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Abstract

Introduction: Clinical studies have demonstrated beneficial results of posterior arthrodesis for the
treatment of degenerative spondylolisthesis (DS). The optimal stiffness of these fusion systems to
enhance load-sharing and fusion rate while minimizing adjacent segment stresses is unknown. To our
knowledge, posterior instrumentation for DS has not been tested under anterior shear loads, a highly
relevant loading direction for DS.

Objectives: To determine the amount of shear load supported by posterior lumbar fusion devices of
varying stiffness under shear loading.

Methods: The effect of implant stiffness and specimen condition on implant load was assessed in a
biomechanical study. Fifteen human cadaveric lumbar functional spinal units were tested under a static
300 N axial compression load and a cyclic anterior shear load (5-250 N). Implants (High-Stiffness (HS):
@ 5.5 mm Titanium, Medium-Stiffness (MS): @ 6.35 x 7.2 mm Oblong PEEK, Low-Stiffness (LS): @ 5.5 mm
Round PEEK, and Ultra-Low-Stiffness (ULS): @ 5.5 mm Rod X), instrumented with strain gauges to
measure loads, were tested in each of three specimen conditions simulating degenerative changes:
intact, facet destabilization and disc destabilization.

Results: Transducers measured implant shear loads to within £5 N. All implants supported significantly
greater shear loads as the specimen was destabilized. The LS and ULS implants supported significantly
less load than the HS and MS implants for all specimen conditions. Mean implant loads as a percent of
the applied shear load in order of increasing specimen destabilization for the HS implant were: 43, 67
and 76%, for the MS implant were: 32, 56 and 77%, for the LS implant were: 18, 35 and 50%, and for the
ULS implant were: 16, 39 and 42%. Standard errors were below 8%.

Discussion: An accurate shear load transducer was developed; the methodology is adaptable to many
implant designs and materials. Implant shear stiffness significantly affected the shear load-sharing
characteristics of the fusion devices. Low-stiffness implants transferred significantly greater loads to the

spine, and may possibly enhance the transition to the adjacent, uninstrumented spine in vivo.
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Glossary

Adjacent segment: the vertebra and disc directly above or below a fused vertebral segment.

Annulus fibrosus: (annular fibers) component of intervertebral disc; outer collagen ring surrounding
layers of fibrocartilage; surrounds the nucleus pulposus.

Anterior column: vertebral bodies and intervertebral disc with associated ligaments (posterior and
anterior longitudinal ligaments).

Corpectomy: removal of a vertebra or vertebra-disc unit. Often used as a spine model for in vitro testing
in which no load-sharing is desired between the fusion instrumentation and the spine. This termis
also applied to spine models that have a complete incision through the spine segment but the
entire vertebra have not been removed. Clinically, after a corpectomy is performed an
intervertebral cage is placed in the anterior column as a surrogate for the vertebral body (and
disc).

Facet joint: also called zygapophysial joint is a synovial sliding joint in the spine allowing limited motion
between a superior and inferior vertebra. A joint capsule surrounds the facet bones. There are
two facet joints between two vertebrae, one on the left and right sides of the spinous process as
viewed from the posterior. The anterior face of the facet joint is the posterior border of the
intervertebral foramen through which a nerve passes.

High-stiffness implant: rigid metal fusion instrumentation, such as screw-rod or screw-plate systems.

Intervertebral disc: composed of annulus fibrosus surrounding the nucleus pulposus and is located
between the vertebral bodies of adjacent vertebrae. The disc acts as a joint between each
vertebra in the spine.

In vitro: literally "within glass"; in the context of this thesis in vitro refers to physical tests conducted on
materials outside a living body (i.e. materials may be cadaveric tissue or non-biological materials
such as plastic). Computer models are not considered in vitro testing.

In vivo: conducting experiments and recording signals from within the living body.

Lordosis: natural curvature of the lumbar spine. The lumbar lordosis is convex anteriorly. A loss of
lordosis would be a decrease in the overall angle of the lumbar spine.

Low-stiffness implant: spinal implants that have a lower stiffness than traditional titanium/metal
pedicle-screw plate/rod systems.

Moment (pure/impure): a moment is a quantity resulting from a force couple acting to rotate a body in
a specific direction without causing other translations (pure). An impure moment causes a
rotation in one direction with additional translations. An impure moment acting on a structure is

composed of a pure moment combined with a force.



Mono-axial pedicle screw: original pedicle screw design in which the head of the screw is in a fixed and
aligned orientation with the shaft of the screw.

Nucleus pulposus: component of intervertebral disc; gelatinous tissue in the middle of the
intervertebral disc that is pressurized under compressive load.

Pedicle screw: bone screw used in spine surgery for insertion through the vertebral pedicles.

Poly-axial pedicle screw: new pedicle screw design in which the head of the screw can swivel and rotate
with respect to the shaft of the screw. Once the longitudinal rod or plate member is inserted in
the screw, the head is tightened to form a rigid connection between the screw head and shaft.

Posterior elements: the facet joints and associated joint capsule, lamina, spinous process, and
associated posterior ligaments (ligamenta flava, supraspinous ligament, interspinous ligament)
compose the posterior elements.

Posterior fusion device: any instrumentation including hooks, wires, screws, rods and plates surgically
implanted into the posterior elements to assist the fusion process by supporting load in one or
more directions.

Spine: column of vertebra-intervertebral disc units extending from the base of the skull along the
posterior of the body to the pelvis; allows motion of the body including bending and twisting;
houses and protects the spinal cord; supports body loads; attachment points for muscles.

Vertebra: Bone component of the spine. Articulates with adjacent superior and inferior vertebrae via
the intervertebral disc and facet joints. Contains space for spinal cord and creates borders of

intervertebral foramen through which a spinal nerve passes.
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Chapter 1 Introduction
1.1 Overview

Degenerative spondylolisthesis (DS) is a debilitating form of spinal instability in which the upper
vertebra slips forward with respect to the lower vertebra." DS commonly occurs at the L4-5 vertebral
level in the lumbar spine” and can result in severe neurological symptoms and pain.’ Between 3% and
8% of the population suffers from DS,* a number that increases with age.”® The current surgical
treatment for DS is a lumbar spinal fusion® and the number of fusion surgeries performed has increased
220% from 1990 to 2001; the increase in surgery rate was greatest for people over the age of sixty.°
Testing of a simulated DS spine instrumented with posterior fusion spinal devices is reported in this
thesis.

Many fusion surgeries consist of implanting a posterior spinal device and laying bone graft
between the two affected vertebrae. Ideally, as load is applied on the spine from the weight of the body
and activities of daily living, the bone graft grows and fuses the two vertebrae together preventing
further slippage and alleviating impingement of neural tissues. Loads applied on the spine are shared
between the implant and the spine. If the implant bears too much load, the bone graft may not
effectively develop due to stress shielding and fusion may not occur. Moreover, further spinal
degeneration may occur at spinal segments adjacent to the fusion.” Conversely, if the implant takes too
little load, the spine will continue to be unstable and motion between the vertebrae will prevent a
fusion. The amount of load supported by the implant is dependent on the relative stiffness between the
implant and spine. However, changing the normal vertebral loading pattern by implanting a fusion
device may cause degeneration at the vertebral segment adjacent to the fusion.?

It has been reported that 43% of people with lumbar fusions have adjacent segment disease
(ASD);” ASD is characterized by facet joint arthritis and degeneration of the disc adjacent to a fusion.’ In
response to the increasing number of lumbar fusions in the elderly population and ASD, medical device
companies are designing novel implants with decreased stiffness to be used on degenerated spines that
will presumably decrease the risk of ASD such as the Dynesys (Zimmer Inc., Warsaw, IN) and DSS
(Paradigm Spine, New York, NY). Extensive biomechanical testing of these devices has not yet been
reported, which is crucial to advance the design of these implants and assess implant performance.

In the following sections, | review the literature and discuss relevant study findings regarding DS,
shear loads in the spine, spinal fusions, ASD and spinal implants. The conclusions from these sections

lead to my thesis objectives, research questions and hypotheses.



1.2 Degenerative Spondylolisthesis

The etiology of DS is not well understood. Clinically, DS is characterized by degeneration of the
intervertebral disc and facet joint with anterior slippage of the superior vertebra with respect to the
inferior vertebra (Figure 1-1)." There are increasing severities of DS known as grades. The four grades
are based on increasing amounts of anterior slippage measured on a sagittal lumbar radiograph. The
anterior distance measured between the posterior edges of the superior and inferior vertebrae is
divided by the anterior-posterior length of the superior vertebral body.'® Grade | is 0-25%, Grade Il is 26-
50%, Grade Il is 51-75%, and Grade IV is 76-100%.

Some researchers have concluded that disc degeneration alone is the cause of the anterior
slippage, and any facet joint irregularities are due to remodeling and degeneration subsequent to the
slippage.™* Others argue that initial anatomic abnormalities in facet and lamina orientation'* and
preliminary joint arthritis** allow the slippage to occur when a disc is degenerated, predisposing people
to DS. The elderly population is at a higher risk for DS than young people,”* and the resulting spinal
instability can cause spinal stenosis and severe pain.?

Biomechanical tests addressing DS and its treatment are sparse in the literature; there exist only

1% One research group created a Grade | DS in human cadaveric

two cadaveric models representing DS.
specimens by surgically destabilizing the disc and completely disrupting the facet joint."! The shear loads
applied to the specimen were less than those estimated in vivo,'> and no compressive load was applied.
Applying a compressive load will increase the shear stiffness of the specimen. Therefore, anterior
translations resulting from shear loading without a compressive load will be larger than those produced
under shear without a compressive load. Since compressive loads due to body weight and muscle
activity exist in vivo (Figure 1-2), a more accurate model of DS can be created under combined loading of
shear and axial compression.

The second DS cadaveric model was developed in our lab as a preliminary study to the one
presented in this thesis."* Lumbar functional spinal units were loaded with a dynamic shear force of -50
to 250 N combined with a static axial compressive force of 300 N. The magnitudes of the loads were

1.®Y The specimen was loaded in the

representative of those estimated to exist in vivo at the L4-5 leve
intact state and at four other progressively destabilized conditions. The destabilized conditions were as
follows: 2 mm facet gap, 4 mm facet gap, nucleotomy and annular fiber destabilization. Each
destabilized condition was achieved with sequential surgeries. The 2 mm facet gap was created by
disrupting the facet joint capsule and removing approximately 1 mm of bone from the facet joint

surfaces of both the superior and inferior facet using a 2 mm burr tool. The gap was increased with a 4

mm burr tool for the second destabilization condition. The facet joint, although altered, remained



functional, as seen in the clinical case. A nucleotomy was performed by creating a small posterior
window in the lamina and cutting into the posterior intervertebral disc; the nucleus tissue was removed.
The final destabilization condition consisted of cutting the interior annular fibers with a scalpel to
release the tension in this tissue. Care was taken not to cut through the entire annular wall. The surgical
destabilization conditions were aimed to decrease the overall stability of the spine in anterior shear by
altering the facet joint and intervertebral disc. The motion of the superior vertebra with respect to the
inferior vertebra was recorded with an optoelectronic system. A mean anterior slip of approximately 3

mm was found which simulated a Grade 1 DS.



a) Vertebral body

Facet joint

Pedicle

Intervertebral disc

Figure 1-1: Anatomy of the spine and medical images of DS. (a) Drawing of a vertebra-disc-vertebra
unit showing the anatomy of the lumbar spine'® ©Elsevier Ltd., 2005. Reprinted from Drake et al.,
2010 with permission from Elsevier (b) Computed tomography image of the lumbar spine in the
sagittal plane showing anterolisthesis of L4 with respect to L5.> Reprinted from Sengupta and
Herkowitz, 2005 with permission from Wolters Kluwer Health. (c) Magnetic resonance image of a
Grade Il degenerated disc and (d) Grade 3 cartilage degradation in the facet joint.”® Reprinted from
Fujiwara, et al., 2000 with permission from Wolters Kluwer Health.
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Figure 1-2: A radiograph showing a spine with DS at the L4-5 level.”® The L4 vertebra has slipped
forward with respect to the L5 vertebra. The spinal load due to the body weight and external loads
from daily activities is composed of a shear and compressive load at the individual vertebral level. The
shear load acts to push the L4 vertebra anterior with respect to the L5 vertebra. Reprinted from Lee
DY et al., 2010 with permission from Georg Thieme Verlag.

Clinically relevant unstable spinal models need to be used in laboratory tests to determine the
effects of treatment on specific spinal disorders. Many biomechanical researchers testing the lumbar
spine to look at the effect of spinal instrumentation or surgical treatment on the kinematics or kinetics
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of the spine use intact cadaver spines. The few studies that do surgically alter the spine before

testing have not shown how that particular destabilization represents a clinical population.>?®
Therefore, it is difficult to determine whether that instability would be managed by the treatment in a
clinical setting.

The stiffness of the spine will affect how much load is supported by the fusion instrumentation.
An unstable spine has a different stiffness than a stable spine®” and surgical destabilizations simulating
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spine diseases or disorders may alter specimen stiffness in different directions. Measuring the

loads on fusion instrumentation implanted in intact spines may be an underestimation of the actual



loads that the device will support in vivo after implantation on a diseased spine. Therefore, implants
should be tested under relevant loading directions on destabilized cadaveric spines. A clinically relevant

model of DS can be used to test fusion devices designed to treat this condition.

1.3 Shear Loading in the Spine

It is not possible to directly measure the loads passing through a vertebra in vivo. This would
require removing a vertebra and replacing it with a load sensing device, such as a load transducer. This is
not safe in clinical practice, and further, inserting a foreign object into the spine would inherently
change the way the spine functions at that level; the forces measured would not necessarily be the
forces supported at that level by a normal spine. In vivo implant loads have previously been measured;*
however, this is a measurement of load supported by the fusion device, not the spine. It would be useful
to know the in vivo loads on the spine for the basic science of understanding spinal kinetics, for
designing devices to support a portion of that load, and for appropriate loads to be applied in cadaveric
experiments. Direct measurements of load supported by specific spinal structures as well as indirect

estimates of total loads acting on the spine have been made.

1.3.1 Direct Measurements

Compressive loads supported by the anterior column during activities of daily life have been
estimated using disc pressure measurements in the lumbar spine. Pressure transducers inserted in the
intervertebral disc have been used to measure the in vivo and in vitro pressure in the disc.>**
Multiplying the pressure with the disc area, as measured in the axial plane, provides an approximation
of axial force supported by the anterior column; an additional multiplier, dependent on the magnitude
of the applied load, was used to increase the accuracy of this prediction.*® Pressure measurements were
recorded for various normal activities, such as standing, bending-over and twisting.** A compilation of
the results of these disc pressure experiments showed that a maximal compressive force of 500 N
occurred in the disc of the third lumbar vertebra when subjects were standing. Since the posterior
elements support a relatively small percentage of load, compared to the anterior column,® 500 N is a
reasonable approximation of the in vivo compression loads in the lumbar spine during standing.

The influence of shear loading on intradiscal pressure has been investigated in vitro.**** While
large increases in intradiscal pressure occurred due to increases in compression loads, disc pressure
increases were small due to increases in anterior shear loads.*® Under compression the pressure in the
disc increases, whereas under shear the annular fibers of the disc support the load. Increases in load in
the annular fibers are not reflected in pressure measurements. Overall lower disc pressures due to shear
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loading compared with compressive loading have been recorded for intact spines. After removing



the posterior elements, which are composed of the facet joint, lamina and posterior ligaments, a
significant increase in disc pressure occurred under shear loading;*® the load originally supported by the
posterior elements was transferred to the anterior column. Therefore, under shear loading, the main
structures of the spine supporting the load are the annular fibers in tension, the posterior ligaments in
tension, and the facet joint in compression.

In vivo disc pressures have not been converted to shear forces because the pressure due to
shear would be confounded by the large pressures due to compression. Further, the shear load
supported by the annular fibers would not be measured with pressure sensors. The aforementioned
relative in vitro loading of the anterior column and posterior elements under anterior shear provides a
qualitative relationship between these structures.

Degeneration of the disc and posterior elements in DS may cause a greater load transfer to a
fusion device under shear loading compared with non-degenerated spines. The shear stiffness of
cadaveric functional spinal units with either an incised intervertebral disc (Group 1) or removed
posterior elements (Group 2) was compared.® In Group 1, the specimen shear stiffness decreased by
23% from the intact value, while in Group 2 stiffness decreased by 77%. This implies that under shear
loading the posterior elements in a normal spine support a majority of the load and if those elements
are damaged or degenerated, the load must be supported by another structure. For a degenerated
spine with posterior fusion instrumentation, greater shear loads are likely supported by the implant than

for a non-degenerated spine.

1.3.2 Indirect Estimates

Indirect methods have been used to estimate in vivo spine loads under various activities of daily
living. The results from models used for indirect load estimates combined with the relationships
developed from direct measurements can provide order-of-magnitude estimates of in vivo loads that
can be used to guide in vitro experimental procedures. The two main methods of estimating in vivo

loads are to use mathematical models or finite element models.*’*®

There are two main mathematical model methods: ground-up®® or top-down.?”*®

Ground-up
mathematical models are based on representing the human body as rigid links and using inverse
dynamics to calculate joint loads. Assumptions include frictionless pin joints for two-dimensional models
for the joints such as the ankle, knee, or hip, anthropometric dimensions and body segment masses.
Free body diagrams are constructed to analyze the joint loads at each rigid link starting with the foot to

solve static equilibrium equations for joint forces and moments. The static equilibrium equations are

applied to each subsequent segment in the body to determine all the joint forces and moments.'® The



external forces and angles between segments are usually found using an experiment in which human
motion is video recorded and external loads are recorded by force transducers or known dead-weights.
Further, muscle activation may be recorded in these experiments to validate which muscles should be
represented in the model.** In top-down, the model is solved by using the upper body as the weight on
the lower body, and it does not take into account transient or impulse responses from ground forces
during locomotion.*

To determine the loads on the lumbar spine, a transverse plane through the vertebra of interest
divides the upper and lower body. The reaction forces at the spine and active muscle equivalent forces
can be determined using the equations of motion. Limitations of the mathematical models include
errors in anthropometric measurements, simplification of muscles to lines of action, and estimation of
centroids of body segments. For example, a 20-35% reduction in predicted compressive forces were
found by adjusting the moment arm and direction of line of action for a muscle equivalent.*

Finite element models are used to represent structures as deformable bodies, and generally,
spine segments, not whole bodies, are modeled with finite elements. Rigid, whole body models were
used in the aforementioned mathematical models. Finite element models of the lumbar spine have
been developed to represent normal posture and loading environments expected during activities of

daily life such as walking, bending over or standing.!’”****

Schmidt et al. developed a non-linear
poroelastic model of the lumbar spine to determine the time-dependent response of the spine tissues to
loading over the course of a day.** Authors found that the cyclic axial load of 1000 N caused a decrease
in annular fiber stress magnitude over time. Kim and Kim created a finite element model of the lumbar
spine with 117 pairs of trunk muscles simulating a neutral standing posture.*”* Optimization was used to
determine which muscles were activated to maintain the posture. Rohlmann et al. loaded a validated
finite element model of the lumbar spine in five modes of compression to determine the expected in
vivo compression force.'” They also loaded this model in six bending-compression modes to determine
expected in vivo loads to simulate trunk bending.”* Range of motion, disc pressures and facet joint
contact loads were calculated by the model. Existing in vivo measurements of these parameters were
compared with the finite element results and the loading mode that produced the best alignment with
the in vivo data was defined as the most likely estimate of in vivo compression forces on the lumbar
spine during standing"’ and compression-bending loads during trunk bending.*

In vivo compressive forces on the lumbar spine have been estimated using both rigid body
models and finite element models. Compressive forces on the spine have been estimated, using
mathematical models, to be between 470-2300 N during static bending and twisting postures,®® 460-
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1670 N during level walking, and 1000-3000 N under externally applied compressive and shear



loads.* Disc forces due to compressive loading predicted by a mathematical model were half the value
reported in experiments using pressure transducers in the disc.”’ The author concluded that
simplifications in the model including no stabilizing muscle activity account for the lower disc pressure.
Predictions of range of motion, disc pressure and facet joint contact loads during standing from a finite
element model matched experimental data well for an axial compressive load of 500 N.” Muscle
activation maintaining a standing posture caused an axial compressive force on the L4 vertebra of
approximately 600 N.*

In vivo shear loads during standing have been calculated by a finite element model with active
muscles to be less than 100 N at the L4 vertebra.”® Estimates of shear loads in mathematical models are
smaller than compressive loads: 200 N during static bending and twisting postures,® 40-100 N during
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level walking, and 50-200 N during applied compressive and shear loads.** The rigid body model
predictions were based on a young, healthy, male population with non-pathological spines. A
degenerated spine may have less ability to support the in vivo shear forces. Therefore, a spinal fusion
device may support a greater percentage of the shear load than would be expected for a fusion device

used on a non-degenerated spine.

