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Summary:


An in vitro biomechanical study was conducted to determine the effects of fusion and nonfusion anterior cervical instrumentation on cervical spine biomechanics in a multilevel human cadaveric model. Three spine conditions were studied: harvested, single-level artificial cervical joint, and single-level graft with anterior cervical plate. A programmable testing apparatus was used that replicated physiologic flexion/extension and lateral bending. Measurements included vertebral motion, applied load, and bending moments. Relative rotations at the superior, implanted, and inferior motion segment units (MSUs) were normalized with respect to the overall rotation of those three MSUs and compared using a one-way analysis of variance (P < 0.05). Application of an anterior cervical plate decreased motion across the fusion site relative to the harvested and artificial joint spine conditions. The reduced motion was compensated for by an increase in motion at the adjacent segments. Use of an artificial cervical joint did not alter the motion patterns at either the instrumented level or the adjacent segments compared with the harvested condition for all modes of testing.


INTRODUCTION


Approximately 175,000 anterior cervical surgeries for disc disease are done per year in the United States. 1 For a number of years, these have been primarily anterior cervical decompression and fusion procedures. Cloward 2 and Robinson and Smith 3 first described this technique in the 1950s. With improvement in spinal surgical technology, many of the anterior discectomies at single and multiple levels are often associated with anterior cervical plating. Plating has reduced morbidity and allowed earlier return to employment. Cervical fusion has the liability of increasing the biomechanical stress on adjacent segments, particularly the lower cervical segments. 4–7 This event has been demonstrated in clinical and laboratory studies and has been confirmed to cause a tendency for degenerative symptomatic disc disease to occur in adjacent disc levels, particularly in the inferior disc.
Additionally, fusion results in increased motion at the adjacent levels. The increase in adjacent level motion derives from those discs that appear radiologically normal prior to surgery. Apparent accelerated degeneration of adjacent disc segments occurs in an alarming number of cases over time. 8,9 Hilibrand et al 10 have reported that adjacent space degeneration with new radiculopathy occurs in 2–3% of patients per year on accumulative basis after anterior cervical fusion. The Department of Neurosurgery at Frenchay Hospital in a recent review found accumulative incidents of almost 3% per year. 11 The common pathologic conditions found at adjacent segments are disc degeneration, disc herniation, instability, spinal stenosis, spondylosis, and facet joint arthritis. It is not uncommon for a patient to require additional anterior cervical discectomy, decompression, and fusion at multiple levels following an initial fusion procedure. This is complicated by the morbidity of anterior cervical fusion in that the success rate diminishes rapidly as the number of fused levels increases. 12 This decrease in the rate of fusion occurs whether all motion segments are fused initially or separately over a period of time.
Posterior cervical fusion carries the same inherit morbidity rate. However, decompressed laminectomy and limited laminotomies or disc herniation are not associated with the morbidity of adjacent disc disease of fusion because motion segments are not lost. 13–15
Surgeons are becoming increasingly interested in avoiding fusion by placement of artificial discs or joints at the time of discectomy. Clinical experience is growing in the use of these artificial cervical disc replacements, for example, the Prestige Disc (a modified Bristol Joint) and the Bryan Cervical Disc prosthesis. 16 Clinical results indicate that the pain and discomfort of the procedures are less than in anterior interbody fusion, particularly when associated with the necessity of harvesting an iliac graft.
The objective of this work was to determine the biomechanics of the Prestige Cervical Disc and anterior cervical plating with fusion in an established human cadaveric model. This study emphasized the stress on the adjacent segment associated with fusion and the removal of this stress on adjacent segments with the placement of the cervical joint.
METHODS


Specimen Preparation and Spine Conditions


Four fresh human cadaveric cervical (C2–T1) spines were procured from the Medical Education Research Institute (Memphis, TN). The average age of the four harvested male spines was 68 ± 14.7 years. The spines were harvested and immediately double wrapped in plastic bags and stored at -20 °C until preparation of the spinal constructs. Before preparation, the spines were thawed in a refrigeration system for 12 hours. All spines were screened with anteroposterior and lateral radiographs to exclude any specimens with gross osteopenia or anatomic abnormality. Bone density measurements were not done. However, any specimen that was unable to provide adequate screw purchase, as determined by the spine surgeon, was not used.
The specimens were evaluated sequentially in three different conditions. They included the harvested (H), single-level artificial cervical joint (ACJ), and single-level (C5–C6) graft and anterior cervical plate (PLATE). The Orion cervical plating system (Medtronic Sofamor Danek, Memphis, TN) was used for the PLATE conditions and the Bristol Cervical Joint (Medtronic Sofamor Danek) was used for the ACJ condition. The artificial cervical joint (Fig. 1) consisted of two articulating stainless-steel components: an upper component with a hemispheric ball and a lower component with a shallow ellipsoid saucer of slightly larger radius than the hemispheric ball. Both components were attached to the anterior aspect of each vertebral body using two 4-mm-diameter unicortical screws.
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FIGURE 1. Artificial cervical joint.



