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Study Design. An in-vitro fatigue loading test with porcine specimens.

Objectives. To comparatively analyze the in-vitro biomechanical performance of PEEK and Titanium rods construct subjected to a battery of fatigue loading testing.

Summary of Background Data. PEEK rods construct has been proposed to allow better load sharing among spinal components than the more traditional Titanium rods constructs. However, such proposal has largely derived from single-load in-vitro testing and the biomechanical differences when subjected to fatigue loading remain unknown.

Methods. Twenty-four fresh 4 level motion segment were harvested from porcine. Specimens were randomly assigned into three groups: 1. Intact, 2. Destabilized group with Titanium alloy rods, and 3. Destabilized group with PEEK rods. All specimens were subjected to a fatigue loading procedure with the disc height and intradiscal pressure of the instrumented and adjacent levels recorded and used for analysis. The stress levels on the rods and bone stress near the screw-bone interface were also collected to investigate the likely failure rates of the two constructs.

Results. Titanium rods construct demonstrated a minimum amount of loss of disc height and intradiscal pressure at the instrumented level, however, a significant loss of the disc height and intradiscal pressure at adjacent levels compared to the intact spine were identified. In contrast, the disc height and intradiscal pressure of the PEEK rods were found to be comparable to those of the intact spine for all levels. The PEEK rods group also showed significantly less bone stress near the screw-bone interface compared to the Titanium rods group.

Conclusions. Current study has demonstrated the differences in biomechanical characteristics of PEEK and Titanium rods construct when subjected to fatigue loading. More specifically, the result is indicative of the potential benefits of the PEEK rods construct in reducing the risks of adjacent segment disease and implant failure rates. 
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INTRODUCTION 
Spinal instability is a loosely used term coined to describe an unstable spine that may have resulted from a variety of traumatic, neuromuscular, and degenerative mechanisms.1 Regardless of the pattern of instability or underlying pathology, most cases of clinical instability resulted in neural compression and clinical myelopathy requiring surgical intervention.1, 2  
In the last few decades, spinal fusion with rigid type of screw-rod fixation utilizing Titanium alloys is becoming a standard care for spinal instability for its high fusion rates and immediate positive clinical outcome.3 However, with the maturation of the technique, secondary complications have started to emerge. More specifically, the high prevalence rate of adjacent segment disease (ASD) post spinal fusion surgery is of particular concern for clinicians and patients alike.4 In an effort to reduce the incidence of ASD, motion-preserving techniques such as dynamic stabilization implants and prosthetic discs have recently been introduced as possible alternatives to the rigid fixation technique. However, these treatments are not applicable to patients who still require rigid stabilization and fusion due to the pathology and severity of the condition. Subsequently, this has lead to the development of a semi-rigid type of stabilization using Polyetheretherketone (PEEK) rods. 
Despite the relatively novel nature of the PEEK rods construct technique, clinical research have reported good outcomes with low complication rates,5-8 and more importantly, minimal ASD was found after a 3 year post-operative follow up study.5 Nevertheless, some conflicting findings have also been identified in the literature when comparing the PEEK rods against the rigid rods construct. It has been reported that no significant benefit was evident in terms of fusion or reoperation rates between the two constructs.9 Biomechanical studies investigating the adjacent spinal motion and intradiscal pressure (IDP) after Titanium alloy and PEEK rods instrumentation have also failed to identify any significant differences.10, 11 However, it is noted that the biomechanical studies to date were mostly based on single load test and/or finite element simulations and may contribute to the lack of significant difference between the two constructs. 
The employment of a single load testing protocol is less time consuming and is able to highlight some basic underlying biomechanical properties of the different constructs, however, it fails to simulate the cyclic loading nature of the spine in real life. Given one of the most important risk factors for accelerated disc degeneration is due to repetitive loading and disc fatigue failure,12 the authors believe that to adequately compare the resultant biomechanical characteristics between the Titanium alloy and PEEK rods acting on the spine, a fatigue loading protocol should be utilized to better simulate real-life scenarios.  
The purpose of this study is therefore to comparatively analyze the in-vitro biomechanical performance of PEEK and Titanium rods construct subjected to a battery of fatigue loading testing. More specifically, the current aim of the study is two-fold: Firstly, in order to better understand the relationship between the two different constructs on the development of ASD, the loss of the disc height and intradiscal pressure of the adjacent levels were investigated. Secondly, in the interest of assessing the differences in likely failure rates between the two constructs, the stress levels at the rods and the bone near the screw to bone interface were also compared. 
 