1.4 Spinal Fusions
Spinal column injury from trauma, deformity or degeneration involving neurologic symptoms
may be treated with fusion. Fusion is the bridging of two bony elements with bone graft to restrict
motion between the elements. Under load, the bone graft grows into the elements forming a rigid
connection. Fractures, bone diseases, and deformity in many parts of the body are treated with fusion,
including the spine. The goal of spinal fusion is to immobilize the affected vertebral segments with a
solid osteosynthesis.”> An accompanying decompression surgery is intended to decompress nerve or

spinal cord compression to alleviate neurological deficits.

1.4.1 Surgical Technique

The first surgical technique for spinal fusion was proposed by Hibbs in 1911.% He treated three
people with Pott’s disease by removing bone from the vertebrae and laying it across the spinous
processes. Pott’s disease is a type of tuberculosis that has spread into the spine. Over many decades,
this surgical technique was adapted to incorporate instrumentation to improve the fusion. The
instrumentation may consist of combinations of hooks, wires, screws, rods and plates to assist in
stabilization of the vertebrae. One of the first techniques described that used screws to supplement a
bone graft fusion was reported by King in 1948, who inserted screws through the facet joint.”” Out of 44

patients, he had a fusion rate of 89%, and a satisfactory functional outcome of 91%. In 1976, Roy-



Camille described the technique that is used commonly today in instrumented fusions:* screws were
inserted from the posterior into the vertebral body through the pedicles, and plates with holes to
accommodate the screws lay on the posterolateral spine in the vertical direction across as many
vertebrae as were used for the fixation (Figure 1-3).*> Since this method was proposed, pedicle screws
combined with plates or rods have become a common instrumentation system to supplement spinal

fusion.

(a) (b)

Figure 1-3: Posterior lumbar fusion instrumentation. (a) Posterior view of a pedicle screw-rod fixation
system affixed to a spine model. (b) Posterior x-ray of pedicle screws connected to a plate system
spanning two levels in the lumbar spine.”® Reprinted from Rutherford et al., 2007 with permission
from King, L and the Radiological Society of North America. (c) Axial view of a lumbar vertebra with
pedicle screws inserted.” Reprinted from Foley et al.,, 2001 with permission from MedScape.com,
2010.

1.4.2 Fusion as a Treatment for DS

Treatment for DS includes non-operative, or conservative management, operative
decompression, or operative decompression combined with fusion. A recent randomized control trial
and prospective cohort study on 222 patients with DS was conducted to determine the effects of
operative or non-operative treatments on listhesis, an increase in anterior slip, disc height and
mobility.”® Eighty-six percent of the population had a Grade | DS, while the rest a Grade II. The results of
the study indicated that patients undergoing surgery improved more than the non-operative group.
There are two main treatments for surgical intervention in the lumbar spine: the vertebrae may be
decompressed only, or decompressed and fused. Decompression only resulted in a significantly greater

amount of post-operative back and leg pain,” a greater proportion of unsatisfactory clinical results
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relating to patient-reported pain and function levels, and increased post-operative listhesis.

Fusion surgery appears to be indicated for DS.
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Fusion surgery performed with instrumentation significantly increased the rate of fusion in the
lumbar spine compared with non-instrumented fusion surgeries.>® Even when patients were stratified by
diagnosis, those with DS treated with instrumented fusion surgery had fusion rates between 86% and
94%, higher than the fusion rates between 52% and 65% for fusion without instrumentation.”*>*
However, instrumented fusion does not necessarily correlate to patient satisfaction, defined as the
amount of pain experienced by the patient, medication used by the patient, and employment status
post-surgery.>**®

The effect of instrumented fusion on patient satisfaction has yielded mixed results. Lower
clinical satisfaction rates compared with fusion rates have been reported for patients with degenerative
lumbar spinal stenosis.>® This finding is supported by the results of a meta-analysis specifically analyzing
studies of fusion surgery for DS patients.”” However, studies have also found higher rates of patient

>%3> with the implication that some patients with

satisfaction compared to rates of solid fusion
pseudarthrosis still have a satisfactory clinical outcome. Only one study comparing instrumented fusion
surgeries to non-instrumented fusion surgeries was a randomized control trial, but the inclusion criteria
for this study included many lumbar spine diagnoses, one of which was DS.® The effects on clinical
outcome and patient satisfaction of confounding variables in non-randomized control trial studies and of
including different diagnoses for surgical treatment are not well understood. However, the societal
impact of poor clinical and patient outcomes still exists: some patients with an unsatisfactory outcome
and continuing neurologic deficit will undergo a revision surgery and lower fusion rates for this second
surgery have been reported.” Further, low-stiffness fusion devices have not been included in any of
these epidemiological studies, and lower rates of revision surgery may result from using low-stiffness
implants in the index fusion surgery.

Degenerative spinal conditions in the elderly are now being treated with spinal fusions.
However, the early indications for fusion such as trauma and deformity did not include degenerative
conditions. Reasons for expanding the indications for fusion to degenerative conditions include:
advances in technology such as instrumentation systems that do not require intact facet joints or
lamina, diagnostic equipment such as computed-tomography and magnetic resonance imaging that
allow diagnosing spinal problems that previously could not be seen with plain x-ray, and improved post-
operative care that allows elderly people with co-morbidities to be eligible for fusion surgery.’ Elderly
populations have the highest prevalence of DS in the population,”* and they are now eligible for surgery.
The influx in fusion surgeries on elderly patients has created a market for new spinal instrumentation. It
is the rates of revision surgeries, pseudarthrosis, and unsatisfactory clinical outcomes that spinal implant

companies aim to reduce by designing novel instrumentation for the degenerated spine.
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1.5 Adjacent Segment Disease

1.5.1 Definition and Clinical Studies
Researchers have published numerous clinical and biomechanical studies addressing the
controversial hypothesis that a posterior lumbar fusion causes ASD. ASD is characterized by

degeneration of the mobile segment adjacent to a fusion.’ It has been suggested that ASD is caused by
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changes in stress, motion,”® instability and lordosis®! at the adjacent segment to a fusion. Disc

degeneration,62 stenosis,*®° and poorer patient outcome>®® have been correlated with ASD, and the

number of spinal levels fused is a risk factor in developing ASD.”>%%%64

Conversely, other researchers
have proposed that ASD is a natural progressive degeneration of the spine, and its development is not
caused by a fusion.

Studies have shown significant correlations between ASD and age’®*%>%¢

suggesting the elderly
population is more at risk of ASD whether or not a fusion is present, although ASD would be diagnosed
as degeneration if there is no adjacent fusion. Specifically, disc height and disc degeneration have been

h.%” Further, sacral inclination® and menopause® have been

shown to change with age, not fusion lengt
correlated with ASD indicating that some persons may be predisposed. Radiographs of 42 fusion
patients with an average of 23 years of follow up were assessed for ASD and compared to radiographs
for age and gender matched control non-fusion patients with back pain.”® The segment assessed for the
control group was matched to the level of the fusion group’s adjacent segment. No significant changes
in the motion at the adjacent segment were found between the fusion group and control group.
Further, there were no significant differences between the adjacent vertebra translation or disc height,
or the incidence of developed DS for the two populations.

Still other researchers suggest that ASD is a natural progression of the spine that is accelerated

by fusion.®7*

One study included 101 patients with pedicle screw fusions with a preoperative diagnosis
of DS and follow up at six years.”* The effect of posterior spinal integrity on ASD was determined by
separating the study group into subgroups composed of (1) a non-damaged group with an intact lamina
and spinous process and (2) a damaged group with the whole spinous process of the upper or lower
fused vertebra removed. They found an overall incidence of ASD of 23%, and that damaging the integrity
of the posterior complex during the fusion operation increased the incidence of ASD from 6.5% in the
non-damaged group to 24% in the damaged group, concluding that the surgical method may lead to
acceleration of ASD.

These clinical studies have significant limitations. The populations studied were generally

heterogeneous. Factors such as age, gender, fusion instrumentation, pre-operative diagnosis, pre-
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operative spinal degeneration, living conditions, and work environment were usually not accounted for
in the study.®® Heterogeneous populations allow broad generalization of study results to populations,
but more homogenous populations would lead to stronger relationships between the development of
ASD and fusions.

A second limitation is the fusion group in the majority of these studies was not compared to a

population of people without fusions;>”*%""*

some studies only included patients with ASD and did
not compare them with people with a fusion without ASD.? This limitation is perhaps the reason why
there is no conclusive evidence for or against the hypothesis that fusion causes ASD. Without a control
group, it is impossible to prove whether ASD had a higher incidence in people with fusion than without
or that the effects seen at the adjacent segment were not seen in an age-matched population. Perhaps
this has been overlooked because the name ASD infers there must be a fusion to have an adjacent
segment to become diseased. However, studies similar to Hambly et al. in which segment levels are
matched between fusion groups and controls’ are needed to determine if ASD is caused by, accelerated
by, or unaffected by fusions. Possible accelerative effects of a fusion on ASD could not be assessed
because measurements were made at only one follow-up time.” In addition, the control group had back
pain and may have been predisposed to spinal degeneration;’® back pain and associated muscle spasms

may have resulted in a lower range of motion in this control population. Acceleration or causation of

ASD from a fusion should also be determined with non-pathological and pain-free populations.

1.5.2 Biomechanical Studies

To increase the control in experiments and assess factors that would be otherwise impossible to
characterize in vivo, cadaveric biomechanical experiments have been performed to determine the effect
of fusion on adjacent segments. Contrary to many clinical studies, the results of the biomechanical
studies showed effects of the fusion on adjacent segments. However, the method by which these

studies were completed influenced the results.

1.5.2.1 Methodology of Biomechanical Studies
Generally, biomechanical in vitro studies performed to assess the effect of fusion
instrumentation on the adjacent segment to the fusion use multi-segment spines tested with one of
three methods: stiffness, flexibility or hybrid. The stiffness and flexibility protocols were defined by
Panjabi to be used on multi-segment (two or more) spine specimens.’” Stiffness testing involves applying
a known displacement or rotation to a vertebra in a specific direction and measuring the resulting six
forces and moments. However, by applying a rotation, the investigator is forcing the rotation axis to be

in a particular location that may not represent the natural center of rotation of the spine. Further, if the
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rotation is not about the physiologic axis, unknown constraints in other directions are created.” To
eliminate these limitations the flexibility protocol can be employed. A known force or pure moment is
applied to an unconstrained vertebra and the six translations and rotations are measured. A pure
moment can be created with a force couple; no additional forces are created when a pure moment is
applied to a structure. The resulting rotations and translations from a flexibility test are often acquired
with an opto-electronic tracking system. Both stiffness and flexibility methods have significant
limitations when used to assess effects of a fusion on adjacent segments to the fusion.

When assessing effects at the adjacent segment to a fusion, the stiffness and flexibility protocols
directly influence the results. For example, if a flexion rotation is applied to a three-segment spine as per
the stiffness protocol, the intervertebral rotations will sum to the applied rotation. If two segments are
fused together, the total rotation will occur at the adjacent segment, creating an effect of fusion length
and magnitude of applied rotation on the adjacent level range of motion (Figure 1-4a and b). Similarly, if
a pure moment is applied as per the flexibility protocol, the same moment will exist at every level of the
spine whether or not spinal instrumentation exists (Figure 1-4c and d). Therefore, an increase in range of

motion at the adjacent level to a fusion will result from a stiffness protocol, while no change will be
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found with a flexibility protocol. Both stiffness and flexibility methodologies have been used

in the biomechanical studies assessing adjacent segment effects. In addition to the rotation axis
limitation in the stiffness protocol, moments combined with unknown forces causing were applied in

some of the flexibility studies.”*”

RrotaL = 20° RroTaL = 20° Mrotat =5 Nm Mrotac =5 Nm

Figure 1-4: Schematics of three-vertebra spine segments tested with the (a) stiffness protocol in the
intact state, (b) stiffness protocol with fusion instrumentation, (c) flexibility protocol in the intact
state and (d) flexibility protocol with fusion instrumentation. In the stiffness protocol, the total
rotation is spread across the length of the specimen in the intact state, while the total rotation must

14



exist at the only available segment after fusion. The flexibility testing causes a known pure moment to
exist at every level of the spine, with or without fusion instrumentation.

To address the problems with flexibility and stiffness protocols, a hybrid method was developed
by Panjabi.”” This method specifically addressed the hypothesis that after a fusion, the remaining
vertebral segments in a spinal region must adapt to accommodate normal activities of daily life, such as
bending over to tie a shoelace. After a fusion surgery, people will bend over and achieve the same
rotation as was achieved pre-surgery. Therefore, biomechanical studies must test long spine segments
to measure the possible in vivo adaptation of a spinal region to a fusion. The hybrid method is composed
of three steps:’’ (1) test the intact spine using the flexibility protocol and measure the overall range of
motion of the spine segment (Figure 1-5a); (2) re-test the spine after fusion surgery and increase the
pure moment until the range of motion from step 1 is reached (Figure 1-5b); and (3) analyze the desired
output intervertebral data (i.e. range of motion, strain, load, etc.) from step 2 and compare and
normalize with the intervertebral data from step 1. For the hybrid protocol, the intact rotation of the
spinal region is maintained throughout testing, the rotation axis is not constrained, and the moment is

increased from the intact to the instrumented test.

Mirorat =5 Nm Msrorar =5 Nm + extra

Rirotat ReroraL = RitoraL

Res

(a) (b)

Figure 1-5: Schematic of a five-vertebra spine segment tested under the hybrid protocol’’ (a) in the
intact state and (b) after fusion instrumentation. The pure moment is larger after fusion to maintain
the same total segmental range of motion (R¢oral) as in the intact state (Rirora). The intervertebral
range of motions (R; and R;) sum to the total range of motion. After fusion, the total range of motion
will be divided between three segments compared to four in the intact state.
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1.5.2.2  Results of Biomechanical Studies
Some of the adjacent segment changes found from biomechanical studies comparing intact

21,22,26,74,75,78

specimens to fused specimens are: increased motion, shifts in the centers of rotation,?

23,76

altered facet joint loading location,? increased disc pressure, altered adjacent segment motion

218176 pesults of one study

correlated to fusion length,”® and increased strain on the posterior elements.
did not show significant changes in disc pressure or increased motion at the adjacent segment after
fusion but did find increased lamina strain and increased load across the fusion instrumentation when
there was a loss of lordosis across the fused segment.®* Lordosis is the natural curvature of the lumbar
spine. A trend of decreasing lordosis was found at the fusion level due to fusion surgery in a patient
population.®® Authors concluded the altered mechanical loading due to fusion with a loss of lordosis at
the adjacent segment may accelerate ASD. The results of the aforementioned studies are confounded by
either the stiffness or flexibility testing methodology; none of the studies used the hybrid protocol,
usually because it had not been developed at the time of the study.

One study from our lab assessed the effect of a posterior fusion device combined with rigid or
flexible extension rods, to increase construct stability, on the kinematics of the adjacent segment using a
modified hybrid testing protocol.”® Thoracolumbar cadaveric specimens were tested in four conditions
(Figure 1-6): (1) intact, (2) vertebral body spacer and rigid rod instrumentation, (3) distal rigid rod
extension added to the rigid rod instrumentation, and (4) distal flexible rod extension added to the rigid
rod instrumentation. Significant differences between using the rigid extension rods and flexible
extension rods were found. Increases in range of motion at the adjacent, non-instrumented, segment
compared to the intact condition with the addition of the extension rods were found. The flexible
extension rod increased the range of motion by a smaller amount than the rigid extension rod. The
authors of this study assumed that adjacent level motion caused by the fusion correlates to the risk of
ASD. Therefore, the flexible extension rods may decrease the risk of ASD compared with the rigid
extension rods.”® The corpectomy level was instrumented by a traditional titanium posterior fusion
device in all fusion conditions, and it is unknown what effect a flexible rod at the corpectomy level
would have on the kinetics of the spine or kinematics of adjacent vertebrae.

As described previously, most of the biomechanical studies were limited by the use of the
stiffness and flexibility protocols to test for adjacent level effects. Some of the studies also had limited
clinical applicability. Few specimens were tested”****’* making it difficult or impossible to reach levels
of significance in the results. Some researchers did not destabilize the spine before testing the effects of
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a fusion, thus the spine behavior did not represent the clinical situation in which the spine must

initially have severe degeneration or deformity to warrant a fusion. A compressive follower load was not
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23617576 The muscles provide a stabilizing effect on the spine in vivo, and

applied to the specimens.
assessing kinematics, disc pressure, and posterior element strain in vitro without a follower load will
alter the absolute values of these measurements. Although a follower load would not likely affect the
general trends and comparisons made within a study, the absolute values may not accurately represent

those existing in vivo.

(1) (2) (3) (4)

Figure 1-6: Schematics of long spine segments tested with the Hybrid protocol. The specimens were
tested in each of the four conditions in flexion-extension, lateral bending and axial rotation under 5
Nm of applied moment.” (1) intact, (2) corpectomy model with interbody spacer and rigid rod
instrumentation, (3) rigid extension rod in addition to rigid rod instrumentation and (4) flexible
extension rod in addition to rigid rod instrumentation. Adjacent level effects were determined at the
distal non-instrumented level. Reprinted from Tan et al., 2008 with permission from Wolters Kluwer
Health.

1.5.3 The Cost of ASD

The incidence of ASD among people who have previously received a fusion has been reported
as low as 13%° and as high as 46%,” with an annual rate of 4% after surgery.®? The reported incidences
were usually determined by assessment of radiographs or magnetic resonance images,>>**’%”® as
opposed to incidence based on patient complaint of pain or neurological symptoms.”®* Reoperation
rates for people with ASD have ranged from 22% to 100%.5>%*"* From 1992 to 2003 the number of spinal
fusions performed each year increased from 0.3 to 1.1 per 1000 people over the age of 65 in the United
States, and lumbar fusion represented 47% of all back surgeries performed.® The total spent on
surgeries in a year increased from $75 million in 1992 to $482 million by 2003. If only 22% of people
with ASD after a lumbar fusion surgery have a revision surgery, and the rate of lumbar surgery remained

at 1.1 per 1000, a conservative cost estimate in 2009 would be $34 million spent on revision surgeries

for ASD.
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In response to this economic burden on society, medical device companies have developed
novel posterior spinal implants to prevent ASD. These implants are of two types: flexible implants
designed for fusions and dynamic implants designed to restore the biofidelic behavior of the spine. The
lower stiffness of these novel implants, compared to traditional titanium implants, is hypothesized to

decrease the risk of ASD, or reduce accelerative effects of a fusion on ASD.”®%!

As a primary step, novel
implants need to be compared to traditional titanium fusion devices to determine kinetic responses to
loading to assure effectiveness of load transfer between the spine and implant and to determine if there
are significant changes in implant loads when using a low-stiffness implant. An in vitro biomechanical
study performed with a spine representing clinical degeneration warranting a fusion and fusion implants

able to measure load can provide this information.

1.6 Spinal Implants

Spinal implants are designed to achieve clinical objectives of pain reduction, deformity
correction and elimination of neurological symptoms in conditions due to trauma, deformity or
degeneration. There are three biomechanical methods used to achieve these clinical objectives:
immobilize the spine to induce fusion, re-create normal motion-patterns of the spine without fusion, or
allow fusion without complete spinal immobilization. To assess how well an implant achieves these
biomechanical goals, researchers conduct tests on implants to measure relevant mechanical
parameters,’ such as relative motion and stiffness, implant loading, fatigue and ultimate strength, and
durability and wear. Clinical outcomes are assessed after the device has been implanted in humans
through measurements on medical images to determine the amount of deformity correction and
questionnaires regarding pain. The following subsections describe how different biomechanical goals
affect implant design, how implants are tested to measure kinematic parameters such as spinal range of
motion, and how implants are tested to measure kinetic parameters such as the amount of load

supported by the implants.

