)	6.7°-13.1°)	1.1°-11.9°)
	L3-L4	7.4° ± 1.8°(	9.7° ± 1.8°(	5.0° ± 3.0°(
		5.0°-10.7°)	8.0°-11.8°)	1.2°-10.4°)
	L4-L5	10.2° ± 3.6°(	10.3° ± 2.9°(	5.8° ± 5.3°(
		4.9°-15.7°)	5.7°-13.8°)	1.2-10.4)
	L5-S1	10.1° ± 6.0°(	6.0° ± 3.8°(	2.0° ± 2.3°(
		2.6°-17.6°)	1.1°-10.2°)	0.6°-7.0°)

Table 2

 2 

	Segmental lumbar
	range of motion in instrumented
	specimens: average
	values ± standard deviation
	(minimum-maximum)

Table 3

 3 

	Global lumbar (L1-S1) range of motion for the intact spine
	and four instrumented configurations: average values ± standard devi-
	ation (minimum-maximum)		
	Configuration Flexion-extension Lateral bending Axial rotation
	Intact spine	42.9° ± 3.1°(	35.2° ± 3.2°(	18.6° ± 6.3°(
		27.9°-66.0°)	26.8°-51.8°)	6.7°-47.8°)
	2 rods	2.5° ± 0.6°( 1.2°-3.7°)* , †	1.2° ± 0.1°( 1.2°-4.6°)*	2.9° ± 0.1°( 1.7°-5.8°) #
	4 rods	1.9° ± 0.3°( 1.1°-3.2°)* , ‡	1.4° ± 0.2°( 0.7°-2.9°)*	2.5° ± 0.3°( 1.5°-4.5°) #, ‡
	4 rods + ALIF 1.9° ± 0.1°( 1.5°-2.9°)* , ‡	1.3° ± 0.2°( 0.6°-3.2°)*	2.5° ± 0.2°( 1.7°-4.4°) #, ‡
	2 rods + ALIF 2.8° ± 0.3°( 1.6°-4.1°)* , †	1.5° ± 0.2°( 0.6°-3.5°)*	3.1° ± 0.6°( 2.0°-6.0°) #, †
	*p < 0.0001 compared to intact		
	# p < 0.05 compared to intact		
	† p < 0.05 compared to 4 rods		
	‡ p < 0.05 compared to 2 rods + ALIF		

Table 4 Maximum

 4 

	rod strain on the left and the right principal	Configuration Left		Right	
	rods for each instrumentation		Extension	Flexion	Extension	Flexion
	in extension (-7.5 Nm) and flexion (7.5 Nm): average values ± standard deviation	2 rods	-0.026 ± 0.010 (-0.047 to -0.014)	0.027 ± 0.010 (0.017 to 0.047)	-0.025 ± 0.009 (-0.049 to -0.014)	0.027 ± 0.010 (0.014 to 0.054)
	(minimum-maximum)	4 rods	-0.009 ± 0.003 (-0.012 to -0.007) *, †	0.009 ± 0.003 (0.006 to 0.013) *, †	-0.009 ± 0.003 (-0.013 to -0.005) *, †	0.009 ± 0.003 (0.006 to 0.013) *, †
		4 rods + ALIF -0.010 ± 0.003 (-0.013 to -0.007) *, †	0.009 ± 0.003 (0.008 to 0.013) *, †	-0.009 ± 0.003 (-0.012 to -0.004) *, †	0.009 ± 0.003 (0.005 to 0.014) *, †
		2 rods + ALIF -0.032 ± 0.012	0.027 ± 0.010	-0.030 ± 0.011	0.027 ± 0.010
			(-0.054 to -0.015)	(0.015 to 0.036)	(-0.058 to -0.013)	(0.013 to 0.039)
		*p < 0.05 compared to 2 rods			
		† p < 0.05 compared to 2 rods + ALIF			
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