MATERIALS AND METHODS
Specimens. Twenty-four fresh thoracic motion segments from T9 to T12 were harvested from 6-month old porcine. All soft tissues with the exception of the surrounding ligaments and facet capsules were carefully removed. For each spine, the cranial and caudal vertebras (T9 and T12) were rigidly embedded in a urethane-potting compound. Specimens were wrapped in saline-soaked gauze and stored in the -20 degree Celsius freezer until preparation and testing.12 

Experimental protocols. In order to comparatively investigate the biomechanical differences between the PEEK and Titanium alloy constructs, specimens were randomly assigned into three groups: 1. Intact group as controls, 2. Destabilized group with Titanium alloy rods, and 3. Destabilized group with PEEK rods (Figure 1).  
Destabilization was created in the T10-11 segment through partial facetectomy and transection of the facet ligaments.13 After the destabilized motion segment has been created, a 2-level screw-rod instrumentation was applied to the T10 and T11 segment consisted of 6 mm Titanium alloy pedicle screws and either the medical-grade PEEK or Titanium alloy rods both 60 mm in length and 5.5 mm in diameter. 

Biomechanical Testing. In order to simulate the activities of daily living, all specimens were subjected to a fatigue loading procedure with a peak-to-peak loading between 190 to 590 N and a frequency of 5 Hz for 5 hours using a continuous impact test apparatus. The chosen were based on a previously published protocol.12 The specimens were wrapped in gauze and periodically sprayed with saline throughout the procedure. 

Evaluated Parameters.
The loss of disc height: 
Steel balls (φ = 1.2mm) were glued onto the specimens along the upper and lower edges of each vertebra as a reference marker for determining the disc height. Disc height was measured from lateral X-ray images which were taken prior- and post the 5 hours fatigue loading procedure. The loss of disc height of the instrumented, cranial and caudal discs was then normalized against its initial disc height.  
The loss of IDP:
IDP related measurements were determined for the individual discs by inserting an in-house miniature pressure transducers with an 18-gauge needle into the disc nucleus in each of the testing levels. The normalized IDP were determined at beginning and at the end of the fatigue loading procedure for analysis. 
Rod stress and bone stress near screw-bone interface: 
An uniaxial strain gauge was affixed on the axial axis of the right-side rod to determine the rod strain with the second strain gauge affixed on the cortical bone just 2 mm beneath the screw insertion point to measure the bone strain near the screw-bone interface. The strain data was determined as the loading strain plus unloading strain of each loading cycle. The stress data was calculated by multiplying the elastic modulus (115 GPa for Titanium alloy rods, 3.5 GPa for PEEK rods and 19.4 GPa for vertebra bone11, 14{Kato, 1998 #127}) with the strain value obtained. Custom LabVIEW software (National Instruments, Austin, TX) was used to collect signal data and for analysis. 

Statistical Analysis. The differences in the obtained biomechanical parameters between the three groups were evaluated using one-way ANOVA. Variables found to have significant group differences were further analyzed with the Least Significant Difference (LSD) post-hoc test. Statistical analyses were performed using SPSS version 20 (IBM Corp, NY, USA) for Windows, and p values < 0.05 were considered statistically significant.