1.6.1 Implant Design

Traditional, rigid, metal spinal implants were designed to assist in fusion, as described in section
1.4.1. Briefly, it was hypothesized that fusion of a spinal segment will decrease or eliminate any pain
associated with the original spinal deformity, trauma or degeneration. Researchers found that the rate
of fusion increased when a rigid device was implanted in the spine compared with non-rigid devices or
when no device was implanted.>**® The goal of the rigid implant is to immobilize the spine. Low relative
motions between adjacent vertebral segments and bone graft will allow healing of bone and a solid

osteosynthesis.*” Fusion implants need to be relatively stiff in all loading directions since minimal motion
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between the vertebrae is required for bone growth.2® The implants must support loads in all
directions. A system of components capable of resisting or supporting loads in all directions without
collapsing is defined as a structure.®® Therefore, fusion devices used currently in surgery are designed to
be structures. Once the bone mass has healed and fusion is complete, these devices theoretically
support less load and are cycled at lower loads than prior to fusion. Therefore, fatigue and wear are less
critical than strength and stiffness for traditional fusion implants. However, in practice the exact loading
relationship between fusion implants and the spine over the course of bone growth is unknown; in some
patients the implants may be loaded at a higher level for a longer time period. Thus, designs to prevent
failures due to fatigue loading are relevant for traditional fusion implants.

Other spinal implants are designed to restore the motion of a destabilized spine to its intact, or
normal, state; these devices are not designed for fusion and are referred to as dynamic devices.’*®
Dynamic implants allow motion in particular directions and transfer greater loads to the spine. The yield
strength of these devices may be lower than for fusion implants since greater load will be transferred to
the spine. Wear particulate, fatigue strength, and motion patterns are the most important
characteristics for dynamic implants. These implants will be cycled indefinitely and the amount of
particulate due to wear may cause implant loosening, bone loss, and accumulation of particles in organs
such as the liver and spleen.?” The functional goal of motion-restoration must also be considered. One
research group systematically varied the axial and bending stiffnesses of a generic posterior implant
affixed to a finite element model of the lumbar spine.® The range of motion in flexion-extension was
affected by the axial stiffness, but the range of motion was not affected by different values of bending
stiffness. Based on this finding, the researchers recommended optimal dynamic implant stiffness values
that were incorporated in the design of a new dynamic device aimed to restore a portion of the normal
spinal motion.* Dynamic implants are sensitive to stiffness in particular directions, thus multi-
directional stiffness similar to traditional fusion implants is an important characteristic to control for
dynamic implants.

Finally, some devices are designed to assist fusion at an affected segment while allowing the
spinal column loading to remain as close as possible to an uninstrumented, normal spine. The stiffness
of this implant is lower than for traditional fusion implants so as to transfer greater loads to the spine.?®
Ahn et al. used a finite element model of a destabilized lumbar functional spinal unit to determine the
axial load-sharing of two low-stiffness implants and a rigid implant.*® The two low-stiffness implants
supported 28% and 36% of the applied load compared to 67% for the rigid implant. The yield strength is
an important parameter to consider during design of low-stiffness implants. Although there is little risk

of traditional fusion implants yielding due to the high yield and ultimate strength of metals, low-stiffness
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implants made of polymers may be loaded to the yield strength of the implant material. The design of
low-stiffness implants involves a balance between stiffness and strength. Further, low-stiffness implants
may result in larger relative motions between vertebrae compared to traditional fusion systems. This in
turn may result in a longer time for healing which increases the risk of implant failure due to fatigue.
However, in one study insignificant differences in the intervertebral range of motion were found when
loading a spine instrumented with either a traditional or low-stiffness implant.”®

Some dynamic and low-stiffness devices may also be affixed to the adjacent segment to a rigid
fusion. This transitional implant may decrease the severity of the changes at that adjacent segment due
to the fusion by preventing hypermobility while allowing some or all of the pre-fusion motion.”® The risk
of degeneration of the adjacent segment to the low-stiffness or dynamic implant would decrease since

the kinematic and kinetic changes would be less than had a traditional fusion implant been used alone.

1.6.2 Implant Testing

Prior to use in humans, spinal implants are tested in vitro, using surrogate constructs to
represent the spine (usually plastic) or cadaveric specimens (human or animal), and in vivo using animal
models to determine the efficacy and safety of the device. As described by Panjabi, there are three main
types of biomechanical tests conducted on implants: strength, fatigue and stability.”? For strength tests,
an implant is loaded in a particular direction of interest until failure of the implant or failure between
the implant and the cadaveric spine occurs. Fatigue tests are long-term in which cyclic loads are applied
to an implant until failure occurs. Many devices would be deemed safe for clinical use by researchers
and companies after satisfactory results are observed in these first two tests. However, the results of
the strength and fatigue tests do not relate to the function of the implant. The stability test indicates
which implant achieves its main function of spinal immobilization (fusion) or spinal motion (non-fusion).
None of these test types measure the kinetic behavior of the implant. Low-stiffness devices need to
transfer loads to the spine to allow bony fusion to occur, restrict motion between the affected
vertebrae, and prevent increased motion at the adjacent segments. Therefore, stability tests in which
implant loads are measured need to be conducted.

Stability testing implies that the result of testing will indicate if the spine-implant construct is
stable. There are two definitions of stability relating to a fundamental mechanical concept and a clinical
concept. The mechanical definition of stability is defined as a structure having an optimal state of
equilibrium.®® For example, a ball on a hill is unstable because if it is perturbed, the ball will roll away
from its initial position, whereas a ball in a valley is stable since it will return to its initial position if

perturbed. In the clinical context, the definition of stability is not dichotomous (stable/unstable), but is
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continuous (low to high) and is related to a structure's stiffness, or mobility. Increasing the stiffness of a
structure increases the stability, while decreasing the stiffness decreases the stability. This definition is
related to the amount of motion of the spine that is caused by an applied force. In this thesis the term
stability was defined in the clinical context.

Fusion implants are designed to create a rigid connection between two adjacent vertebrae to
stabilize that spinal segment. A stability test, or flexibility test, as first proposed by Panjabi,”* can be
used to determine the relative stiffness of different implant-spine constructs. A physiological load,
defined as a pure moment or force applied about or along an axis from the orthogonal anatomical
coordinate system with magnitude simulating that existing in vivo, is applied to the construct and the
relative motion between the vertebrae is measured. The slope of the resulting load-deflection curve is
the stiffness. The implant resulting in the maximum construct stiffness has best achieved the function of
vertebral stabilization. As described in section 1.5.2.1, a stiffness test can also be used to test stability
but is rarely used due to the associated limitations.

Since flexibility testing was first described,”” numerous researchers have conducted flexibility
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tests on spinal implants using both experimenta and computer models. In a study
conducted by Panjabi et al. eight spinal fixation devices were affixed to cadaveric spine segments (T9-L3)
and loaded with pure moments in flexion-extension, axial rotation and lateral bending.”® Range of
motion was measured and the relative flexibility of the spine-implant construct compared with the
intact spine was calculated. All devices were posterior fusion devices except one that was an anterior
fusion device. The anterior fusion device showed greater flexibility in flexion-extension.”® Within
posterior fusion devices, those secured to the spine with vertebral body screws or pedicle screws
created greater stabilization in all directions (flexion-extension, axial rotation, lateral bending) compared
with devices attached with hooks and wires only.*

The behaviour of low-stiffness implants has been compared to traditional rigid fusion devices.
Evaluating pedicle-screw based implants, the range of motion between spines instrumented with
posterior fusion rods made of titanium compared with rods made of polyether-ether-ketone (PEEK) was
not significantly different, and both implants reduced the range of motion of the intact spine by three-
fold.”® No significant differences in range of motion were found when a rigid device was compared to a
dynamic device, except for flexion-extension in which the spine immobilization was greater with the
rigid device than the dynamic device.®?® Finite element analysis showed that the vertebral range of
motion of a spine segment model instrumented with a generic posterior fusion rod of varying stiffness

was affected by axial implant stiffness values less than 200 N/mm only®> and was not significantly

affected by implant bending stiffness values less than 500 N/mm.®® With this information, an ideal low-
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stiffness implant can be realized with an axial and bending stiffness such that a desired range of motion
is achieved. However, if fusion is desired, load through the bone graft is required for healing; relative
load through the spine and implant should be measured during stability tests to assess how loading

through the spine is affected by different fusion implants.

1.6.3 Implant Loads

As long as the spine has some ability to support load, there will always be some load-sharing
between an implant and the spine. Load-sharing in this thesis is defined as the proportion of applied
load supported by one component in a multi-component structure.” Load-sharing of an implant refers
to the percentage of the applied load to the spine-implant construct that the implant supports. For
example, if an implant has 70% load-sharing in flexion, the implant supports 70% of the applied flexion
moment and the spine supports the remaining 30%.

We can relate the amount of load supported by a component to its material and geometric
properties for simple structures. For example, a composite structure is composed of two columns in
parallel with different stiffness joined at the top and bottom by rigid members (Figure 1-7a). An axial
compressive load is applied to the top rigid member and compresses the composite column by a
distance AL. A horizontal cut through the composite column shows the forces in each column
component due to the applied load (Figure 1-7b). This system can be represented schematically as a

parallel spring system with two springs having different spring constants (Figure 1-7c).

kl kZ

(a) (b) (c)
Figure 1-7: Load-sharing of a composite column. (a) The column is made of two materials with
stiffness E; and E,, respectively, and each with length L,. The column is held rigidly at the top and
bottom (black boxes). An axial compressive load, F, is applied to the column and compresses the
column a distance of AL. (b) The composite column is cut at the location of the dashed line and the
component forces, F; and F,, due to F are shown. (c) An equivalent system of two parallel springs each
with a spring constant, k; and k.



A mathematical derivation to find the load-sharing of each component in the column in Figure 1-
7 is provided. Each column component has an equal strain since the original length and the compression

are the same for components 1 and 2:

Lo = Lo1 = Loz
AL = AL, = AL,
AL
E=¢g =& = Z

where L, = original length of column, AL = amount of compression of the column, € = strain
From first principles,
o, = E¢
o, =E,¢
where o = stress, E = Young's Modulus
Substituting our relationship for strain and the known relation between stress, force and cross sectional

area (stress = force/area), yields:

F EAL FZ_EAL
A ML, A, L,

where F = applied force, A = cross-sectional area

We can isolate the forces supported by each component:

Fy = E1A1£ F, = Ezl‘lzE
Lo Lo
From Figure 1-7a and b, we can see the component forces add to the applied force, F:
F = Fl + FZ
AL AL

F = ElAlL_+E2A2L_
o o

The load-sharing (LS;) of each component is the percentage of the applied load supported by the

component:
F. F.
LSy =& LS, ==
AL AL
EvA T~ B2 T,
LSl = LSZ =
AL AL AL AL
EiA1+—+ E Ay — E A1 +—+ EyA, —
1o 2427 1T 242 T
Simplifying the above expression yields:
EA E,A
LS, = i LS, = Ttz
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The general solution for load-sharing for multi-component structures is:
E;A;

b= }1=1EJ'AJ'

where i = the component of interest, j = the index for the summation, n = the total number of

components in the system

The general solution shows that the amount of load supported by a component in a structure is
related to the stiffness and geometry of all the components within the structure. The load-sharing will
depend on load direction because the cross-sectional area and stiffness may differ with different loading
directions.

For the study described in this thesis (Chapter 3), load-sharing is the main parameter of interest.
However, the spine-implant system is too complex to use a simple mathematical model to calculate
load-sharing (Figure 1-8), especially when multiple loads are applied. The combined loading on the
structure, complex geometry and unknown and potentially non-linear spine stiffness lead to the
requirement of a direct measurement of load on the implant, as opposed to using a theoretical analysis.
The amount of load supported by an implant may respond in a linear or non-linear manner under a
linear load application and may differ between loading directions. And as shown by the previous load-
sharing example, the stiffness of the implant and spine will affect the magnitude of implant load.
Inferences from the results of stability studies testing corpectomy models indicate that a greater
amount of load is transferred to the spine with more flexible implants.®* However, other studies showed

28,86 .
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that dynamic and low-stiffness implants decrease the range of motion similarly to rigid implants.
unclear what effect a spine able to support a portion of the applied load will have on the loads

supported by a fusion device.
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Figure 1-8: Free body diagram of a functional spinal unit with two applied loads. (a) The spine-implant
construct supports the applied axial and shear loads. The implant rod is rigidly fixed to the spine via
pedicle screws. (b) Forces and moments at the spine and implant due to the applied loads at the cut
location marked by the horizontal dashed line are shown. Reaction forces at the rigid base are not
shown.

In vitro implant loads as a percentage of an applied load are important to characterize because
they can be used in conjunction with in vivo spinal loads to determine the load the implant will support
in vivo. This information would greatly advance the ability of medical device companies to design new
devices for specific spinal conditions. Directly inferring load-sharing from stiffness does not provide load-
sharing magnitudes for specific implants, and it is erroneous to assume the spine and implant act in a
linear manner; the basic assumption of the spine and implant as two parallel springs with static stiffness
coefficients may be too simple to model the in vivo situation. Therefore, it is prudent that load-sharing

be measured directly.

1.6.4 Load Measurement Methods

1.6.4.1 Types of Transducers
Direct measurements of implant load-sharing are required since indirect methods may be

inaccurate. Several methods have been used to measure load on a spine-implant construct: electro-
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resistive sensors, off-the-shelf load cells,”® inductance transducers,'® and strain gauges.
The strain gauge transducer is the most common sensor used in the spine-implant field because of the

limitations of the former three sensors.
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The electro-resistive sensors are arranged on a flat sheet that responds to pressure. Ideally, this
sensor is compressed between two relatively smooth, large, flat surfaces. The accuracy of this sensor
was low when inserted into small joints of the spine such as the facet joints.’® Load cells from general
transducer manufacturers are often too large to incorporate into a spinal implant and can rarely
measure load in all six axes. A sub-miniature load cell was adapted with metal "endplates", mimicking
the surface of vertebral endplates, to fit in the disc space to measure axial load in the anterior cervical
column.” This method is currently restricted to measuring anterior column loads in the disc space due
to the size of the load cell. The first in vivo loads measured on a spinal implant were measured by
recording a change of inductance between two coils; this resulted in an axial load measurement through
a scoliosis fusion rod.'® This transducer only measured axial load and could not be adapted to other
implant types since the actual rigid implant rod was replaced with the rigid transducer in the body.
These limitations have led to extensive use of strain gauges to measure load (see Appendix A for details
on the strain gauge).

Strain gauges are small resistive elements that can be affixed to different materials, surfaces,
and shapes, and they respond to small deformations on the surface of a structure. Effects of a design
change on an implant can be quantified by measuring the surface strain on select locations on the
implant using strain gauges. Under compressive loading, poly-axial pedicle screws (head of screw can
swivel on shaft of screw) were found to decrease the longitudinal rod strain compared to mono-axial
pedicle screws.’® This indicates that the poly-axial design change may be an improvement over the
standard mono-axial head design.

Local strains can be converted into tensile stress® which is important for fatigue and strength
tests. The tensile stress can be compared with the endurance limit or the yield stress. Stress levels below
the endurance limit will not result in failure even if the device is cycled indefinitely. Metal stressed
above its yield stress will plastically deform. In implant testing, strain gauges affixed to the root of
pedicle screws have measured the stress in some implants to be greater than the endurance limit,
indicating that those particular implants are at a higher failure risk than others with stress levels below
the endurance limit.”* If the gauges are affixed to high-risk locations on the structure such as the root of
the pedicle screw, or other stress concentration locations, the results may show which fusion construct
designs are at risk of failing. However, these stresses do not indicate how much load the implant
supports.

Strains from combinations of gauges can be used to calculate forces and moments carried by
the implant; this allows direct implant loads to be measured. There are two main methods of strain-

force conversion: theoretical equations and calibration. Theoretical equations are determined by
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analyzing the free body diagram of the construct and combining the geometric and material properties
into standard mechanics of materials relationships. This method is ideal for common shapes like
columns and cylinders made of a single material®® but is difficult to apply to more complex designs
involving multiple materials. This method is sensitive to gauge location and testing apparatus alignment.
Errors from complex shape geometry, gauge alignment and testing apparatus alignment cannot easily
be determined when only using theoretical equations.

The calibration method can be used for complex shapes and materials and does not require a
high degree of accuracy when affixing the strain gauges to the implant. Calibration is a method in which
a known input is related to a measured output. For example, to relate force and strain a known load is
applied to an implant instrumented with strain gauges and the strain signal is recorded. As long as the
relationship between the load input and strain output is linear, a relationship of F = C x S exists where F
is the applied force, S is the recorded strain, and C is the constant relating these two signals. The
construct is then used in an unknown load-sharing experiment, and the load is applied to the new
structure composed of the implant and spine. The calibration constant is applied to the resulting strain
measurement and the load supported by the implant is calculated. This method can incorporate the
effect of as many load directions as are applied in the test by using the matrix method (see Appendix

B).™° The calibration method can be used alone or in combination with the theoretical method.

1.6.4.2 Load-Sharing with Strain Gauges
Pedicle screws instrumented with multiple strain gauges have been used to measure in vitro
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bending moments on spinal implants. Strain signals from four gauges affixed to the hub of a

106 Additionally, these

screw were combined in theoretical equations to calculate moments on the screw.
transducers were calibrated before and after the experimental testing to assure the transducer errors
were acceptably low. A compression-flexion load was applied to spine-implant constructs with
increasing implant lengths. There was a three-fold increase in mean bending moment between an eight-
screw intact construct spanning three vertebral levels, eight-screw corpectomy model and a four-screw
corpectomy model spanning one vertebral level. Greater loads were supported by the implant spanning
the least number of vertebral levels. However, the possibility of load-sharing was eliminated because a
corpectomy model was tested in these experiments.

Cannulated pedicle screws were internally instrumented with strain gauges to determine the
bending moments along the length of the screws.'™ These transducers were extensively calibrated and

required accurate gauge placement. Seventy-five percent of the transducers failed the calibration and

were discarded from use in experiments.'”” Bending moments showed a second order decline from the
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hub of the screw towards the middle of the vertebral body.™!

This is expected since the moment arm of
the compression force located over the vertebral body was smaller near the tip of the screws. These
transducers were also used to assess the effect of pedicle screw insertion angle on the bending
moments on the screw.'*? The intra-pedicular bending moments were 19% greater for screws angled
superiorly than the moments measured on neutral screws, but screws angled inferiorly did not show
significant differences compared with the neutral screw. The use of these transducers was limited to
corpectomy models and the pedicle screws were connected with rigid fusion rods or plates.

More recently, simple pedicle screw transducers using two external strain gauges on the screw
hub have been used to compare two dynamic spinal devices.** The simplicity of the transducer resulted
in the measurement of a moment in a single plane that did not necessarily correspond to the maximum
moment. Moments on the pedicle screws were measured under flexion-extension and lateral bending
combined with an axial compressive load. The pedicle screws were calibrated in situ. Moments were
significantly higher for one of the implants in both flexion-extension and lateral bending. Therefore, the
load transfer to the spine was less for that implant compared with the other.? The designs of the two
dynamic devices directly affected the load supporting capability of the implant as measured by pedicle
screw transducers.

Unfortunately, pedicle screw transducers are not ideal for measuring shear loads, the relevant
loading direction in a spine with DS, on a posterior fusion device (Figure 1-9). Pedicle screw transducers
provide a method of quantifying the bending moment on the screw at a particular cross-section.
However, these transducers are less sensitive to loads directed axially or transversely on the pedicle
screw due to the low strain values in metals under pure tensile and shear loads. Further, the gauges are
usually affixed as close to the screw head as possible and the effect of the poly-axial head orientation on
the strain measurements and the load transfer between the screw and the implant is not clear. Gauges
placed directly on the rods or plates connecting the pedicle screws could yield valuable implant load

information not obtained by pedicle screw transducers, such as implant shear loads.

28



Pedicle

Posterior Fusion Rod

Bone Screw

Axial Load

o

Bone Graft ———F Shear Load

)

7D

Figure 1-9: A drawing of a spinal segment fused with a posterior fusion device. The relevant loading
direction for a DS spinal model is anterior shear which corresponds to an axial tensile load on the
pedicle screws.'”® Reprinted from www.eurospine.org with permission from EuroSpine, the Spine
Society of Europe.

Implant loads have been measured in vivo with a transducer designed to be implanted in
humans. Rohlmann et al. (1994) developed a six-axis load transducer using strain gauges affixed to a rod

1% The rod was made to represent

that was encased to protect the gauges from the in vivo environment.
an AO fixator. Calibration and the matrix method were used to convert the strain output to the applied
moments and loads. Implantation of this transducer in humans undergoing fusion surgery resulted in
the first in vivo data. Measured implant forces during level walking showed compression forces of 100 to
200 N.'** Unfortunately, implant load-sharing was not determined since global spine loads are unknown.