Before preparation and testing, the bony surfaces of the C2 and T1 vertebral bodies were cleaned and mounted into cylindrical pots using an alignment frame to position the cervical spine in a neutral upright orientation. The flexion/extension axis was estimated at the anterior aspect of the facet joint of each vertebra. Positioning screws that passed through the sides of the pots initially held the end bodies in place; a low-melting-point bismuth alloy (Small Parts, Miami Lakes, FL) provided final fixation of the end bodies in the pots.
The surrounding paravertebral soft tissues were dissected, with care taken to preserve the spinal ligaments, discs, and bone. Threaded rods were placed into the lateral aspects of the vertebral bodies that secured light-emitting diode (LED) targets used with the motion-tracking system. 17 The target attachment site did not interfere with the installation of the artificial cervical joint or bone graft or with the attachment of the anterior plate.
After testing of the intact spine (H), the spines underwent a single-level discectomy at C5–C6 using standard spinal instruments including a high-speed drill to prepare for installation of the artificial cervical joint, as per manufacturer's specifications (ACJ;Fig. 2B). Following testing of the ACJ spine, the artificial joint was removed and the spine was fitted with an appropriately sized bone graft and anterior cervical plate by the surgeon, as per manufacturer's specifications (PLATE; see Fig. 2C). Standard unicortical screw placement was used to attach the anterior plate. Throughout the entire testing sequence, the spines were kept moist at regular intervals with a normal saline mist.
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FIGURE 2. Spine conditions treated with harvested specimen (A), single-level graft with anterior cervical plate (B), and artificial cervical joint (C).



Biomechanical Testing Apparatus


This study employed a single actuator-adaptable programmable testing apparatus (Fig. 3A). 18–20 The rigid, three-column frame housed a (servo motor) load actuator (International Device Corp., Novato, CA) connected to a robotic controller (Adept Inc., San Jose, CA). A single-axis load cell (Transducer Technologies, Temecula, CA) was in-line with the shaft of the load actuator. The other end of the single-axis load cell was coupled with fixtures containing a pinned connection and a linear bearing for attaching the cervical spine. Mounting fixtures added to the biomechanical testing system converted the single controlled input from the load actuator to a coupled motion input (unconstrained translations and rotation in a plane) and a combined loading state (axial compressive force and flexion/extension or lateral bending moment). With the flexion/extension axis of the spine placed eccentric to the load axis of the actuator, a compressive load and flexion/extension bending moment were applied to the upper pot (see Fig. 3B). The specimens were mounted in an inverted neutral orientation with the T1 pot attached to the upper fixture and the C2 pot mounted to the lower base fixture, thereby inducing a greater moment at T1 than C2, simulating in vivo conditions. 21,22 For lateral bending tests, the spine was rotated 90° in the mounting fixtures, and the base was unconstrained in axial rotation. A rotational displacement transducer (Data Instruments, Acton, MA) was attached to the upper pinned assembly and measured the global rotation of spine. The displacement transducer recorded changes in the moment arm length between the upper pot and load axis of the actuator during flexion/extension or lateral bending tests.
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FIGURE 3. A, Illustration of spine mounted in the programmable testing apparatus. The device could be controlled under displacement, load, or hybrid control (combinations of both); displacement control was used in this study. B, Mounting arrangement for extension loading of spine. The spine was rotated 90° for lateral bending loads or 180° for flexion loading.



Noncontact Motion Measurement System


A three-dimensional noncontact real-time measurement system was used to track segmental cervical motion for each testing condition. 17 The Joint Motion Tracker (JMT) consisted of a receiver unit (two planar charge-coupled device cameras) and target arrays of active LED targets (operating at near infrared light) that attached to the spinal bodies. The JMT calibration specifications for a cubic meter working volume were 0.088 ± 0.065 mm for the horizontal translation and 0.085 ± 0.105 mm for the vertical translation, resulting in a system accuracy of 0.112-mm root mean square. The rotational accuracy associated with this translational value was approximately 0.2°. For the two-dimensional motion analysis, two LED targets, separated by 75 mm, were rigidly attached to the spinous processes of the spines. The location of the array uniquely determined the position of each vertebra with respect to a global reference frame (ie, the receiver unit). A local reference frame was defined at the position of the immobilized C2 body. All subsequent motion was then determined with respect to this point, using principles of rigid body mechanics. Individual motion segment unit (MSU) rotations were expressed relative to the subjacent vertebral body. Custom software routines were written to process and display the output signals from the JMT.
Nondestructive Specimen Testing Protocol