RESULTS
Disc Height. For the intact specimens, the loss of disc height after the 5hr fatigue loading was comparable for the instrumented, cranial and caudal discs, with an average loss of 6.1% across the three levels. For the Titanium alloy rods group, the loss of disc height was significantly less for the instrumented disc (2.4 (2.5)%) when compared to the intact group (5.8 (1.5)%; p=0.01). In contrast, at the cranial level, the loss in disc height (8.9 (2.8)%) was significantly more than the intact group (6.1 (2.8)%; p=0.03). A similar trend was also observed for the caudal level, however, it did not reach statistical significance (p=0.16). For the PEEK rods group, the loss in disc height was similar for all three levels with an average loss of 6.1% and did not reach statistically significant difference when compared with the intact group (p=0.3, p=0.3 and p=0.4 for cranial, instrumented and caudal discs respectively). The results for the loss of disc height are shown in Figure 2.

IDP. For the intact specimens, a 16% loss in IDP was observed for all three levels. For the Titanium alloy rods group, the loss of IDP was significantly less for the instrumented disc (8.6 (5.2)%) when compared to the intact group (16.2 (9.8)%; p=0.02). However, at both the cranial (23.9 (10.6)%) and caudal (25.0 (7.1)%) levels, the loss in IDP was significantly more than the intact group (16.2 (4.7)% and 16.4 (8.9)%; p=0.04 and p=0.02, for cranial and caudal levels respectively). For the PEEK rods group, the loss in IDP was similar for all three levels with an average loss of 16.8% across the three levels and did not reach statistically significant difference when compared with the intact group (p=0.4, p=0.4 and p=0.4 for cranial, instrumented and caudal discs respectively). The results for the loss of IDP are shown in Figure 3.

Rod and bone stress levels. At the end of the five hour fatigue loading procedure, the stress on PEEK rods (0.4 (0.2) MPa) was significantly lower than Titanium rods (4.4 (3.8) MPa) (p<0.001). The measured bone stress near the screw-bone interface of the PEEK rods group (0.8 (0.4) MPa) was also significantly lower than the Titanium rods group (3.1 (2.1) MPa) (p=0.03). The results of the strain and stress testing are reported in Table 1.