Low shear forces were measured in the fixator,"** and it would not be expected that a metal rod
would fail under shear loading. However, a low-stiffness device may support more load relative to its
yield strength. Unfortunately, affixing a low-stiffness device with strain gauges for the in vivo
environment is difficult since encapsulation of the device may increase the rigidity, and large strains on
low-stiffness materials could result in gauge damage.

Implant transducers have been used in vitro to measure implant load and have provided
complementary results to the in vivo work. The transducers have been created by affixing strain gauges

to intervertebral cages'® or the plates® and rods*>'*

connecting superior and inferior pedicle screws. A
six-axis load transducer, created with strain gauges and a posterior fusion rod, was developed to
measure load-sharing in surgically destabilized cadaveric lumbar functional spinal units.”> The strains
from the transducers were transformed via the matrix method to loads in an anatomical co-ordinate
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system.”™ The measurement error was less than 5% and the transducer was also validated under
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combined loading environments prior to cadaveric testing. The load-sharing values for the fusion
implant were applied to the in vivo loads measured previously,”® and the overall load acting on the spine
was predicted.” Both in vivo and in vitro studies simulated the AO fixator fusion device. However, the
results are limited to metal fusion rods, and the surgical conditions created in the cadaveric test did not
represent a degenerative spinal disorder.

The implant load-sharing measured in the aforementioned study was supported by a second
study that measured the amount of axial force and bending moment supported by a metal fusion rod in
an intact specimen.'® Moments carried by the implant were approximately 15% of the applied flexion-

extension moment.'%®

Load-sharing is expected to be higher for degenerated spines and was found to be
1100% greater for a severe injury model, a spine with no posterior elements, compared to an intact
specimen.25

A load transducer built as a surrogate intervertebral cage has been developed, but not yet

tested in cadaveric experiments.’®

Four pillars instrumented with strain gauges are connected
superiorly and inferiorly by flat parallel plates. The plates can be affixed to custom endplates that have
the same surface finish and contour as clinically used interbody spacers. This load transducer will be
used to measure load supported by the anterior column in the lumbar spine. Load-sharing between
various anterior or posterior fusion devices could be determined using this transducer. However, the

transducer must be inserted in the intervertebral space and only studies assessing spinal devices in

combination with an intervertebral spacer will be performed.

1.6.4.3 Load-Sharing with Finite Element Models

Finite element models of the lumbar spine have been developed to investigate implant loads

and to facilitate comparison of multiple implant devices.?*?>%

These models are useful for assessing
local strain and load, and for performing tests that are difficult to conduct in cadaveric experiments. A
comparison of rigid and low-stiffness devices showed larger axial compressive forces on the rigid
implant when the disc properties were adjusted to mimic a degenerative disc.” In another study, three
rods of different axial stiffness supported different axial load magnitudes; implant load-sharing was 67%
for a rigid metal rod, 28% for a polymer rod and 36% for an implant made of coiled Nitinol.*® This study
applied axial loads only, and since axial rod stiffness is different than shear rod stiffness, the shear load
supported by each implant may be different.

Finite element models lack complete characterization of material properties and behaviour of

biological tissues because these properties have not been fully characterized in a numerical form

appropriate for use in finite element models. These finite element models are validated with kinematic
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results such as range of motion from in vitro and in vivo experiments. It is important to verify computer

model results with in vitro and in vivo implant load results.

1.7 Objectives

Numerous low-stiffness fusion implants have been designed and these implants must stabilize a
degenerated spine appropriately to allow fusion to occur while supporting the shear forces in the
lumbar spine. A scientific understanding of the effect of these implants on the shear load-sharing
between the affected spine segment and the implant is needed. To date, shear load-sharing of low-
stiffness implants has not been available for medical device companies during the design phase of their
product development. To address this, a cadaveric model of a clinically relevant spinal disorder
warranting a fusion with a novel posterior implant tested under shear loading is required. The research
questions that | intend to answer are:

1. What is the percentage of applied load supported by a fusion implant affixed to the spine
under shear loading?

2. What effect does implant stiffness have on the implant load?

3. How does a degenerative spinal disorder such as DS affect the implant load?

My specific hypotheses for this study are:

1. the proportion of shear force on the posterior implant increases with an increase in shear
stiffness of the implant; and

2. the proportion of shear force on the posterior implant increases with decreasing integrity of
the spine.

The overall objective of this study is to determine the load transfer characteristics between the
spine and a posterior implant under shear loading, considering the effects of implant and spine stiffness.
These load transfer characteristics are vital in estimating design loads in shear for novel implants
designed for the degenerated spine. The following sections are divided into two manuscripts followed
by an integrated discussion of the results of both manuscripts. The manuscripts will be submitted for
publication with minor changes to the versions presented in this thesis. The first manuscript is a
technical paper describing the accuracy of the load transducer developed to measure the implant loads
in a cadaveric study. The second manuscript reports the measured implant loads found in a cadaveric

experiment.

1.8 Scope
The project presented in this thesis is an in vitro biomechanical investigation testing the effect of

four different posterior fusion devices on load-sharing between the spine and implant. The implants
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were donated to our lab by our industrial collaborator, Medtronic Inc. The shear stiffness of the
implants were 50 N/mm, 100 N/mm, 100 N/mm and 200 N/mm.

Fifteen human cadaveric lumbar functional spinal units were tested under combined anterior
shear and axial compression loads. Two sequential surgical destabilizations were created in each
specimen to achieve anterolisthesis of the upper vertebra with respect to the lower vertebra consistent
with a Grade | DS. No attempt was made to obtain specimens from humans who had DS during life. Both
L3-4 and L4-5 specimens were tested. The load magnitudes applied during testing were estimations of
physiologic in vivo loads, however actual in vivo loads are unknown. A maximum anterior shear load of
250 N and axial compression load of 300 N were used to simulate expected loads during walking. Cyclic
shear loading was applied, but fatigue testing was not completed.

Kinematic measurements at an adjacent segment to a fusion were not obtained because only
two-vertebra spine segments were used in this study. Two vertebra segments were tested due to
difficulties in applying a pure shear load to a multi-segment spine. Although the clinical occurrence of
ASD motivated this study, adjacent level effects were not measured; a previous study in this lab
addressed the effect of spinal implants on the adjacent level.”® This study is a continuation of a larger
research goal of characterizing spinal implant behaviour and the effect of implant stiffness on the loads

on the spine.

32



Chapter 2 Development of Shear Load Transducers from Low-Stiffness
Posterior Fusion Devices?
2.1 Introduction

Between 3% and 8% of the population suffers from DS.* DS is a degenerative disease that is
characterized by the superior vertebra slipping forward with respect to the inferior vertebra.' This
anterior slip is in the same direction as the shear loads in the lumbar spine, which may act to aggravate
the slip. Lumbar spinal fusions are the current surgical treatment for DS® and the number of these
performed has increased 220% from 1990 to 2001.°

In response to the increasing number of fusion surgeries for people with degenerative spinal
conditions, medical device companies are designing novel instrumentation with decreased stiffness to
be used for fusion of degenerated spines. Lower stiffness implants are thought to transfer greater loads
to the spine, thereby assisting bony growth of the fusion mass and decreasing hypermobility at the
adjacent segment’® which may decrease the risk of further degeneration of the spine.* This load-sharing
between the implant and the spine is a key mechanical parameter for determining the appropriate
implant stiffness for fusion treatment for degenerative spinal conditions. A method of measuring
implant shear load on these low-stiffness devices is needed.

Previously, in vitro and in vivo loads have been measured on spinal devices using custom load
transducers. Loads supported by posterior fusion devices have been measured in vivo using mutual

29103 This work has advanced our

inductance coils’® and strain gauges affixed to the spinal implants.
understanding of realistic in vivo implant loads on rigid metal implants during tasks of daily living. Shear
loads on these implants have been found to be relatively small in vivo.'* However, in vivo load
measurements have not yet been extended to low-stiffness implants and they have been limited to

100103 ften only one

measurements of load on devices spanning more than one spinal segment.
vertebral level in a spine with DS is instrumented.>

In vitro implant loads have been determined with implants instrumented with strain gauges

24,25,105,106,111 d 25,105,106,111

affixed to cadaveric spine segments. The majority of implants tested were rigi
One group that compared two dynamic spinal devices, designed to restore the motion of the spine, used
pedicle screws instrumented with strain gauges to measure the bending moment on the screw under
applied moments.** Posterior fusion rods have been instrumented with strain gauges to create load

transducers; loads on the implants under applied bending moments were determined.” Some

2 A version of this chapter will be submitted for publication. Melnyk, A., Chak, J., Cripton, P.A., Dvorak, M.F., and
Oxland, T.R. (2011) Development of shear load transducers from low-stiffness posterior fusion devices.
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researchers have reported extensive calibrations on their in vivo and in vitro transducers explicitly
stating the transducer accuracy,’®***> pbut some do not report the accuracy or sensitivity of the
transducer to alignment in the spine. Shear loads were not applied to the implants in any of the in vitro
studies. The load-sharing of low-stiffness implants designed for fusion of degenerated spines subjected
to shear forces has not been investigated.

Limits of transducer accuracy, complexity of measuring loads in multiple directions, errors due
to alignment within the spine, variability of cadaveric specimens, and advancement in finite element
models have lead to the investigation of load-sharing using computational models. Under loads
representative of those in standing, axial forces on a rigid implant were larger than those on a low-
stiffness implant when the spine was simulated as intact, degenerated and distracted.” A second finite
element study supported these results: axial implant load-sharing was found to increase from a low-
stiffness device to a high-stiffness device when the functional spinal unit model was loaded in axial
compression.” To validate the load predictions from these models an accurate and repeatable method
of measuring in vitro implant loads is required.

In vitro characterization of load-sharing between the spine and low-stiffness implants under
shear loading is needed to provide a basis for determining strength requirements for novel implant
designs and to determine how different designs affect the load supported by these implants. A method
of creating and calibrating a transducer to measure shear loads must be adaptable to current low-
stiffness implants. Further, calibration of these transducers should account for the positioning of the
implant in each specimen thus taking into account inter-specimen variability. The objectives of this study
were to (1) develop shear load transducers from current posterior spinal fusion rods and develop a
specimen-specific calibration method; (2) determine the accuracy and repeatability of the load

transducers; and (3) determine the reliability and sensitivity of the calibration.

2.2 Methods

2.2.1 Transducers

Four types of posterior fusion rods of varying stiffness were converted into shear load
transducers. Each rod-pair was considered one transducer: High-Stiffness Transducer (HST), Medium-
Stiffness Transducer (MST), Low-Stiffness Transducer (LST), and Ultra-Low-Stiffness Transducer (ULST).
The implant names were based on the relative axial stiffness values of the implants as provided by the
manufacturer (Medtronic Inc., Minneapolis, MN). However, the shear stiffness values did not result in
the same relative relationships. The shear stiffness values are approximately: 200 N/mm for HST, 100

N/mm for MST, 100 N/mm for ULST and 50 N/mm for LST. The shear stiffness of each rod-pair was
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determined by applying a shear load of 150 N to the rod-pair affixed to plastic blocks that were secured
to a materials testing machine. The load from the materials testing machine load cell and the
displacement of the materials testing machine actuator was recorded at 50 Hz. The slope of the least
squares linear curve fit to the load-deflection data was defined as the shear stiffness. The test was
repeated three times for each transducer type and the stiffness was averaged.

All rods had a similar radius of curvature of 157 mm and length of 50 mm (®5.5 mm Titanium,
7.2 x 6.35 mm Oblong PEEK, 3#5.5 mm Round PEEK, 5.5 mm Rod X; Medtronic Inc., Minneapolis, MN).
The Titanium (HST), Round PEEK (LST) and Rod X (ULST) had circular cross-sections, while the Oblong
PEEK (MST) had an elliptical cross-section. The HST was manufactured from titanium, the MST and LST
were manufactured from PEEK, and Rod X was manufactured from multiple components including a
titanium shell, a metal cable and a polymer bumper.

Six uniaxial foil strain gauges with a nominal resistance of 120 Q (EA-06-015DJ-120; Vishay
Intertechnology Inc., Malvern, PA) were affixed to the outside surface of each rod for the HST, LST and
ULST, while four gauges were attached to each of the rods for the MST (Figure 2-1). Gauge location was
determined for the curved rods by adapting previously described methods for measuring moments and

109

axial load on a cylinder with strain gauges.”~ The MST did not use six gauges because the method

described by Tuttle does not apply to a beam with an elliptical cross-section.'®

Therefore, four gauges
two each on the convex and concave surfaces were affixed to each MST rod. From the results of initial
transducer testing, the force was not accurately calculated from the strain signals using the method
described by Tuttle; the approximation of the curved rods as straight rods resulted in unacceptably high
errors. Therefore, a direct, physical calibration was required to relate the strain output to load input.
Each strain gauge was wired in a three-wire 1/4-bridge Wheatstone circuit (Appendix A) and the voltage
signal was collected at 20 Hz with a data acquisition unit (National Instruments Co., Austin, TX). A

custom software program (LabView 9.0.1, National Instruments Co., Austin, TX) was used to convert the

voltage to strain (Appendix A).
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Figure 2-1: Image of an example HST posterior fusion rod with strain gauges affixed to the surface. The
black rectangles are a surface coating to protect the gauges from moisture. Each gauge has three
exiting wires: high and low voltage and ground. Six gauges are affixed to the HST in two arrays each of
three gauges around the circumference of the rod. All gauges are oriented longitudinally along the
length of the rod.

2.2.2 Calibration

Calibration relates a known applied load to the strain output from the transducers. Five each of
the HSTs, MSTs and LSTs and four ULSTs were calibrated to measure shear load. Each rod pair was
connected to ultra-high-molecular-weight-polyethylene blocks representing the superior and inferior
vertebrae of a cadaveric functional spinal unit via pedicle screws (Figure 2-2). Each vertebral calibration
block is made of two adjacent blocks; one block contains one screw. The medial-lateral, anterior-
posterior and superior-inferior location of the pedicle screw head in each block was matched to a
cadaveric specimen. The locations of four pedicle screws that had previously been inserted in a lumbar
spine specimen were measured with calipers (Figure 2-2b). The angles of the pedicle screws in the
specimen were not matched to the calibration blocks; the screws in the calibration blocks were parallel
to the mid-sagittal plane, whereas the pedicle screws in the specimen were angled towards the mid-
sagittal plane. A HST was tested in calibration blocks with angled or parallel screws and loaded under
anterior shear. The error between the applied load and the transducer-predicted shear load for the two
screw conditions was less than 5.2 N. From preliminary pilot work the accuracy of the transducer was
expected to be around 10 N, thus it was assumed the angle of the pedicle screws would not affect the
study results.

The four plastic blocks represented a specific specimen. The rods were inserted into the pedicle
screws in the calibration blocks and each set screw clamping the rod to the pedicle screw was torqued
to within 2% of 8 Nm with a digital torque wrench. A gap separating the superior and inferior blocks
allowed the applied load to be completely supported by the implants (Figure 2-3). The calibration block
construct was mounted in a materials testing machine (Instron 8874, Instron, Norwood, MA) (Figure 2-
3). The inferior block was mounted rigidly to the Instron base, and the calibration loads were applied to
the superior block. A counterbalance affixed to the superior block at the center of gravity removed the

weight of the superior calibration block and loading plate from the transducer.
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Figure 2-2: Posterior view of calibration blocks and a specimen. (a) Superior and inferior calibration
blocks representing a cadaveric functional spinal unit with the HST clamped to the pedicle screws with
set screws. The gauges measuring the strain on the rods are indicated. Each calibration block is
custom machined to match the screw location to the associated specimen. (b) Posterior view of an L4-
5 cadaveric specimen with four pedicle screws cemented into the pedicles. The location of these
screws are matched to the calibration blocks shown on the left.
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Figure 2-3: The loading rig. (a) Schematic of the loading rig shows the two actuators at 90° that applied
the axial compression and anterior shear loads through cables to the calibration block representing
the superior vertebra. The counterbalance system removed the weight of the superior calibration
block and loading plate from the transducer. Linear guides in the counterbalance system and shear
actuator maintained unconstrained motion in the sagittal plane. (b) Image of the loading rig with an
MST mounted in the calibration blocks. The shear actuator is not shown, but the cable applying the
shear load to the superior calibration blocks is indicated (more rig images in Appendix D).

The calibration process consisted of three tests: isolated shear loading, isolated axial loading
and a combined test with both axial and shear loading. In the isolated shear test an anterior shear load
was applied, through a steel cable by the Instron actuator, to the block construct at the location of the
center of the disc as measured from the cadaveric specimen. The maximum applied shear load varied
depending on the transducer being calibrated: 250 N for HST and 150 N for MST, LST and ULST. The
maximum load was less for the MST, LST and ULST to keep the strain signal within the working range of
the strain gauge (30 000 pe).

In the isolated axial load test, a second hydraulic actuator (Model A591-4, Instron, Norwood,
MA) oriented at 90° to the shear actuator was used to apply an axial compression load at the neutral
line measured from the cadaveric specimen; the specimen does not flex or extend when compressed at
the neutral location. Maximum loads were 150 N for HST, 50 N for MST, 25 N for LST and 15 N for ULST.
These loads were applied to the MST and LST to keep the strain within the working strain range. The
ULST had low axial stiffness and this load was applied to prevent the superior block from touching the
inferior calibration block due to rod bending. For both isolated load tests, three load-control triangular

waveform cycles were applied at 0.05 Hz.
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A third combined loading test was performed in which a constant axial load was applied with a
cyclic shear load. The maximum loads were the same as for the isolated load tests. The combined test
was used to determine the accuracy of the transducer to predict shear load in a combined loading
environment. Three load-control triangular waveform cycles of shear load were applied at 0.05 Hz. Data
from the third loading cycle for all test types were analyzed. The construct was not moved between the
isolated shear, isolated axial and combined loading tests.

Testing was repeated to incorporate the effect of variability between tests in the load
application and orientation of the calibration construct in the loading rig on the transducer accuracy.
The three tests described above (isolated shear, isolated axial and combined test) represented a single
calibration trial. Three trials were completed with the construct removed between each trial and the
transducer removed and reinserted into the construct to replicate slight changes in transducer behavior
due to reinsertion.

The strain signals from the transducers were converted, using a mechanics of materials
equation for curved rods (Appendix C), into axial and shear implant forces. The strain signals were
converted to both axial and shear forces for each of the three test types. For example, during the
isolated shear test, the strain signals were combined into a shear force and an axial force, even though
the applied axial load was zero. A direct calibration constant relating the applied shear load and
predicted shear force, and a coupling calibration constant relating the applied shear load and predicted
axial force were determined as the slopes of least-squares linear curves fit to the force data (Figure 2-4a
and b). An axial calibration constant and coupling constant were found in the same manner from the
isolated axial test (Figure 2-4c and d). The calibration data were analyzed using the matrix method

(Equation 1; Appendix B).**°

Fl] [Cm Ccz] [51] -
= Equation 1
Bl Ca Gl q

where F; is the applied shear or axial load, Cp; and Cg are direct and coupling calibration constants,

respectively, and S; is the prediction of shear or axial force found from the strain gauge data.
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Figure 2-4: Example isolated load test calibration curves for the third calibration trial for the HST. The
known applied shear load is linearly related to the (a) predicted shear force and (b) predicted axial
force. The applied axial load is linearly related to the (c) predicted shear force and (d) predicted axial
force. The calibration constants represent a direct relation between applied shear load and predicted
shear force and a coupling effect of applied shear load and predicted axial force. The same
relationships were derived for the isolated axial calibration.

The average calibration matrix found from the three isolated axial and shear load tests was
applied to the strain from each of the three combined loading tests to determine the shear load on the
transducer. Variability in the application of loads between trials and between isolated load tests and the
combined test resulted in a constant offset between the known applied shear load, as measured by the
Instron load cell, and the transducer-predicted shear load, calculated from the transducer strain signals
during the combined loading test and the calibration matrix. The average offset from the three trials
was then applied to the combined loading data to yield the final transducer error in the calibration
process (Appendix B).