An existing nondestructive testing protocol used in previous biomechanical studies of cervical spine instrumentation 19,23,24 was used to evaluate the different spinal constructs. All tests were performed under displacement control with the spine positioned at a 200-mm offset distance from the load axis. The actuator was programed to output a triangular-shaped displacement-time waveform of 6.4 mm/s corresponding to approximately 2.0°/s overall spine motion. Nondestructive cyclic testing was continued incrementally for each specimen until a target moment at T1 between 3–4 Nm was reached or was stopped if any of the following limits were reached: 40° of total rotation, 5-Nm bending or torsional moment at T1, and total applied load of 75 N. These values were based on our preliminary test findings 19 and agreed with the limits used by other researchers. 25,26 The spines were preconditioned with five cycles before formal testing. Each test trial included three loading cycles.
Data Management and Analysis


Signals from the transducers were collected with a dedicated analog-to-digital data acquisition system (National Instruments, Austin, TX, USA) and sampled at 10 Hz. The data were processed using custom-designed software routines (Labview; National Instruments) and collected in a spreadsheet file for later computational processing and statistical analysis (Sigma Stat; Jandel Scientific, San Rafael, CA). The displacement data from the JMT were simultaneously collected and displayed to the user real-time. The moment applied to the spine at T1 (Ma) was calculated from the vertical force reported by the in-line load cell (Fa), the total rotation of the upper pot reported by the rotational transducer ([theta]rdt), and the displacement offset (da -dtdt) between the upper pot and load axis:Ma =Fa(da -dtdt)/cos([theta]rdt), where da is the initial offset distance between the load axis and the center of the upper pot. For each test trial, the vertebral rotation and applied moment data were combined to calculate global (C2–T1) spine stiffness.
Differences in the stiffness data were analyzed by comparing the bending moment at a target value defined by an end limit of global (C2–T1) rotation common to all spine conditions within each specimen. The mean moment values of the instrumented spine conditions were normalized to the harvested condition to control intrinsic differences in the specimens and compared using a one-way analysis of variance (ANOVA; P < 0.05) with Tukey test at common end limits of motion.
Variations in the motion patterns were analyzed at an end limit of global (C2–T1) moment common to all spine conditions within each specimen by comparing the percent contribution of the rotation at the superior (S), operated (O), or inferior (I) MSU relative to overall rotation of those three MSUs (S + O + I). A one-way ANOVA with Tukey test (P < 0.05) was used to compare differences in the normalized motion data at the operated and adjacent segments. The distributions of the relative rotations of each MSU were also compared across the entire cervical spine.
RESULTS


Global Stiffness and Normalized Moment


Typical global stiffness curves of the different spine conditions are shown in Figure 4 for flexion and extension. A viscoelastic hysteresis response was observed. The degree of hysteresis between the loaded and unloaded cycles remained similar among the three different spine conditions, indicating minimal tissue/ligamentous relaxation had occurred throughout the testing sequence. A similar response occurred in lateral bending.
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FIGURE 4. Typical stiffness curves for the different spine conditions of specimen 1.



The mean applied moment values for each spine condition, calculated at similar limits of global rotation in flexion and extension (23°) and in lateral bending (13°), are given in Table 1. The end limit of motion was dictated by the plated condition. The mean moment values of the instrumented spine conditions were normalized to the harvested condition to reduce the effects of tissue variability and are shown in Figure 5. No significant differences in the mean moment values occurred between the different spine conditions for the different modes of loading. Global stiffness measurements, which represent changes to the entire multilevel cervical spine (C2 through T1), were unable to detect differences caused by a local single-level treatment. Additional parameters were needed to characterize differences between the two types of instrumentation.
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TABLE 1. Mean applied bending moment for each spine condition at similar limits of global motionValues presented are means ± SE. ACJ, artificial cervical joint condition; Plate, graft and plate condition.
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FIGURE 5. End limit moment values of the ACJ and PLATE spines normalized to the H spine condition. EXT, extension; FLX, flexion; R. LAT., right lateral bending; L. LAT., left lateral bending.



Normalized Motion


The mean normalized rotational values of the operated and adjacent segments, calculated at similar limits of global rotation in flexion and extension (28°) and in lateral bending (19°), are shown in Figure 6. Application of a plate caused a significant reduction (P < 0.001) in motion at the operated level compared with both the H and the ACJ spines in all modes of loading. The reduced motion at the operated site was compensated for by increased rotation at the adjacent segments compared with the H spine (extension [P = 0.004] and lateral bending [P = 0.002]) and the ACJ spine (flexion [P < 0.009], extension [P = 0.002], and lateral bending [P = 0.006]). There were no differences between the rotational patterns of the H and ACJ conditions at all three levels (superior, operated, and inferior) or for all modes of loading.
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FIGURE 6. End limit motion values of the H, ACJ, and PLATE spines at the superior, operated, and inferior motion segments. The percent contribution of the rotation at each MSU is normalized to overall rotation of those three MSUs. I, inferior; O, operated; S, superior. aSignificant differences between H and PLATE; bsignificant differences between ACJ and PLATE.