DISCUSSION
Consistent with the available literature to date, current study identified that the PEEK rods construct demonstrated more comparable biomechanical properties to those of the intact spine when compared to the Titanium alloy rods construct. 
The loss of disc height is one of the most commonly used clinical indicator for disc degeneration and often resultant from exudation of disc fluid due to sustained mechanical loading across the disc.15, 16 In the current study, the even loss of the disc height across the three levels in the intact group is indicative of the consistent loading forces applied to the individual levels by the apparatus. In contrast, the rigidity of the Titanium alloy construct at the level of the instrumentation greatly reduced the loss of disc height. This may certainly be seen as a positive from a clinical perspective as it is indicative of the reduction of the load transfer to the instrumented level17 and subsequently leading to higher successful fusion rates. However, our results indicated that the reduction of the load transfer at the instrumented level subsequently increased the loading through the adjacent levels demonstrated with the significant increase in the loss of disc height at the adjacent levels. This result is in good agreement with previous clinical reports of 31~100% of patients found to present with loss of disc height at the adjacent levels after surgical fusion utilizing rigid construct.18, 19
In comparison and consistent with previous biomechanical studies, the PEEK rods construct appear to have the ability to preserve or allowing some micro-ROM at the instrumented level.17 The authors speculate that such flexibility not only allowed the instrumented level to sustain a loading pattern that is more consistent with the intact group, but more importantly, reducing the abnormal compensatory loading at the adjacent levels as seen in the Titanium alloy group.11, 17 Such finding may contribute to the clinical findings of less frequent adjacent segment degeneration after PEEK rod instrumentation.5 
Similar to the observed pattern in the loss of disc height, the Titanium group also demonstrated the least amount of change in the IDP at the instrumented level but with a significant increase in the loss of IDP at the cranial level. At a first glance, such result may contradict published results to date, with most studies finding an increase in the IDP at the adjacent levels after rigid rod instrumentation.10 However, the authors speculate that the difference in the study protocol, i.e. single load vs fatigue loading over time, may have lead to such discrepancies. 
The authors hypothesis that it is probably likely that rigid instrumentation will lead to an immediate increase in loading at the adjacent levels, thus the finding of increased IDP when subjected to a single load testing. However, the excess stress placed on the adjacent discs during the fatigue loading cycle may better simulate the accelerated adjacent segment degeneration and loss of water content in the intervertebral discs.12 The water content gives the disc a “damper” quality and the loss of water content causes the adjacent discs to lose its ability to act as a cushion and rendering the disc ineffective in absorbing the stress. This in turn may explain the greater loss in IDP as the discs no longer behave hydrostatically under load. Such findings does provide a logical explanation for the increased risk for ASD observed clinically in this population.2
In contrast, the PEEK rods group showed a comparable biomechanical pattern after fatigue loading to those of the intact group, therefore, it may represent better capacity to reduce the non-physiological loadings to the adjacent levels. Pressures within normal physiological range is critical in providing a suitable environment for maintain the function of the intervertebral disc cell functions and subsequently decreasing the risk rates of adjacent segment disease.2 Our findings support the merits of the PEEK construct in the spinal implants. 
It has been demonstrated that the higher stress levels produced by the Titanium rods construct inherently shift the stress loads posteriorly and shield the disc from compression loading.20 This increased stress has been linked to higher rates of rods breakage and/or screw looseness requiring revision surgery. Our results indicated that the PEEK rods construct produced significantly lower bone stress near the screw-bone interface compared to the Titanium alloy rods group, which is consistent with other published results.11, 20 It is speculated that the micro-movement allowed by the flexible PEEK rods could shift part of the compressive load to the anterior columns and absorb some of the stress through micro-bending. Our results is in support of the clinical reports of 4% screw breakage5 and 8% screw looseness rate8 with PEEK rods implantation compare to 7~11% hardware failure rate utilizing the more rigid metallic construct.21, 22
More recently, the rods construct have been more commonly utilized as a complementary device with either fusion cage or as hybrid constructs in the surgical management of spinal conditions. In this study, rods of different stiffness were introduced as a standalone construct without the cage replacement in the anterior column. It is acknowledged that such discrepancy may not best represent clinical scenarios. However, as the main goal of the study was to better understand the biomechanical differences between Titanium and PEEK rods, the authors felt the use of a replacement cage may introduce further unnecessary variability into the design of the study. Limitations of using the porcine spine for in-vitro studies are well documented in the literature and current study is no exception. Nevertheless, it must be stressed that the porcine spine/disc is a good animal model to best simulate human spine23 and findings from the current study still provide some important and transferable information that is of clinical importance. Furthermore, such studies are of critical importance before human cadaveric spine is used for similar study design. 

Conclusion
Several notable benefits of PEEK rods construct in comparison to the Titanium rods construct included a more comparable loading pattern to those of the intact spine based on the biomechanical changes of the disc height and intradical pressure at both the instrumented and adjacent levels. Moreover, the PEEK rods appear to be capable of reducing the stress on the rods as well as the bone stress level near the screw-bone interface. In conclusion, current study has demonstrated the potential benefits of the PEEK rods construct in reducing the risk of adjacent segment disease and implant failure rates when compared to the traditional Titanium rods construct. 
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[bookmark: _Toc271153262]Figure 1. Schematic representation of the study design showing the intact group and the destabilization group with Titanium alloy / PEEK rods construct.

[bookmark: _Toc271153265][bookmark: _Toc271153266]Figure 2. The loss of disc height after 5 hour fatigue loading for the 3 groups. 

Figure 3. The loss of IDP after 5 hour fatigue loading for the 3 groups.
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