The transducer error was defined as the difference between the known applied load and the

calibrated load (Figure 2-5). A shear error was calculated for the isolated shear test, an axial error for

the isolated axial test and a shear error for the combined test. The error was generally positive or
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negative for the loading cycle, but occasionally had both positive and negative error values over the
range of loading. The absolute value of the errors over 5-95% of this range of data were averaged. The
error from each of the three trials for each test was averaged to yield the final error for that transducer.
The transducer error was averaged across the five transducers for each implant type (four for ULST). The
mean error reported in the results is positive due to taking an absolute value of the error over the
loading range so as to assume the worst-case; simply averaging the positive and negative error values
would dilute the magnitude of the errors associated with each transducer. It is assumed that the
transducer will have an equal error above and below zero. The transducer accuracy was accepted if the

error was within 10 N of the applied load.
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Figure 2-5: Example data for a single calibration trial for the LST. (a) Isolated axial test, (b) isolated
shear test and (c) combined loading test show the applied load (blue), the predicted force from the
calibration constants and strain gauge output (red), and the absolute error (cyan), or difference
between these loads. The percent difference between the loads (green) is shown on the secondary
vertical axis. The third loading cycle is shown for each test with time on the horizontal axis.

The repeatability of the transducer was determined by calculating the standard deviation of the

error for one transducer for 15 trials for each of HST, MST and LST. The 15 trials were completed for the



sensitivity analysis (described below) and were not completed for the ULST. The repeatability for the
ULST was estimated as the standard deviation of the error for the three trials used to calculate the
transducer accuracy as previously described. Data were analyzed using custom software programs

(Matlab v. R2009b, MathWorks, Natick, MA).

2.2.3 Reliability Test

The transducer reliability was assessed by comparing the predicted shear load supported by the
implant during cadaveric testing using calibration matrices and offsets from calibration tests conducted
before and after cadaveric specimen testing. The cadaveric testing is fully described elsewhere (Chapter
3). Briefly, shear and axial loads were applied to the specimen-implant construct. Strains from the
transducers were converted to load via the calibration matrix and offset values found during the pre-
test calibration. The amount of implant load-sharing, defined as the percent of applied shear load
supported by the implant, was calculated. Calibration tests as previously described were then repeated
after specimen testing and this matrix and offset were used as a second prediction of the shear load
supported by the implant during cadaveric testing. The difference between the two predictions of load-
sharing was used as a measure of transducer reliability. A Bland-Altman plot was created for each
transducer type and the transducer was accepted as reliable if the bias between the pre- and post-
values of implant load-sharing was less than 10%. A Wilcoxon Matched Pairs test was used to compare
the pre- and post-values of implant load-sharing, and a P-value less than 0.05 was considered

significant.

2.2.4 Sensitivity Test

The sensitivity of the transducer to measurement errors of the screw location between the
cadaveric specimen and the calibration blocks was determined by creating known measurement errors
in the location of one of the pedicle screws in its calibration block. One specimen-specific set of
calibration blocks was used as the known condition, and four additional right-inferior blocks (Figure 2-2)
were machined as the misaligned conditions: 3 mm medial translation, 3 mm inferior translation, 4 mm
anterior translation, and all three previous translations combined. Magnitudes of translation were
estimated as reasonable values of two screws being misaligned (i.e. each screw being misaligned up to
1.5 or 2 mm).

Three calibration trials were completed for each of the five conditions with one transducer of
each of three implant types: HST, MST and LST; ULST was not tested in the sensitivity test. The matrix
and offset found from testing the transducer in each misaligned condition were applied to the

transducer strains in the known condition. For the combined tests in the known condition the error
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between the known applied shear load and calibrated shear load was determined. The data analysis for
the sensitivity test differed from the previously described accuracy test. All implant loads and errors
were calculated with the strains from the combined test for the known condition and matrices found
from isolated tests for the misaligned conditions. A Friedman's analysis of variance was used to test if
the dependent variable, shear error, changed significantly with the independent factor, misalignment
condition. For a significant analysis of variance (P<0.05), multiple comparisons were conducted between
the misalignment conditions and the known condition using Dunnett's test modified for non-parametric

analysis.

2.3 Results

The accuracy of the transducer to measure shear load in a combined loading environment was
within 5 N for all the transducers with the largest errors for ULST (Figure 2-6; additional results in
Appendix E). The shear errors for the isolated shear tests were larger than the axial errors for the
isolated axial tests and the shear errors for the combined tests. The combined test did not reflect the
large shear errors because of the incorporation of the offset. The repeatability of each transducer to
measure shear load is 1.5 N for HST, 1.2 N for MST, 1.5 N for LST and 2.8 N for ULST.

The Wilcoxon Matched Pairs test showed no significant differences between the implant load as
predicted by the pre-test calibration and by the post-test calibration for all transducer types (P=0.5 for
HST, P=0.2 for MST, P=0.1 for LST and P=0.5 for ULST). Bland-Altman plots for each transducer show a
small positive bias for MST, LST and ULST implants (Figure 2-7; additional results in Appendix E). There is
an increase in spread of the bias for larger averages between the pre- and post-implant loads that is
visualized on the Bland-Altman plots. However, all paired-comparisons were less than 6% for each
transducer type, therefore, each transducer reliably measured the implant load.

The median shear errors from the combined tests for the sensitivity analysis were within £5 N
for the MST and LST for all conditions (Figure 2-8). The maximum median shear error was 25 N for the
HST for the anterior misalignment condition. The errors are displayed as positive values in Figures 2-6
and 2-8 due to the data processing described in the methods in which the absolute value of error was
obtained, representing the worst-case for the transducer accuracy. It was assumed each transducer
would over- and under-predict the shear load equally. The Friedman analysis of variance performed on
the sensitivity errors was significant (HST P=0.022, MST P=0.017, LST P=0.017). However, given that the
median errors were within the transducer accuracy of 5 N for the LST, a multiple comparisons test was

not performed for this transducer. Significant differences between the median shear error of the
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combined tests for the known condition compared with the misalignment anterior and combined

conditions for both HST and MST were found using the Dunnett's test (P<0.05).
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Figure 2-6: The mean transducer error (1 standard deviation) for each test type in the calibration. For
the shear test, the error is the difference between the applied shear load and the calculated shear
load. For the axial test, the error is the difference between the applied axial load and the calculated
axial load. For the combined test, the error is the difference between the applied shear load and the
calculated shear load.

45



HST Reliability 7 MST Reliability

3 6
2 4t
[o] o
o
1 2r o °
= o = o °©0 °
s S p
0 o ) 0 ° o
3 ° ° 8 o °
m & o o
Al o a2l o
o
2t A 4t o
3 ‘ ‘ ‘ ‘ ‘ R ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
Average [%] Average [%]
LST Reliability ULST Reliability
6 o 5r
4,
4,
3,
[o]
2 o 2 o o ° o
g ) O € © g 1 ° ° °
» 0 0 o » 0 o v
@ o
m A o © ° m -1 °
2 [¢]
4 3 N
4+
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100
Average [%] Average [%]

Figure 2-7: The transducer reliability results displayed on Bland-Altman plots for each transducer type.
The difference in implant shear load-sharing calculated using the matrices and offsets from the pre-
and post-test calibrations is the bias (vertical axis), and the horizontal axis is the average of the two
load-sharing measurements. The red horizontal line is the mean bias; a value of zero would indicate
no systematic difference between the two measurements. The black horizontal lines are the mean
bias +2 standard deviations. Each point is a result from a cadaveric test using one of the five (four)
transducers for HST, MST or LST (ULST) to measure implant load. Three specimen tests were
performed for each transducer for HST, LST and ULST. There were two missing tests for the MST
transducer (i.e. there are 13 points on the plot instead of 15).
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Figure 2-8: The transducer sensitivity results displayed as the median shear error (range) for the
combined loading test in the known condition for three of the transducer types (HST, MST and LST).
The errors are separated by the type of misalignment matrix that was applied to the strain data for
the known condition. A single transducer of each type was tested.

2.4 Discussion

Four posterior fusion devices were converted into shear load transducers by affixing strain
gauges to the surface of each device and using a specimen-specific calibration method to relate the
strain output to a load input. The range of mean error across all four transducer types to measure the
applied shear load under a combined loading environment was from 2.3 to 5.0 N and each transducer
type was repeatable to within £3 N. The shear load supported by the implants during specimen testing
was reliably calculated using calibration matrices found from pre- and post-test calibrations. Both the
HST and MST were more sensitive than the LST to misalighment between pedicle screw locations in the
specimen and calibration blocks.

The errors associated with the transducers are likely due to the estimation of the coupled
motion by a linear relationship when a relatively high noise to signal ratio existed (Figure 2-4), especially
for the isolated axial calibration. This error may be reduced by changing the orientation of the gauges on
each posterior fusion rod. However, in spite of this linear approximation of the coupled relationship, the
error of the transducer in measuring shear load in a combined loading environment was less than 10 N

and the transducer was deemed accurate.
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The errors of the transducers were an average of 2.4 N larger for the isolated shear calibration
test compared to the axial test, possibly because the isolated axial calibration test was less affected by
slight misalignments of the load line of action. The strain gauges responded directly to the axial load and
indirectly to a bending moment due to the axial load eccentricity in the axial test, whereas for the shear
test, the gauges only responded to an indirect bending moment that was dependent on the shear load.
A shift in the load line of action did not affect the direct axial load, only the indirect bending moments
for both axial and shear calibrations, causing a smaller percent change of strain in the axial tests.
Minimizing differences in the location of the shear load line between trials and between the calibration
and specimen testing was critical for maintaining small absolute shear errors. However, the shear error
from the combined test, of interest since it is representative of real-world loading, was smaller than the
isolated shear error, possibly due to the application of the offset to the combined loading data.

For the reliability test, the largest difference between implant loads predicted by the pre- and
post-test calibrations was 6% for a single test for the LST (Figure 2-7). During the post-test calibration for
this particular test, the wires from a strain gauge were accidentally severed and were soldered together
again. This could have altered the resistance of the wire which then influenced the magnitude of strain
measurements and caused the large bias.

The sensitivity evaluation of the HST to pedicle screw misalignment resulted in the highest shear
errors of all the transducers for predicting the associated shear loads under combined loading. This
specific HST was not used after the sensitivity test for any specimen tests. It is possible that this
transducer's function was compromised at the time of sensitivity testing which may have caused the
high sensitivity. Based on the performances of the other HSTs in the accuracy and reliability studies, and
comparing those to the performances of the LST and MST, there was no indication that the HST was
more sensitive to misalignment conditions. Although there was a significant increase in error from the
anterior and combined misalignment conditions compared to the known condition for MST, the
magnitude of the median errors were all within £6 N, comparable to the errors found in the accuracy
test for the MST of £3 N.

Implant loads have been measured on rigid metal fusion devices; however, to the author's
knowledge, polymer fusion devices have not been converted into load transducers until now. Cripton et
al. modified titanium rods and instrumented them with strain gauges to create six-axis load
transducers.” This transducer was calibrated under known loads and was further validated under
combined loading tests;'" errors of 5% were reported.” A rigid fusion device developed for in vivo load
measurement has been extensively calibrated in six-axes using the matrix method and errors between 2

and 5% of the applied load were reported.’® A pedicle screw transducer developed to measure bending
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moments at the hub of the screw was calibrated with a known moment in both the direction of interest
and in the transverse direction.'” Errors less than 10% of the applied load due to the transverse loading
were accepted. The reported accuracies of the aforementioned transducers of 5%*'% and 10%'” are
similar to the accuracies found in this study. However, one of the previous studies did not test the

® and it is not obvious if the

transducer under a combined loading environment during calibration,™
reported accuracy reflects the total error when multiple loads were applied to the transducer during the
in vivo test.

Reliability is infrequently reported for transducers. One transducer was reported to be

107

functional with a high accuracy for 10 to 25 tests,”  and a second transducer was reported to be

d.'® The measure of

calibrated before and after testing, although quantitative results were not provide
reliability in the current study validates the function of each transducer during specimen testing.

The specimen-specific calibration method used in the current study accounted for anatomical
differences between specimens in the calculation of shear load from the transducer output. Previously,
rigid, metal implant transducers had been calibrated in six-axes but specimen-specific calibrations were

not used.”*®

Misalignments between the implant and anatomical coordinate systems were accounted
for in only one of these studies.”” Specimen-specific calibrations were conducted on a pedicle screw
transducer measuring sagittal plane moments for two dynamic spinal implants.?* This calibration
method was adaptable for any spinal device affixed to the spine via pedicle screws, but the transducers
were limited to measuring bending moments on the screws; shear loads through the implants were not
measured.

The accuracies of four different implants for measuring shear load in a combined load
environment were determined in the current study. Previous in vitro studies have tested one or two

24,25,99,105

implants and only a few finite element studies of the lumbar spine have reported results for

more than two implants.®%

It is difficult to compare results across studies due to differences in
methodologies and outcome measurements. Therefore, a single study comparing three low-stiffness
implants with a traditional rigid implant will provide a comprehensive comparison of the response of
these implants to load.

There were several limitations in this study. The angles of the pedicle screws in the specimen
were not matched to the angles of the pedicle screws in the calibration blocks. Clinically, pedicle screws
are angled towards the mid-sagittal plane in a vertebra. However, the pedicle screws inserted in the
calibration blocks were parallel to the mid-sagittal plane. During specimen testing (Chapter 3), the poly-

axial head of a pedicle screw in the specimen was angled to maintain alignment of the posterior aspect

of the implant with the posterior aspect of the specimen. During calibration, the implant and calibration
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blocks were aligned without angling the poly-axial head of the pedicle screw. It was assumed that the
angle of the poly-axial head had a minimal effect on the loading of the implants as long as the posterior
aspect of the implant was aligned with the posterior aspect of the specimen and calibration blocks.

The available surface area to place strain gauges on the implant rods limited the gauge size,
which also limited the maximum strain capacity of the gauge. On the polymer implants (MST and LST)
the gauges operated in their upper range, and 57 gauges failed throughout testing due to over strain or
mechanical damage. Higher rated gauges that are slightly larger may decrease the rate of gauge failures
and the costs associated with gauge replacement. Some of the gauges were redundant and could be
removed to allow larger gauges to be affixed. Gauge failure did not affect the results since gauges that
failed were not included in the data processing.

The calibration trials did not yield an accurate prediction of axial load on the implant during
combined loading. Since both isolated shear and axial calibrations were performed on the transducers,
load on the implant in either of these directions can theoretically be calculated. The axial offset found
from the calibration was not applied to the combined loading data to predict the axial load because the
offset for the axial data changed over the range of load application. Therefore, an average value would
not be representative of the overall error. This limitation does not affect the accuracy, repeatability,
reliability or sensitivity of the shear load transducers.

Shear load transducers were developed from clinically relevant lumbar spine fixation implants
used to treat degenerative spinal disorders. Three of these transducers are the first low-stiffness spinal
implants able to measure shear loads. These transducers can be used in biomechanical studies to

determine the load-sharing characteristics of the spinal implants.
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Chapter 3 Load Transfer Characteristics Between Posterior Fusion
Devices and the Lumbar Spine Under Shear Loading: an in
vitro study3

3.1 Introduction

Three to eight percent of the population has DS,* a prevalence which increases with age.”* In
people with DS, neurological deficit and pain may accompany radiographic evidence of anterior slip of
the superior vertebra with respect to the inferior vertebra, a degenerated intervertebral disc, and
degenerated facet joints.' The most commonly affected joint is the L4-5 vertebral level.

DS may be treated with fusion surgery at the affected vertebral level and the number of lumbar
fusion surgeries has increased 220% over ten years.® Posterior instrumented lumbar spinal fusion
surgeries have been found to result in high rates of solid bony fusion in patients with degenerative

spinal conditions.”>**>>%¢

Specifically, fusion surgeries for DS have been found to have a 93% rate of
bony fusion when rigid pedicle screw instrumentation is used.>

However, researchers postulate that commonly used rigid metal instrumentation for fusions

65,71 59,60

accelerate ASD possibly by causing increased mobility®® or instability at the adjacent
intervertebral joint. ASD is characterized by increased degeneration at the vertebral segment adjacent
to a fusion.’ Surgical revision rates for ASD after a fusion surgery have been reported to be between 5
and 27%.°>"* In one in vitro study from out lab testing the effects of instrumentation stiffness on
adjacent level mobility, rigid spinal fixation devices were extended an extra vertebral level with either
rigid or flexible instrumentation.”® The flexible instrumentation resulted in a smaller increase in motion
at the adjacent level as compared to the rigid instrumentation. Flexible, or low-stiffness, fixation devices
may decrease the rate of ASD by preventing excessive motion at the adjacent level to the fusion.

In response to the possible acceleration of ASD caused by rigid fusion devices and the
subsequent revision surgeries, implant companies have developed novel, low-stiffness fusion devices.
The goals of these devices are to decrease adjacent segment motion while providing stability to a
degenerated spinal segment. However, it is not known what effect these low-stiffness devices will have
on the amount of load supported by the fusion instrumentation.

An important loading direction in a spine with DS is anterior shear. The slip of the superior
vertebra with respect to the inferior vertebra, characteristic of DS, is in the anterior direction, and the

6

larger disc inclination at the L4-5 level compared with the thoracic levels''® allows for a greater

* A version of this chapter will be submitted for publication. Melnyk, A., Wen, T., Kingwell, S., Chak, J., Cripton, P.A,,
Dvorak, M.F., Oxland, T.R. (2011) Load transfer characteristics between posterior fusion devices and the lumbar
spine under shear loading: an in vitro study.
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percentage of the total spinal load to be composed of an anterior shear force at the L4-5 level.
Furthermore, the facet joints have been shown to support the majority of applied load in anterior
shear.* Degenerated facet joints in a spine with DS may not be able to support the same amount of load
as a facet joint without degeneration.

There has been one previous cadaveric model of DS reported in the literature.! The facet joints
were completely disrupted in this model to achieve adequate anterolisthesis of the upper vertebra. A
more recent model of DS was developed as a pilot study to the current study.™ A cyclic shear load (-50
to 250 N) was applied to cadaveric functional spinal units; stages of destabilization including a facet gap
and a nucleotomy were performed surgically. A Grade | anterolisthesis was achieved.

Previous in vivo shear loads were measured on rigid posterior fusion instrumentation implanted

Y% The shear loads were lower than compressive loads, and the indications for

in the lumbar spine.
fusion surgery were not solely DS. The overall load on the spine cannot be determined from these
experiments. Studies using inverse dynamics and mathematical models have predicted in vivo anterior
shear loads on the lumbar spine of 40 to 200 N in a variety of activities including static bends and

1638 and when external compressive and shear loads were directly applied to

twists,* level walking,
people.** These studies did not calculate loads on fusion instrumentation. The relationship between
spine loads, implant loads and implant stiffness has not been determined from in vivo or inverse
dynamics studies. It is not known which low-stiffness devices will sufficiently support the anterior shear
loads in the lumbar spine.

Applied load to a spine-implant construct is supported by both the spine and implant
components, a concept known as load-sharing. The relative stiffness of the spine and implant will
dictate how much load is supported by each component. Measuring the load supported by an implant
and knowing the applied load allows the load-sharing of the implant to be calculated. Pedicle-screw
transducers, capable of measuring bending moments, were used to determine implant load-sharing of
two spinal devices loaded under flexion-extension and lateral bending moments.* Strain gauges affixed

25,105

to implant rods and anterior plates® have been used to measure the load-sharing of these posterior

and anterior fusion devices, respectively. Implant load-sharing has also been determined using finite

90,95

element models of the lumbar spine loaded under bending moments and axial compression. Some of

2105 Those that tested low-stiffness implants found

these studies only measured loads on rigid implants.
that greater loads are transferred to the spine compared with a rigid implant;’*®®° however, these
studies only applied an axial load to the spine-implant construct. The amount of load supported by an

25,29,105

implant differs depending on the loading direction, and an implant may have varying stiffness

values depending on the direction of applied load. For example, the amount of load supported by an
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implant in anterior shear is likely to differ from the amount of load supported by that implant in axial
compression.

Limitations of previous studies have resulted in a knowledge gap of the performance of low-
stiffness fusion devices. Validated spinal models that represent clinical presentations that would warrant

24259099105 1t is difficult to assess whether the implant

a fusion have not been used in prior experiments.
has been subjected to forces that are representative of those in a pathological spine for which fusion is
indicated in these previous studies. Moreover, the instabilities that have been created in previous

21,35,39

models are not representative of degenerative spines. The loading in previous in vitro or finite

90,99

element studies has been limited to compressive loads and bending moments from flexion-

2425103 |mplant load-sharing in a degenerative spinal model

extension, axial rotation or lateral bending.
tested under anterior shear loading has not been studied.

The purpose of this study was to determine the load-sharing characteristics of four posterior
fusion devices of increasing stiffness with the spine under shear loading. A biomechanical in vitro study
was used to assess the effect of implant stiffness and simulated DS on load-sharing. The hypotheses for
this study were: (1) the proportion of shear force on the implant increases with increasing implant

stiffness and (2) the proportion of shear force on the implant increases with decreasing stability of the

spine.