Mean Relative Rotations


The mean relative rotations of the H, ACJ, and PLATE spines in flexion, extension, and lateral bending are shown in Figure 7. The flexion and extension motion profile of the harvested cervical spine tested in vitro was similar to published in vivo data. 27–30 The greatest range of flexion and extension occurred at the C5–C6 MSU, as was observed by Lysell. 31 Similar to the normalized motion graphs, use of an artificial cervical joint maintained motion at all MSU levels comparable with the H condition for all modes of loading. However, application of a constrained plate shifted motion from the operated region to the adjacent segments. The reduced motion at the operated MSU level was compensated for by an increase in motion at both adjacent segments.
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FIGURE 7. Relative MSU rotational values at each MSU level of the H, ACJ, and PLATE spines in extension (EXT), flexion (FLX), and left (L. LAT.) and right (R. LAT.) lateral bending.



DISCUSSION


Biomechanical Testing Protocols


Various testing methods have been used to study cervical spine mechanics; however, the two most common methods are load control and displacement control. 32 Under load control, a pure or constant moment is incrementally applied to the spine, and the spine is loaded in one motion plane at a time. Under displacement control, the translations and rotations of the end vertebral bodies are controlled. In this study, the displacement of the spine was controlled, and with use of custom fixtures, a “moment distribution” was induced throughout the spine similar to the in vivo situation.
A question arises as to which testing method better replicates the in vivo motion behavior of the cervical spine and would thus be better suited to delineate differences between an artificial joint and fusion instrumentation. Miura et al 33 recently described a method to simulate in vivo cervical spine kinematics using a preload and pure moment protocol. The technique of a follower load was used in conjunction with a pure moment. An important feature of the follower load concept is to pass a compressive load through the moving center of rotation of each MSU. In their study, the instant axis of rotation (IAR) was placed near the lateral masses and remained fixed for the flexion and extension tests. However, this IAR position was based on three cited studies, 34–36 none of which performed an analysis on the propagation of error associated with the theoretical IAR calculation itself, nor were the instant centers determined over small ranges of cervical motion (ie, 2–3° increments). We have previously shown that the IAR error can be large (as high as ±10 mm) for small angular changes (2–3°) and that the IAR position is significantly different in flexion than in extension. 37 The motion response using their pure moment protocol with a follower load is shown in Figure 8, along with an average in vivo data set 38–43 and with MSU rotational patterns from our testing protocol. The pure moment protocol was considered acceptable because the amounts of rotation at each cervical MSU were not significantly different from a collection of in vivo data. However, the combined mean flexion/extension rotational values did not always follow the in vivo pattern and in some instances went in the opposite direction or remained constant across multiple MSU levels (see Fig. 8B) at the region where the predominant amount of motion occurs in the cervical spine (ie, C4–C5 and C5–C6). The trend in their data suggests that if the sample size were increased, significant differences would exist between their in vitro data and the in vivo data.
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FIGURE 8. Combined flexion/extension motion of the harvested spine. A, Average in vivo versus in vitro motion responses for pure moment loading 33 and modified displacement control protocol. B, Mean values only of percent global rotation. Average values from several in vivo studies are plotted for comparison. 38–43



Using displacement control methods to apply a moment distribution across the cervical spine produced an in vitro motion response (see Fig. 8) that matched the in vivo pattern. When using this protocol to evaluate the ACJ, the motion of the spine at the superior, implanted, or inferior motion segment units was comparable with that in the harvested condition.
CONCLUSION


Although pure moment protocols are more commonly used to evaluate fixation hardware, they are less suitable for evaluating spinal arthroplasty. An improved testing protocol that more closely matched the in vivo motion behavior of the cervical spine was used to study the biomechanics of an artificial cervical joint in vitro. With use of this protocol, the artificial cervical joint was not found to alter the motion patterns at the operated site or at the adjacent segments. Application of a graft and plate, however, significantly reduced motion at the operated site, which was compensated for by increased motion at the adjacent segments. This increased motion at the adjacent segments may accelerate degeneration of adjacent disc segments.
Clinical evidence with the Prestige Cervical Disc has demonstrated an overall reduction in motion at the adjacent level in patients who underwent joint replacement, although this reduction was compensated for by the movement of the ACJ itself. 16 This biomechanical study emphasizes the maintenance of normal motion at all segments of the spine with placement of the cervical prosthesis compared with decreased motion of the adjacent segments after surgical fusion. It is anticipated that the ability to decrease stress on the adjacent segments will result in a significantly reduced incidence of the development of adjacent symptomatic cervical disc disease with the passage of time.
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