3.2 Methods

3.2.1 Transducers

Four types of posterior fusion rods (@#5.5 mm Titanium, 7.2 x 6.35 mm Oblong PEEK, #5.5 mm
Round PEEK, #5.5 mm Rod X; Medtronic Inc., Minneapolis, MN) were instrumented with 120 Q nominal
resistance strain gauges (EA-06-015DJ-120; Vishay Intertechnology Inc., Malvern, PA) to create shear
load transducers. All rods were designed to affix to the spine via poly-axial pedicle screws ($6.5 mm
titanium bone screw; Medtronic Inc., Minneapolis, MN). Each rod-pair represented a single transducer
with each rod in the pair being affixed with four or six strain gauges. One transducer type had only four
gauges on each rod because its cross-sectional shape differed from the other three transducer types;
the cross-section was elliptical while the other rods all had circular cross-sections. Gauges were
positioned 180° apart on the long axis of the ellipse for transducer. The transducers varied in stiffness
based on the material and shape of the rods: HST, MST, LST and ULST. The rods were designed for fusion
surgeries and were not physically altered by the affixation of strain gauges. The HST and MST rods are

used clinically, while the LST and ULST are in the development phase.
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3.2.2 Calibration

The transducers were calibrated in axial compression and anterior shear loading before and
after testing of each cadaveric specimen. The calibration process and transducer performance
characteristics are reported elsewhere (Chapter 2). The calibration procedure has been summarized in a
flow chart (Figure 3-1). Briefly, a calibration trial consisted of three tests: an isolated shear load test, an
isolated axial load test and a combined shear and axial load test. Three trials were performed for each
transducer type for each specimen. The transducer was secured via poly-axial pedicle screws to plastic
blocks representing the cadaveric specimen to be tested. The calibration was specimen-specific;
measurements of the screw location were taken from the associated cadaveric specimen and used to
position the pedicle screws in the plastic calibration blocks.

For the isolated tests, an isolated shear or axial load was applied to each transducer by an
actuator (shear: Instron 8874, Instron, Norwood, MA; axial: Model A591-4, Instron, Norwood, MA) and
the resulting strains were related to the applied loads with calibration constants. Coupling effects from

d.*® The combined load test

the shear and axial loads were accounted for with the matrix metho
consisted of a constant axial compressive load and a cyclic shear load. The average calibration matrix
found from the three isolated shear and axial tests was applied to the strains from the three combined
loading tests. An offset between the transducer-predicted shear load and the known applied shear load
was determined for the combined loading tests. This offset was generally constant across the range of
applied shear load. An average of this offset was determined for each combined test. These average
offsets were further averaged across the three repeated combined tests. Finally, the average calibration
matrix and average offset were applied to the strains from the three combined loading tests. The
accuracy of the transducer was the average shear error between the known applied shear load and the
shear load predicted with the transducer. The accuracy of the transducer to predict the shear load
during the combined loading tests was within =5 N for all the transducer types (Chapter 2).

The average matrix and offset values found from the calibration were applied to the strains from
the cadaveric test to calculate the shear load supported by the implant. This load was divided by the
maximum applied shear load to determine the implant load-sharing. The calibration procedure was
repeated after the cadaveric testing and both pre- and post-test calibrations were used to calculate the
shear load-sharing of the implant. The difference between the calculated implant load-sharing using the
pre- and post-test calibration matrices was defined as the transducer reliability and was less than 2% for

HST, 4% for MST, 6% for LST and 4% for ULST (Chapter 2).
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Figure 3-1: Flow diagram of the calibration procedure. Calibration on each transducer type was
performed before and after the cadaveric testing (upper flow diagram). Isolated axial, shear and
combined load tests were repeated three times (lower flow diagram). The average calibration matrix
and average offset (bold) were applied to the transducer strains during specimen testing. The
transducer accuracy (Average Error) was the final output of each calibration and is reported elsewhere
(Chapter 2).
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3.2.3 Specimens

Fifteen human cadaveric lumbar functional spinal units were used in this study (thirteen L4-5
and two L3-4). Musculature and soft tissue were removed from the functional spinal units while
preserving the ligaments and disc. Donor ages ranged from 51 to 89 years (mean 73.7 years; standard
deviation 11.1 years), and there were five females, nine males, and one unknown. Anterior-posterior
and lateral x-rays were used to screen for exclusion criteria including tumors, missing facet joints or
evidence of previous spinal surgery. Each specimen was fixated in gypsum potting material (Tru-Stone,
Modern Materials Heraeus, South Bend, IN) in custom-made aluminum potting boxes. Wood screws and
wires secured to the vertebral body provided stronger fixation between the vertebral endplate and
dental stone. The transverse plane at the intervertebral disc midline was aligned parallel to the top and
bottom of the potting boxes. A custom aluminum plate was affixed to each end of the potting boxes and
the inferior plate was rigidly secured to the testing apparatus. Holes for the four poly-axial pedicle
screws were under tapped, as is done clinically to prevent screw loosening, before screw insertion. The
screws were cemented into the pedicles and vertebral bodies with poly-methyl-methacrylate (PMMA;
Bosworth Co., Skokie, IL) to remove any confounding effects of possible screw loosening as a result of

the repeated testing as described below.

3.2.4 Testing

The specimen was loaded in shear combined with axial compression, representing the

16,37

compressive loads due to the weight of the body and musculature on the spine, in a custom rig
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designed for use with the Instron materials testing machine (Figure 3-2). The inferior potting block was
rigidly attached to the base frame of the loading rig and the superior potting block was attached to the
loading actuators. Sagittal plane motion of the specimen was unrestricted through a loading cable and
linear slider. A counterbalance system was designed to remove the weight of the superior potting block
and loading plate from the specimen (Figure 3-2b). This system prevented the mass of the superior
potting block from applying an initial load on the specimen and implant transducer due to gravity.

The Instron actuator applied a 0.1 Hz cyclic shear load (5-250 N) for 25 cycles to simulate
walking while a second actuator oriented perpendicular to the first actuator applied a constant 300 N
axial compression load to the superior potting block. The loads were applied through steel cables and
the lines of action of the loads were adjusted such that the shear load was applied through the center of
the disc and the axial load was applied to achieve a neutral compression without visible flexion or
extension. Applied load measured by the load cells on the actuators and strain signals from the implant
transducers were collected at 50 Hz by a personal computer and data acquisition system (National
Instruments Co., Austin, TX).

Each specimen was tested in three states of stability and with four fusion device types; a total of
fifteen tests were performed on each specimen. The specimen was tested without a fusion device and
then four subsequent times with the randomly ordered fusion devices combined with the current
specimen condition (Table 3-1). The testing order of the fusion devices was randomized for each
specimen using a random number table. The three tests without instrumentation (row 1 of Table 3-1)
were always performed after the instrumentation tests to prevent possible specimen damage from
affecting the instrumented tests.

The three specimen conditions, based on a pilot study in our lab,** were tested sequentially and
were of progressively decreasing stability: intact, facet joint destabilization, and intervertebral disc
destabilization. The facet joint destabilization consisted of disrupting the facet joint capsule and
removing approximately 2 mm of bone from both the superior and inferior facet surface using a 4 mm
burr tool. The surgeon visually aligned the burr tool to the natural angle of the facet joint. The resulting
4 mm gap represented the existing, but degenerated, facet joints of DS (Figure 3-3a). The disc
destabilization consisted of removing the ligamentum flavum and creating a small posterior window in
the lamina of the superior and inferior vertebra using a pair of rongeurs to remove the bone, performing
a nucleotomy, and cutting the interior annular fibers with a scalpel from inside the disc space, without
cutting through the outermost fibers (Figure 3-3b). This surgical condition represents degeneration of

the disc allowing anterior slippage of the superior vertebra with respect to the inferior vertebra
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consistent with a Grade | anterolisthesis'® while maintaining partial integrity of both the disc and facet

joints, characteristic of DS."
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Figure 3-2: The loading rig attached to the materials testing machine. (a) The calibration blocks are
shown in this image but the specimen and potting blocks were located in the same location and
orientation. The inferior plate is rigidly secured to the base of the loading rig and the shear and axial
loads are applied to the superior plate through cables. The loading rig has a sliding joint to allow pure
shear loads to be applied in the sagittal plane at the center of the disc; the cylindrical beam on the
superior potting block can be adjusted in the anatomical superior-inferior direction to align the shear
force line of action with the center of the disc. For a schematic drawing of the loading rig see
Appendix D. (b) The counterbalance system removes the weight of half the specimen, superior potting
block and loading plate from the transducer; this prevents initial strain on the transducer due to

gravity.

57



Table 3-1: The testing plan for a repeated measures design with two factors: specimen condition
(columns) and instrumentation stiffness (rows). Additionally, the specimen was tested without
instrumentation (first row). Each of the 15 specimens were tested in all of the 15 cell conditions
shown in the table. The order of instrumentation tested was randomized, but the specimen conditions
were tested sequentially.

Integrity of Specimen
Experimental
: i . Surgical Cond. 2
Design Intact Surgical Cond. 1 ‘ g ond..
(4mm facet gap) (disc destabilization)
none n=15 —— = =
g HST
225 A . .
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Spinous < sk Laminar
| Process | s 4 Window
(a) (b)
Figure 3-3: Surgical changes to an example specimen to create (a) a facet joint destabilization defined
as a 4 mm gap created with a burr tool and (b) a disc destabilization defined as a posterior

nucleotomy through a laminar window combined with cutting anterior and lateral interior annular
fibers.

3.2.5 Data Analysis
The strain and load data were processed with custom software programs (Matlab v. R2009b,
MathWorks, Natick, MA). The strain was converted into load supported by the implant using the

average calibration matrix and offset from each of the pre- and post-test calibrations. Results found
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from applying the post-test calibration matrix and offset values to the specimen data are presented in
this paper, except for one specimen in which the post-test calibration was performed incorrectly, the
pre-test calibration matrix and offset were used. The percent load-sharing of the implant was calculated
by dividing the amount of shear load supported by the implant by the known maximum applied shear

load measured from the Instron load cell (nominally 250 N).

3.2.6 Statistics

A two-way repeated measures analysis of variance was performed on the load-sharing results
using statistics software (Statistica v9, StatSoft Inc.,Tulsa, OK). The independent variables, or factors,
were the specimen condition and the fusion device type. The dependent variable was the value of load-
sharing. For a significant analysis of variance, a multiple comparison Student-Newman-Keuls test was
performed to determine significant differences between specific cases. A P-value less than 0.05 was
considered significant.

Load-sharing results for five of the fifteen specimens contained missing data. Missing data were
due to an insufficient number of working strain gauges on the transducers. To account for the missing
data the data were analyzed with a two-way repeated measures analysis of variance twice: once with
complete data sets from ten specimens and a second time with data from fifteen specimens. For the
fifteen specimen analysis, the missing data were replaced by the average implant load for that particular
transducer type and specimen condition. The HST had no missing data, the MST had missing data for

five specimens, and both the LST and ULST each had missing data for one specimen.

3.3 Results

Example strain data from a specimen tested in the disc destabilization condition instrumented
with the LST are shown in Figure 3-4a. Strain gauges on the left and right posterior fusion rods that were
not working were not used to calculate the implant load (indicated by DNU in the plot legends). The
strain data were converted into the implant shear force by applying the matrix and offset found from
the calibration. The value of implant load-sharing at an applied shear load of 250 N was obtained for
each specimen (Figure 3-4b) at every combination of implant type and specimen condition as outlined in
Table 3-1.

The compiled load-sharing data for all 15 specimens shows the amount of shear load supported
by the implant (Figure 3-5); the spine supports 100% less the implant load. For example, in Figure 3-5c¢
HST supports approximately 40% of the applied shear load in the intact condition, and the spine load is
60%. The statistical results for the 10 specimen analysis are presented here; the 15 specimen analysis

supported these findings and is presented in Appendix E. The two-way repeated measures analysis of
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variance was significant for specimen condition (P<0.0001; Figure 3-5a), fusion device type (P<0.0001;
Figure 3-5b) and the interaction of these factors (P<0.0027; Figure 3-5c).

The average implant load supported by the LST and ULST increased approximately linearly by
16% for each progressive specimen condition: intact, facet joint destabilization and disc destabilization
(Figure 3-5c). The average load supported by the MST also increased approximately linearly by 22%,
whereas the load supported by the HST increased non-linearly: a 24% increase between the intact state
and the facet destabilization followed by an 8% increase to the subsequent disc destabilization.

The multiple comparison Student-Newman-Keuls test found the individual comparisons
between implant load-sharing values to all be significantly different except for six (bold values in Table
3-2). LST and ULST supported a similar load across all conditions, HST and MST supported a similar load
for condition 3, and MST in the intact specimen condition supported a similar load to both LST and ULST

in the facet destabilization specimen condition.
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Figure 3-4: Example strain and load data from a single specimen test. (a) Strain data for specimen 2 for
the LST tested for 25 cycles in the disc destabilization condition. Six strain gauges were affixed to each
of the left and right posterior fusion rods. The gauges that were not used during processing due to
damage are indicated by DNU (did not use) in the legend. (b) The applied shear load (red) for the 25th
loading cycle plotted against time. The implant load calculated with the strain data and post-test
calibration matrix and offset (blue) and the implant load-sharing (green) are also plotted. The load-
sharing scale [%] is the same as the force scale [N] on the vertical axis. The load-sharing value of 69%
occurs at 250 N of applied shear load as indicated by the vertical black line.
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Figure 3-5: Mean implant shear load-sharing with 95% confident intervals (vertical bars) for a
significant analysis of variance for (a) the specimen condition factor, (b) the implant type factor, and
(c) the interaction between specimen condition and implant type. Load on the fusion device increased
as the specimen stability decreased (specimen condition increased). Implant load decreased with
decreasing implant stiffness. The amount of load supported by a specific fusion type was dependent
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Table 3-2: The results of the multiple comparison Student-Newman-Keuls test showed significant
differences between all implant load-sharing comparisons except six (bold). P-values were rounded to
the nearest 0.0001. Implant type is listed with specimen condition: 1=intact, 2=facet joint
destabilization, and 3=disc destabilization.

HST MST LST ULST
1 2 3 1 2 3 1 P 3 1 2 3

1 0.0001 | 0.0001 | 0.0007 | 0.0003 | 0.0001 | 0.0001 | 0.0030 | 0.0355 | 0.0001 | 0.0009 | 0.0405
E 2 0.0036 | 0.0001 | 0.0003 | 0.0016 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0002

3 0.0001 | 0.0001 | 0.5255 | 0.0001 | 0.0001 | 0.0002 | 0.0002 | 0.0001 | 0.0001

1 0.0001 | 0.0001 | 0.0001 | 0.4041 | 0.0001 | 0.0002 | 0.8772 | 0.0002
g 2 0.0002 | 0.0001 | 0.0001 | 0.0383 | 0.0001 | 0.0001 | 0.0334

3 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001

1 0.0002 | 0.0001 | 0.4505 | 0.0001 | 0.0001
5 2 0.0002 | 0.0001 | 0.5823 | 0.0001

3 0.0001 | 0.0001 | 0.6509
_ 2 0.0001 | 0.0001
a9l 2 0.0001
-]

3

3.4 Discussion

A biomechanical investigation was undertaken to determine the effect of specimen
destabilization and posterior fusion device stiffness on the amount of shear load supported by the
fusion device. As specimen destabilization increased, the amount of shear load supported by the fusion
devices increased (Figure 3-5a). For a given specimen destabilization condition, the two lower stiffness
devices (LST and ULST) supported less load than the two higher stiffness devices (HST and MST; Figure 3-
5b).

If the simple linear model of load-sharing described in Chapter 1 accurately described the spine-
implant relationship tested in the current study, it would be expected that within each specimen
condition the load-sharing for each of the different implant types would be approximately proportional
to their stiffness. For example, the load-sharing for the MST would be approximately double that of the
LST since the shear stiffness of the MST is twice that of the LST. Likewise, the load-sharing of the HST
would be approximately four times that of the LST since the shear stiffness of the HST is four times that
of the LST. However, the data presented in Figure 3-5c¢ do not follow these relationships which implies
the load-sharing model based on a constant stiffness, or linear force-displacement behaviour, is not
adequate to describe the results found in the current study. The results of the pilot study, in which the
surgical model of DS was developed, showed non-linear specimen stiffness, especially for the facet and

disc destabilization conditions and variability of the stiffness between specimens.'* These two factors
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likely influenced the variability in the load-sharing measurement from the current study. Therefore, it
would be inaccurate to simplify a non-linear load-sharing system with a linear mathematical model; an
in vitro test system with direct load measurements is required.

In addition to the implant stiffness, implant design affects the load characteristics of fusion
devices. The ULST, which has the same shear stiffness as the MST, supported similar loads to the LST.
The shear stiffness of each device was determined prior to the cadaveric testing by loading each
implant, secured to polymer blocks with pedicle screws, with a materials testing machine; the stiffness
was found from the slope of the linear trend line relating the applied shear load to the actuator
displacement. The HST, MST and LST are all made of solid materials, whereas the ULST is made up of
multiple materials and multiple components, each of which can shift or twist with respect to each other.
The axial stiffness of the ULST is less than that for the MST and LST. It is possible that the constant axial
compression during the cadaveric testing caused the steel cable component in the ULST to slacken,
causing the shear stiffness of the ULST to decrease to the level of the LST. This would not occur for the
LST, MST or HST since these devices do not have a cable component in their designs.

Implant load-sharing has been measured using in vitro and finite element studies that tested a
variety of implant designs. However, only moments and axial compression were applied to the spine-
implant constructs. Large implant loads and strains were measured on rigid, metal fusion devices when
the implants were tested on cadaveric specimens that were maximally destabilized;*>”® the initial, less-
severe destabilization procedures did not result in large implant load differences when compared to the
intact state. Under flexion-extension, load-sharing on a posterior fusion device was less than 10% of the
applied moment in the intact state, but increased to almost 100% at the most severe destabilization.” In
the cervical spine, the anterior column axial load-sharing, measured with a custom load cell altered to
mimic an interbody spacer, showed significantly greater load supported by a metal fusion plate but not
a polymer plate, compared to the interbody spacer alone.” The low-stiffness polymer plate supported
less load and transferred more to the spine, similar to the results in the current study. The axial load
supported by the fusion implants increased by approximately 20% from the interbody spacer alone to
the metal plate,” while the mean implant shear load in the current study increased by approximately
30% from the low-stiffness to the high-stiffness implants.

In a finite element study, a normal and slightly degenerated lumbar spinal segment were
simulated, each instrumented with a low and high-stiffness spinal implant.”® An axial force was applied
to the spine-implant construct to simulate standing conditions and the axial load on the implant was
calculated. For each of the low- and high-stiffness implants, the axial implant force was the same for

both the intact and degenerated specimen simulations. Distraction of the degenerated spine model
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resulted in larger forces on both implant types. Across all specimen conditions, the forces in the rigid
implant were larger than those in the low-stiffness implant, with the largest difference for the distracted
model.

In another finite element model of a lumbar functional spinal unit with a discectomy, axial
compressive implant forces were also found to increase with increasing implant stiffness.” Posterior
fusion rods made of PEEK, Nitinol or titanium-alloy stabilized the discectomy model; two of the implants
in the finite element model simulated two of the implants tested in this study. The implant shear load-
sharing found in the current study was greater than the axial load-sharing found in the finite element
study: 50% for LST compared with 27% for PEEK, and 76% for HST compared with 67% for titanium-alloy.
These findings indicate that load-sharing in one direction is not equivalent to load-sharing in other
directions; there was greater implant load-sharing under shear load compared to axial compression.

It is important to assess the function of fusion implants on a clinically relevant spine model
tested with physiologic loads; this will most closely simulate the in vivo environment in which fusions are
used to treat degenerated and destabilized spines. The DS model used in the current study was

15,16,37

developed with applied shear loads of -50 to 250 N to simulate in vivo loads during walking. Similar

or larger loads were applied to cadaveric specimens in previous studies testing the lumbar spine under

shear loading.>**>*"

In the development of a previous DS model, shear loads of only £50 N were applied
to the specimen,”™® below the expected in vivo loads and three times smaller than anterior shear loads
applied to cadaveric lumbar spines in a study characterizing the kinematic response of the normal
spine.119

To the author's knowledge, this is the first biomechanical study in which implant shear loads in a
DS spinal model were measured. The previously developed DS spinal model* was used to determine the
effect of interbody cages, bone dowels and pedicle screws and rods on the kinematic response of the
spine;**® loads on the implants were not measured. In vivo shear loads less than 65 N on rigid fusion

14120 \hile shear loads near 100 N were found in a

implants have been recorded during level walking,
rigid implant connected to a finite element model of a degenerated lumbar spine during static flexion.”
Dividing the in vivo shear implant loads with the percent load values from the current study for the HST
using the facet destabilization condition yields estimates of global in vivo spinal loads between 100 and
150 N; for example, (in vivo implant load of 100 N)/(in vitro implant load-sharing of 67%) = global spine
load of 150 N.

Sequential destabilization of specimens for biomechanical testing is important for determining
how different spinal conditions, treated clinically by fusion, are affected by a specific implant. Few

25,75,99

studies have assessed implant performance on a sequentially destabilized spine. One study
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measured moments on a rigid implant affixed to an intact spine that was subsequently altered by
removal of the posterior elements followed by complete discectomy.”® There was a large increase in
moment supported by the implant for the final specimen condition. However, it is not obvious that the
destabilizations were representative of a clinical condition or surgical model. The current study tested a
clinically relevant destabilized cadaveric model that resulted in anterior slips expected in DS. The
magnitude of the anterior slippage of approximately 3 mm under shear load was found during a pilot
study in our lab.

In another study, range of motion of a vertebra adjacent to a rigid fusion implant and implant
strain were measured under flexion and extension of the lumbar spine.” The specimen was destabilized
with medial facet, total facet, and discectomy surgeries; these destabilizations are closest to the current
study, but represent a surgical model, as opposed to a clinical model. There were no differences in
implant strain between the intact and facet destabilization procedures but there were significantly
larger strains after the partial discectomy. In the current study, significant differences in implant load
were found between all surgical conditions.

Although adjacent segment effects were not measured in the current study, inferences can be
made from the results of previous studies. One study testing destabilized cadaveric spine specimens
instrumented with different fusion constructs found the increase in range of motion compared to the
intact condition at the adjacent segment was largest for the most destabilized spinal condition when
instrumented with the stiffest fusion construct, posterior rods and an interbody cage.”” The smallest
increase in range of motion at the adjacent segment was for the same destabilization, but with the least
stiff fusion construct made of posterior rods without an interbody cage. The range of motion at the
adjacent segment to low-stiffness rods extending from a fusion construct was found to increase by a
lesser amount than when the fusion construct was extended with high-stiffness rods.” Extending these
results to the current study, the low-stiffness constructs tested in shear would likely correspond to a
smaller increase in range of motion at an adjacent segment compared to the high-stiffness constructs.
Therefore, low-stiffness implants may act to mitigate adjacent level effects such as hyper-mobility.

The methodology used in the current study strengthened the findings. The repeated measures
study design increased the ability of finding significance in the data because each specimen acted as its
own control, limiting the effect of inter-specimen variability on the results. The same surgeon performed
both destabilization surgeries on all the specimens, maintaining the consistency of the surgeries
between specimens. The effects of the two factors of interest, specimen condition and implant type, on
load-sharing were not confounded by loosening of pedicle screws, a common problem in an

osteoporotic vertebra, because the screws were cemented into the vertebral body and pedicles.
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There were several limitations in this study. Although the repeated measures design decreased
the effect of inter-specimen variability on the results, the repeated testing on each cadaveric specimen
increased the risk of damage to the specimen throughout the testing procedure. The order of fusion
devices tested was randomized to mitigate the effect of specimen damage. There was also a possibility
of specimen dehydration from the nine-hour testing period for each specimen. The specimen was
sprayed with saline throughout the test day and wrapped with saline-soaked gauze during rest periods
to maintain specimen hydration."*! Differences in implant loads were highly significant (P-values less
than 0.0001); any damage or dehydration that occurred likely had a small effect on the specimen
stiffness and did not affect the conclusions.

The Instron actuator applied an anterior shear load through a cable, but did not apply a
posterior shear load (Figure 3-2). As a result, the specimen was not loaded through its neutral zone and
the force-displacement curves could not be appropriately aligned using the neutral zone to compare
different conditions.”” The specimen shear stiffness for each of the surgical conditions would have
provided an additional parameter to compare with the load-sharing results. However, the average shear
stiffness at 250 N of applied shear load of lumbar functional spinal units destabilized to represent DS
was determined in the initial pilot study.™

One or more pedicle screws for five of the fifteen specimens were inserted in a non-clinical
location within the pedicle due to anatomical limitations. Clinically, pedicle screws are centered in the
superior-inferior direction within the pedicles. However, on specimens with smaller heights, the pedicle
screws had to be placed farther apart to prevent damage to the implant transducer. The pedicle screws
were visually inspected and in each test the screws remained within the pedicle. Specimens with a
vertebral height that was too small for this technique were excluded from the study; the majority of
these specimens were female. This selection bias of larger, male specimens would not likely affect the
general trends of the results, especially since each specimen acted as its own control. However, had the
implant transducers been smaller, allowing the excluded specimens to be tested, the average load-
sharing values may have differed from those reported in the current study. Caution should be taken in
equating the average implant loads found in the current study to those that would exist in implants
affixed to specimens with small vertebral heights.

The shear loading direction is highly relevant for the DS spinal instability. Novel low-stiffness
fusion devices are designed to treat degenerative spinal conditions while minimizing changes at the
adjacent segment to the fusion. The low stiffness of these implants becomes increasingly important to
their load supporting capability. Shear loading on the implant is affected by implant and specimen

stiffness. Combining this information with estimated in vivo spinal loads may lead to optimal implant
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strength and stiffness. Further, future tests to characterize the effect of these low-stiffness devices on
adjacent segment behaviour will help to guide implant design and ultimately reduce the incidence of

pseudarthrosis and revision surgery for adjacent segment degeneration.
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Chapter 4 Conclusion

4.1 Summary of Thesis

Four clinically relevant posterior lumbar spinal fusion devices, consisting of a pair of longitudinal
rods affixed to the spine via four poly-axial pedicle screws, were converted into shear load transducers.
Implant loads were measured on sequentially destabilized human cadaveric lumbar functional spinal
units (n=15), representing stages of DS, that were tested under physiologic anterior shear loads. All
transducer types measured shear loads accurately to within £5 N of a known shear load and were
repeatable to within £3 N under a combined static axial compressive load and cyclic anterior shear load.
One transducer of each implant type was calibrated before and after each specimen test by loading the
implant in a polymer-block construct representative of the specific specimen that was tested.
Calibration parameters from the pre- and post-test calibrations were applied to the transducer output
during specimen testing and reliably predicted the implant shear load. Implant shear load-sharing was
found for each implant type and specimen condition. Implant loads increased with increasing implant

stiffness and as the specimen was destabilized from an intact state.

4.2 Explanation of Discrepancies in Results

4.2.1 Transducer Error

Transducer errors were low for all implant types. The error was defined as the difference
between the predicted shear force and applied shear load in the combined loading test of the
calibration trials. The transducer error in measuring an isolated applied load was determined as the
difference between the applied isolated load and predicted force. The error from the isolated shear test
was larger than the error from the isolated axial test (Figure 2-6), possibly because the shear calibration
configuration has a greater sensitivity to misalignments of the load line of action than the isolated axial
compression configuration (Figure 4-1). Simplifying the curved implant rods tested in the current study
by straight rods and solving equations relating local stress to the applied loads and rod geometry
illustrates the effect of changing the shear and axial load lines of action (d, and ds) from an ideal location
1 to location 2, shifted by 1 mm, on the stress (or strain). The normal stress due to an axial load is
dependent on a direct load as well as an indirect bending moment, whereas the normal stress due to a
shear load is dependent on an indirect bending moment only (Equation 1, Figure 4-1). The change in
stress due to shifting the load line by 1 mm is dependent on the indirect moments only for both shear

and axial loads (Equation 4, Figure 4-1). The percent change in stress due to the shifting load line is
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greater for shear loading compared with axial loading (Equation 6, Figure 4-1). Therefore, slight
misalignments in the shear load line will have a greater effect on the predicted shear force from the
isolated shear load test, which was reflected in the larger error (lower accuracy) for this test compared
with the isolated axial load test. Care was taken to align the shear load line in the same location
between trials, however given that the linear slider and cable were not rigidly attached to the loading rig
(Figure 2-3), identical loading lines of action between tests were likely not achieved.

The MST had the greatest error of all the transducer types in the isolated shear and axial loading
tests (Figure 2-6). Any sensitivity to the load line location was likely compounded by the design of this
implant. The MST had an elliptical cross-section that plastically deformed causing an increase in the
medial-lateral diameter and a decrease in the anterior-posterior diameter upon initial clamping within
the pedicle screw. The transducer is designed to deform under initial clamping. However, since the
transducers were re-used for multiple specimens and multiple calibrations, the repeated plastic
deformation made it difficult to orient the transducer in the ideal alignment for that particular test. This
non-ideal alignment likely caused the larger errors for the MST.

The ULST had the largest combined error compared to its isolated loading errors and compared
to the combined loading errors for all other transducers (Figure 2-6). This is likely due to the low strain
signals on the ULST compared to the other transducers in response to the applied loads (sometimes less
than 100 pe), as well as the low applied axial load. Only 15 N of axial compression were applied in the
calibration tests for ULST due to its low axial stiffness. A linear relationship between the strain and
applied load was approximated by the slope of a least-squares line fit to the raw data, but it is possible
that had the load been higher and the strain signal been larger, the slope might be different than that
found in the current study. Applying this slope to the combined loading may have resulted in higher
error for the ULST than for the other transducers that had larger strain signals compared to the applied

load.
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Figure 4-1: The posterior fusion rods used in the current study were approximated by straight slender
beams with circular cross-section. To analyze the stress on the implant the loads applied to the spine-
implant construct were transferred to the free body diagram of the rods. The reaction forces at the
bottom of the rod are not shown. Shifting the eccentric axial load by a distance d, to the center of the
beam (~*40 mm) caused a moment on the beam (left rod), and shifting the shear load by a distance d;
(~25 mm) to the top of the beam also caused a moment (right rod). Equations 1 to 6 show the effect
of shifting the load line application for the shear and axial loads by 1 mm on the stress measurement.
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4.2.2 Transducer Reliability

A measure of transducer reliability was displayed as the bias in Bland-Altman plots (Figure 2-7).
The bias showed some dispersion for the HST, MST and ULST as the average implant load-sharing
increased. The greater absolute bias corresponds to the implant loads during the third specimen
condition (disc destabilization). The percent of applied shear load supported by the implants at this final
testing condition was approximately 80% for the HST and MST and 50% for the ULST (Figure 3-6¢)
corresponding to implant load values of 200 N and 125 N, respectively.

The implants supported loads in the final specimen condition that were in the upper range of
their calibrations. The maximum shear load applied in the calibrations was 250 N for the HST and 150 N
for the MST and ULST. The maximum axial load applied in the calibrations was 150 N for HST, 50 N for
MST and 15 N for ULST. However, during specimen testing an axial load of 300 N was applied to the
spine-implant construct. Given that the largest shear load on the implant occurred during testing in the
final specimen condition, it can be assumed that the largest axial load on the implant will also occur
during this test. The coupling effect of the axial load with the shear load on the transducer may not be
as accurately represented by the calibration matrix for the larger axial implant loads applied during the
disc destabilization condition. A lower maximum load was applied in the axial calibration tests compared
to the axial load applied in the cadaveric tests. Extrapolation of the shear-axial coupling calibration
matrix value to strains from an axial implant load larger than that applied during calibration may
account for the larger bias between the pre- and post-test calibrations for the disc destabilization

condition.

4.2.3 Load-sharing

The shear load supported by the implants was determined by applying the calibration matrix to
the strain data collected during specimen testing. The implant load-sharing was calculated by dividing
the implant shear load by the applied shear load of 250 N (Figure 3-4). The general trends in the results
were expected: implant load increased with specimen destabilization and with increasing implant
stiffness. However, the increase in implant load on the HST between the facet and disc destabilization
conditions was smaller than the increase between the intact and facet destabilization conditions. This
result was not found for the other implant types.

To investigate this discrepancy, the specimens were divided into male (N=9) and female (N=5)
groups and the data were re-processed; specimens with missing data points were included in this
analysis since the HST, not the MST, showed the smaller increase in implant load between the last two

specimen conditions. This smaller load increase was found for the female specimens, but not the male
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specimens (Figure 4-2). This finding was most pronounced for the HST, but was also evident for the MST
and LST; the ULST did not reflect this change.

Greater stability in female specimens, transferring less load to the implant, may be attributed to
the fact that approximately 67% less nucleus was removed from the female specimens compared to the
male specimens, as estimated from photos of the removed nucleus following the disc destabilization
surgery. The lower quantity of nucleus may be due to a smaller disc height in female specimens.'?* The
cadaveric model of DS in this study seems to provide an approximately linear transfer of load to the
implant across specimen conditions for male specimens. However, the load-sharing results for female
specimens may indicate that the DS model was not appropriately created for the final condition. The
confidence intervals in the plots are relatively large for the female group (Figure 4-2b), and more

specimens would be required to verify this hypothesis.
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Figure 4-2: Average implant shear load-sharing across the three specimen conditions with 95%
confidence intervals (vertical bars) for (a) male and (b) female specimens. The confidence intervals are
larger for the female group because there are only five specimens, whereas there are nine for the
male group (one unknown).
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4.3 Compare Study Methodology to Literature

4.3.1 Transducer Type: the strain gauge

To develop the shear load transducers, foil strain gauges were affixed to the posterior fusion
rods of the implant. Strain is the most common parameter to measure on spinal implants to determine
load.2**>1931951%7 other measurement techniques such as inductance'® and pressure transducers’’ have
limited use in measuring spine and implant loads, except for intervertebral disc pressure
measurements.’’ The advantages of the strain gauge make it ideal for measuring implant loads. The
strain gauge is small and flexible and is adaptable to many materials and implant designs. Using strain
gauges does not generally require physical changes to be made to the implant. Strain data can be
compared with output from finite element models. Strain gauges have large strain ranges and they
respond linearly to a linear load application. The accuracies of previous spinal implant transducers that

h102,103,107,115

used strain gauges were hig and compared well with the accuracy of the transducers used in

the current study, whereas the accuracy of a pressure transducer was reported to be low.'*

4.3.2 Study Design: in vitro testing

Studies investigating spine implant performance and function can be divided into three types: in
vitro, in vivo and finite element models. Each methodology has advantages and disadvantages for
generating data and producing results that guide implant design or relate to actual implant behaviour in
humans. In vivo implant loads have previously been measured on rigid posterior fusion rods.?'%%!*
However, the global loads acting on the spine cannot be determined from in vivo implant load
measurements. Therefore, the percent of total load supported by the implant cannot be deduced. It is
difficult to obtain ethical approval for human studies in which transducers are surgically implanted in
patients, and this type of testing is not feasible for implants in the design and development phase. The
confounding factors associated with each individual participating in an in vivo study, including
anthropometry, diet and mobility, may result in large ranges of data across subjects but will increase the
applicability of the results to a broad population. One of the main limitations of the previous in vivo
studies is the limited number of patients within the same pre-operative diagnosis group.” The effect of
initial spine condition on implant response is not well understood from in vivo studies.

Finite element models calculate strain values over the entire surface of the spine model and
implant. The strains can illuminate specific areas of weakness in an implant design or in the spine due to
a specific specimen condition. However, usually the models are used to compare the effect of two
88,90,95

implants, that differ by a single parameter such as stiffness, on implant load or range of motion.

Computational models are useful for performing experiments that are difficult or impossible to conduct
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in a lab. However, model geometry is based on a specific individual or a generic population, such as the
50th percentile male; it is not possible to determine population variation with a model, unless model
parameters are systematically altered for each experiment. Validation of finite element models is
difficult as all spine tissue material properties have not been fully characterized. A model may be
validated for a particular loading direction® and results from testing that model in other configurations
may not be accurate. Validation of a model is performed by comparing model output to results from in
vivo and in vitro studies. Once a model is developed and validations have been performed, experiments
can be conducted relatively quickly compared to in vivo or in vitro studies.

The results of in vitro studies are necessary to validate finite element models, and they capture
the variability of a population. Study designs can be used to decrease the effect of specimen variability
on the ability to detect significance, such as the repeated measures design used in the current study. In
vitro studies can be used to measure implant load-sharing by directly measuring both the applied load

and implant load.?**>%

Just as output from finite element models needs to be validated for all
directions of interest, the sensitivity of the load measurement method must be characterized for the
coupled motions that may exist in the experiment. Reports of some transducers account for loads in all

299107 \while others do not.* The transducers in the current study are directly

directions of interest,
calibrated for each specimen and account for the specific shear and axial loads applied in each
experiment. Unlike in vivo studies, the effect of specimen destabilization on load-sharing can be
determined; surgical changes in the specimen act to represent in vivo conditions. Ideally, large in vivo
studies for a specific pre-diagnosis would generate valuable implant load data that are not currently
reported in the literature. However, the expense will likely prevent this type of study from being

conducted. Therefore, a clinical condition such as DS represented by surgical destabilization in this study

is the best surrogate available to measure the effect of specimen degeneration on load-sharing.

4.4 Compare Results to Literature: how will implant stiffness affect
fusion of degenerated spines and ASD?

It is well documented in clinical studies that rigid fusion devices result in high rates of fusion in

>2°% preventing acceleration of degeneration

the lumbar spine for treatment of degenerative conditions.
of the adjacent vertebral segment to the fusion has resulted in the development of low-stiffness fusion
devices. Low-stiffness posterior fusion rods may decrease the magnitude of mechanical changes at the
adjacent segment to a fusion’® while stabilizing the spine as effectively as traditional rigid devices.”®

Therefore, low-stiffness devices will also likely result in high fusion rates, maintaining low rates of
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pseudarthrosis. However, if these low-stiffness devices behave identically to rigid devices, acceleration
of ASD will not be mitigated.

Fusion devices that transfer a greater load to the spine compared to traditional rigid devices
may act to reduce the progression of ASD. As found in the current study and previous finite element
studies,®® low-stiffness devices do transfer greater loads to the spine in shear and axial compression;
the original loading of the spine is better maintained by low-stiffness devices. The magnitude of implant
stiffness that affects implant load-sharing differs from that affecting the ability of the implant to stabilize
the spine. Posterior fusion rods with an axial stiffness less than 200 N/mm increased the range of
motion of the instrumented segment compared to rigid implants.®® The stiffness of the two fusion
devices tested in a finite element model that were most similar to the LST and HST implants tested in
the current study had axial stiffness values of 1800 N/mm and 64 500 N/mm, respectively.90 Both
stiffness values are well above the axial stiffness cut-off. Although range of motion at the level of the
fusion may be maintained by the LST, the implant loads were significantly reduced compared to the HST.

It appears that low-stiffness devices have the desired effect of stabilization and load-transfer to
the spine. Unfortunately, an exact value for the change in range of motion at the adjacent segment that
is acceptable is unknown. The LST tested in the current study transfers a substantial proportion of load
to the spine while maintaining stability at the instrumented level.”® However, to the author's knowledge,
the range of motion at the adjacent segment to this particular implant has not been reported. A study
measuring both load-sharing of low-stiffness fusion devices and range of motion at the adjacent

segment would elucidate the relationship between these two parameters.

4.5 Study Strengths and Limitations
4.5.1 Strengths

A human cadaveric model of DS was developed™ and used in the current study. Previously,
Panjabi recommended that spinal implants be tested on reproducible cadaveric models representing
conditions that would warrant stabilization with that implant.”” The DS model used in the current study

was reproducible™ and highly relevant to the aging spine as a condition for which fusion is indicated.

24,101 94,106

Implants have been tested on various in vitro spinal models including: intact, corpectomy,

92,93

spinal transection, posterior, translaminar or anterior interbody fusion, 1% discectomy,99 facet and

75,123 25,118

disc injury, and posterior and anterior column injury. Only one of these models was specifically

1,118

designed to represent a degenerative spine. As the population ages, degenerative spinal instability

conditions are being surgically treated more frequently and cadaveric models need to represent this
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population. The low-stiffness fusion implants tested in the current study are specifically designed for
treating the degenerated spine.

Measuring implant load-sharing using a cadaveric injury model likely provided more accurate
results compared to using an intact specimen. Comparing the approximate average load-sharing results
for the LST and HST for the intact specimen condition shows load-sharing of 20% and 40%, respectively;
whereas, for the third specimen condition the load-sharing was 50% and 80% for the LST and HST,
respectively. Significantly greater load-sharing occurred for the destabilized specimen, and this likely
mimicked in vivo instability, degeneration, deformity and muscle weakness better than the intact
specimen. The results of the current study showed that different injury models produced different
amounts of load-sharing (the facet destabilization condition compared to the disc destabilization
condition). Therefore, it is vital for researchers to test implants on destabilized specimens and for in
vitro specimen destabilizations to simulate in vivo spinal instabilities.

The implants tested in the current study are clinically relevant; some are currently used in
humans and others are in the development phase. Previous studies have physically altered rigid

19 Changes to the implants did not likely affect the

implants to adapt them for load measurement.
study results since the stiffness of the implants was high. However, physically altering low-stiffness
implants may affect the implant response to load. Finite element studies used models of generic implant
design to measure the effect of changing the implant stiffness, as opposed to the effect of design, on

889095 As shown in the current study, the design, in addition to the stiffness, affected

implant response.
the load-sharing of the ULST.
To the author's knowledge, the shear loading direction has not been studied with respect to

1,118

load-sharing of spinal fusion implants. Shear loading has been used to study DS and isthmic

7 in biomechanical studies. General cadaveric spine behaviour including range of

spondylolisthesis**
motion and disc pressure under shear loading has also been studied.*>*> Only one study tested a DS
spinal model with stabilizing implants'*® but did not measure loads supported by the implants. Implant

24,25,90,95,99,105,106 but not

loads have been measured under applied moments and axial compression
anterior shear. The results from the current study contribute new information to the implant load-
sharing field.

The study design used in the current study incorporated a repeated measure of implant load
across three specimen conditions each tested with four implant types. The repeated testing allowed
each specimen to act as its own control minimizing the effect of specimen variability on the results.

Highly significant comparisons of implant load between the conditions were found with only ten

specimens and confirmed with an additional five specimens. A one-way repeated measures design has
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been used previously in which multiple treatments (implants) are tested on a single specimen.””**% A

two-way repeated measures design, such as that used in this study, allows the effect of an additional
factor to be assessed; a greater amount of information can be retrieved using this study design, but it

has been implemented sparingly in the load-sharing literature.?*

4.5.2 Limitations

The limitations of this study can be separated into three groups: cost, methodology and results.
The cost of the testing is high due to strain gauge failures and repairs, the use of cadaveric specimens,
and the time required to test each specimen, and the testing reported in the current study may not be
feasible for small medical device design companies to complete in-house. The methodology has
limitations with respect to the calibration, implants and specimens. The results are limited by the

accuracy of the load predictions and the available data for statistical analysis.

4521 Cost

The gauges on the MST and LST operated in their upper strain range and failed relatively
frequently; a few gauges failed during testing for each specimen. The failed gauges were not used in the
data analysis and did not affect the results, but the repairs were costly and caused time delays during
testing. A gauge with a larger strain range was not used because available surface area on the implant
was limited. However, to reduce the number of failures, future transducers should be made with larger
strain gauges with a higher range, possibly by changing the location of the gauges since this was not
found to have a large influence on the strain-force relationship.

Testing with cadavers is more expensive than using an already developed computer model, or
testing the implant with plastic blocks, commonly used for fatigue analysis. The use of cadavers requires
appropriate safety and biohazard precautions and requires an anatomy lab with appropriate surgical
instrumentation and storage facilities. This is costly for small companies designing implants, but sub-
contracting cadaver tests to universities or private biomechanical labs eliminates the overhead cost of
installing an anatomy lab and acquiring required equipment.

Finally, testing a single specimen required 40 person-hours. The specimen-specific calibration
testing required an additional 20 person-hours because the tests were performed before and after each
specimen was tested. Since the transducers were proven to be reliable for the 15 specimens presented
in this thesis, future tests could be conducted with only the post-test calibration to reduce the number

of required person-hours.
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4.5.2.2 Methodology

The angles of the pedicle screws in the coronal plane in the specimen were not matched to the
pedicle screw angles in the calibration blocks. The pedicle screws in the specimens were always angled
towards the midline plane, whereas in the calibration blocks, the pedicle screws were parallel to the
midline plane. The posterior surface of the implant was aligned with the posterior of the specimen by
swiveling the poly-axial head of the pedicle screws. The posterior of the implant was aligned with the
posterior of the calibration construct without swiveling the poly-axial heads because the screw shaft was
already directed to the posterior.

It was assumed that posterior alignment of the implant and specimen and implant and
calibration blocks was important for strain measurement, but the angle of the shaft of the pedicle screw
would not affect these measurements. This assumption was supported by the results from testing a HST
fixed in calibration blocks with angled or parallel screws. Three calibration trials for both screw
conditions were conducted. The difference between the errors for predicting the shear load in the
combined test for the two screw conditions was less than 5.2 N across the six trials. This verification test
was not performed for the other transducer types, but given the similar accuracy, repeatability, and
reliability results for all transducer types (Chapter 2), it is assumed that the screw angle had a minimal
effect on the study results.

The plastic deformation of the MST after clamping into the pedicle screws sometimes prevented
posterior alignment of the implant with the posterior of the specimen. Further, the position of the
internal components of the swiveled poly-axial head of the angled pedicle screw would sometimes
cause an axial rotation of the MST prior to clamping in the screw. In the pre-test calibration the
posterior of the transducer was visually aligned with the posterior of the calibration construct when
clamped with the non-swiveled straight pedicle screws. Misalignment of the implant in the pedicle
screws affixed to the specimen was minimized as much as possible; large misalignments for a specimen
test were noted and rods were slightly rotated for the post-test calibration in an attempt to mimic the
specimen test.

The implant loads presented in Chapter 3 were calculated based on the post-test calibration
matrices for all but one specimen because the pre-test calibration was generally less accurate than the
post-test calibration. For the pre-test calibration, the axial compression load line was estimated from
the potted specimen as the location in which compression of the functional spinal unit would not result
in any visible flexion or extension rotations. However, physical compression of the specimen was not
performed until the test-day which occurred after the pre-test calibration. Once the specimen was

mounted in the loading rig for testing, the estimated location of the axial load line was visually verified.
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One specimen had visible rotation and the load line was adjusted. The load line for the post-test
calibration was also adjusted to reflect the specimen testing, and the pre-test calibration matrix did not
correctly predict the implant load. The estimate of the location of the axial load line prior to specimen
testing was not as accurate as if the specimen had been mounted in the rig for testing; the post-test
calibration more accurately predicted the implant load compared to the pre-test calibration.

The linear relationship that was approximated between the strain signal and applied load for the
ULST during calibration may not have been as accurate as the approximations for the other transducer
types. During calibration, the axial load applied to the implant-block construct was low compared to the
applied shear load for all transducer types. The axial stiffness of the implants was much lower than the
shear stiffness: 5 times lower for HST, 10 times lower for MST, 13 times lower for LST and 90 times lower
for ULST. Even for the low axial loads, the strain signal was relatively high for the MST and LST because
the PEEK material that these rods are made from has a low modulus of elasticity. However, the ULST has
a titanium shell upon which the strain gauges were placed, and the signal was extremely low for the low
applied axial loads. The ULST had a different construction and design than all the other implants (multi-
component versus solid material) which may have influenced the ability of this transducer to accurately
measure the axial load. Each implant component could move relative to the other components and it is
not obvious if different initial positions of the components affected the response of the implant. Using
semiconductor strain gauges on the ULST, which are more sensitive to load than foil gauges, may result
in @ more accurate strain response to the low applied axial loads.

For some specimens, the strain gauge array on the implant closest to the inferior vertebra was
approximately aligned with the shear load line and responded to the applied shear loads with very low
strain signals. For each transducer, two gauge arrays were affixed on either side of the middle of the rod
towards the inferior or superior vertebra because it was thought that the shear load line would be
positioned between these arrays. However, as viewed in the sagittal plane, the center of the
intervertebral disc, which is the location of the shear load line, was lower than the middle of the
implant, and on some specimens the disc was centered near the lower strain gauge array. In these
cases, the load line passing through the array should ideally cause zero strain given that the load is in the
transverse direction compared to the strain gauges. However, the strain gauges do not read exactly zero
under transverse loads. Only the HST and ULST responded with these low strains; the MST and LST
responded with relatively high linear strains even with the load line near the array, likely due to the
small non-zero moment arm from the load line to the gauge location. The magnitude of the transverse
errors may have been on the same order of magnitude as the strain response from a small moment on

the HST and ULST.
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The specimens were imaged prior to testing for further analysis into the effect of disc
degeneration on implant load-sharing for a future study beyond the scope of this thesis. Plain x-rays,
dual x-ray absorptiometry scans and magnetic resonance images were obtained for each specimen. The
specimens were thawed and re-frozen between imaging scans, potting, testing and dissection. Freezing
has been shown to have an insignificant effect on human cadaveric functional spinal unit behaviour,***
and freeze-thaw cycles have been shown to have an insignificant effect on porcine cadaveric functional
spinal unit behaviour.'” Assuming results from the porcine testing can be extended to human cadaveric
tissue, the freeze-thaw cycles for the specimens tested for this study did not likely affect the results.

Specimens that were too short for the implant size used in this study were excluded (five female
and two male) creating a selection bias of larger, male specimens. Although it is impossible to know
what load would be supported by the implants on the excluded specimens, a division of the current data
set into male and female groups shows minimal differences between the mean and standard deviation
of implant load (Figure 4-3), indicating a relatively homogeneous group of specimens. The largest
difference is for HST at the disc damage condition in which the male specimens support an average of

16% more shear load than the female specimens.
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Figure 4-3: Average implant load-sharing (standard deviation) for each specimen condition for male
(light line) and female (heavy line) specimens.
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Both L3-4 and L4-5 specimens were tested in the present study (two L3-4 and thirteen L4-5). DS
most commonly affects the L4-5 segment. After separating the L3-4 from the L4-5 results, implant load-
sharing for all but one implant type and specimen condition for both L3-4 specimens fell within the
standard deviation of the implant load-sharing of the L4-5 specimens (Figure 4-4). The one outlier datum
(MST, facet destabilization) indicates that this L3-4 specimen supported a greater amount of load, by

transferring less to the MST, than the L4-5 specimens for the facet destabilization.
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Figure 4-4: Average implant load-sharing (standard deviation) for each specimen condition for the L4-5
specimens. The x and * symbols are the value of implant load for the two L3-4 specimens included in
this study. The specimen marked with x was not tested with the MST transducer.

4.5.2.3 Results

The axial load on the implant during combined loading was not predicted accurately. Although
this does not affect the answers to the study questions posed in this thesis, it does limit an analysis of
how axial loads on the implant may have affected the shear results. Both isolated shear and axial loading
calibrations were performed on the transducers. Therefore, the load on the implant in either of these
directions can theoretically be determined.

A shear offset found from the calibration was applied to the combined loading data to increase
the accuracy of the shear load prediction. However, the axial offset found from the calibration was not

applied to the combined loading data because the offset was not constant across the loading range;
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averaging the offset across the data range, as was done for the shear offset, would not represent the
error accurately. One dataset was re-analyzed with an axial offset applied (Figure 4-5). Although the
error of the predicted axial load in the combined test decreased, the absolute error was still larger than
for the shear error, especially for the low-stiffness implant types. The transducer axial load

measurement was not accepted as accurate. However, this error did not affect the shear load results.
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Figure 4-5: Example force-time traces from one combined loading calibration test for the HST for
specimen 2. Predicted axial error with (a) no axial offset applied to the data and (b) an axial offset
applied to the data. The percent error values (green) are on the right vertical axis. The values for the
known applied force (blue), the predicted axial force from the calibration matrix (red) and the
difference between these loads (cyan) are shown on the left vertical axis. The absolute error for the
first third of the lower graph is negative and not shown.
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Five of the 15 specimens were tested with faulty MSTs. The required strain gauge combinations
for this transducer had not been determined at the time of these tests, and it was assumed that two
working strain gauges was sufficient to measure the shear load. Unfortunately, post-analysis showed
these pairs of gauges to be inadequate to accurately measure shear load. These five specimens were
removed from statistical analysis in Chapter 3. The missing data for MST were replaced with an average
implant load from the available 10 specimens. Re-analyzing the data for all implant types did not change
the significant results from the statistical analysis (Appendix E). This indicates that these five specimens
behaved in a similar manner to the other 10 specimens when instrumented with the HST, LST and ULST.
It is assumed that the five specimens behaved in a similar manner to the other 10 when affixed with the

MST.

4.6 Future Work

This study will be extended to evaluate the shear load-sharing of a fifth fusion device type with
15 more specimens, to determine the effect of disc degeneration on implant load-sharing, and to
determine the effect of disc degeneration on specimen stiffness. Further, measurements were taken for
the 15 specimens that were not reported in this thesis but will be combined with the results for the next
15 specimens: instrumented and non-instrumented specimen motion was recorded with an
optoelectronic system and magnetic resonance images of the specimen were obtained to grade the
level of disc degeneration.

One question still unanswered is how low-stiffness implants affect the behaviour of the adjacent
segment to the fusion. Studies have measured range of motion of the adjacent segment to a rigid fusion

device 21,22,26,74,75

Two rigid fusion devices with different stiffness resulted in no significant differences in
disc pressure or lamina strain of the adjacent segment compared to the intact specimen.’® In one study,
a rigid fusion was extended with a rigid or flexible rod and the range of motion at the adjacent segment
increased from the non-instrumented case by a lesser amount with the flexible rod.”® These adjacent
segment biomechanical studies have not tested current low-stiffness fusion devices nor assessed the
effects of both specimen condition and fusion device on adjacent level effects. A similar study as
presented in Chapter 3 could be used to address this issue. Specimens with more vertebral segments

than those used in the current study would need to be tested with the Hybrid protocol to address

adjacent segment behaviour (Hybrid protocol was described in section 1.5.2.1).
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Appendix A Strain Gauge Theory and Wheatstone Bridge Circuit

A1l Strain Gauge Theory

A foil strain gauge is a device consisting of a grid of wire that when adhered to a surface will
stretch and deform with the surface under an applied load (Figure A-1). Deforming a wire changes its
resistance. When a voltage is applied across the strain gauge, the change in resistance can be measured
as a change in the voltage output (voltage = current x resistance). Therefore, a strain gauge affixed to a
body subjected to an externally applied load can be used to measure the surface strain at the gauge
location. Relationships between strain and force can be used to then determine the force on a
component of interest. The following illustrations and equations show the relationship between wire

deformation, resistivity and strain.”

A
y
A
A 4

L AL

Figure A-1: The deformation of a wire under a load. A length of wire L is stretched due to a load P to a
length L+AL. The original diameter has decreased according to Poisson's effect.

The resistance of a wire (R) is proportional to its resistivity (p), length (L) and inversely proportional to its

cross-sectional area (A) (Equation 1).
L
R = 'OZ Equation 1
A small change in resistance can be found by taking the derivative of both sides of Equation 1.
L
dR =d (p Z) Equation 2
Taking the natural logarithm of each side within the derivative yields Equation 3:

d(InR) =d(lnp) +d(InL) —d(nA) Equation 3

With the known relationship,

Equation 3 can be re-written as:

* Electrical Resistance Strain Gage Circuits. (Accessed November 11, 2010, at
http://www.ae.gatech.edu/people/jcraig/classes/ae3145/Lab2/strain-gages.pdf.)
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dR _dp , dL dA

— _—— Equation 4
R p L A

The last term in Equation 4 can be replaced with the differential area of a circle:
dA 2nrdr ar .
— = =2— Equation 5
A T2 T

The longitudinal strain (g) and tangential strain (&;) relate to the change in length of the wire and change
in diameter of the wire, respectively, and can be related to each other using Poisson's Ratio (v).

dL dr
T:(E' 7=8T Er =&

Using the above relationships, the following equation is found:

d—R=d—p+e—2£T

R p

AR _ap 4 o _o(_

R—p+e 2(—ve)

CjITR=%-|-€(1-I-2V) Equation 6

The change in resistance is dependent on the inherent resistivity of the material (1st term) and on the

strain (2nd term). For a strain gauge, a constant called the gauge factor (GF) is defined as:*

dr/, _dp
€ pe

GF = +14+2v Equation 7

*As long as there is no change in resistivity of the material under strain, GF is a constant dependent on
Poisson's Ratio. In practice the gauge factor is not always constant and is dependent on what type of

material is used for the gauge.

A.2 Wheatstone Bridge Circuit
A circuit is required to detect the small resistance changes associated with strain gauges (usually
microstrain is the unit of measure for strain). The Wheatstone bridge is one of the commonly used
bridges for strain gauges (Figure A-2). There are many bridge designs for various numbers of gauges, but
the following description is for a three-wire 1/4-bridge circuit since this is the bridge type used in the
experiments presented in this thesis. A 1/4-bridge circuit has a strain gauge in only one arm of the

bridge, while the other three arms are resistors, usually internal to the data acquisition unit (Figure A-3).
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Figure A-2: A Wheatstone bridge circuit drawn (a) in the traditional diamond configuration and (b) in a
square configuration to highlight the voltage dividers creating the bridge. The output voltage (e) spans
two opposite corners of the bridge, while the input voltage (E) spans the other two corners. Usually,
the resistors, or strain gauges, have the same resistance rating. Reprinted from
www.ae.gatech.edu/people/jcraig/classes/ae3145/Lab2/strain-gages.pdf with permission from

Professor J. Craig.
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Figure A-3: A three-wire 1/4-bridge circuit showing resistor R, replaced with a strain gauge with
resistance Rg. The third wire connected directly to the output voltage compensates for errors
associated with losses due to resistance and temperature changes over the length of the wire that
extends to the gauge. However, this circuit does not allow for complete temperature compensation
since only one gauge is active (i.e. temperature fluctuations affecting the active gauge cannot be
separated from strain due to applied loads). This circuit was used in a constant temperature
environment, and accuracy of 10 microstrain is acceptable for this thesis.’

> Electrical Resistance Strain Gage Circuits. (Accessed November 11, 2010, at
http://www.ae.gatech.edu/people/jcraig/classes/ae3145/Lab2/strain-gages.pdf.)
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A relationship exists between the input and output voltage. Circuit analysis is used to determine
this relationship. From nodal analysis the output voltage is the difference between the voltage at the top
and bottom nodes (Figure A-2a).

e=V-V, Equation 8
Using the relations for the two voltage dividers seen in Figure A-2b, the nodal voltages can be expressed

in terms of the resistors and the input voltage.

R
V,= ——E Equation 9
R4+R3
R
V, = ——E Equation 10
R1+R,
R R
e=V1—V4=( =2 )E Equation 11
Ri+R, Ry+Rs

This is the basic equation relating the input and output voltages through the resistors in a Wheatstone
Bridge. One of the properties of this bridge type is that when there is no change in the resistance, the

bridge balances (i.e. the output voltage is zero). Let us assume that R; = R, =R3; =R, =R, then

We would like to relate the output voltage that we measure directly to strain. First, we assume that R;
and R, both equal R; (although only R, is an active gauge) and R; and R, both equal R. Equation 10
becomes:

R Rg+ARg

e
E 2R Rg+Rg+ARg

e 1 RG+ARG
E 2 2Rg+ARg

e — ARg

= (2R; + AR;) = -~
£ (2 + —ARG) — LR Equation 12
E Rg 2Rg

Substituting the relation for gauge factor into Equation 12 yields:

2 (2 +£GF) = —%SGF

e 1 1

2= —2eGF ()

E 2 2+&GF
e GF 1
-—=——€ z Equation 13
E 4 1+EGF
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For large strains there is a non-linear relationship between voltage and strain (Equation 13).
However, for small strains the (1+&/2*GF) factor in Equation 13 will be approximately 1. Since strain
gauges can only measure small strains before plastic deformation of the gauge wire (or the matrix and
glue used to adhere the gauge wire to the surface) will occur, this approximation is valid for the majority
of applications and for the majority of strain gauges. Other factors such as temperature will have a
larger non-linearity effect on the output from the gauge. Incorporating the previous assumption, the
final equation relating the known input and output voltages, gauge factor and strain from the active

gauge is:

-—=——E& Equation 14
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Appendix B Matrix Method

The strain gauge signal from the implant transducer was converted to load using the matrix
method.® For the study in this thesis two loads were applied to the implant: anterior shear and axial
compression, but only shear load on the implant was reported (Chapter 3). Strain responses to the
forces were linear, and a relationship exists as follows:

SS] — [Cll ClZ] [FSHEAR]
Sa

Equation 1
C21 CZZ FAXIAL

where Sq and S, are measured strains,*

Fshear and Faxiar are known applied forces,

and C; are unknown calibration constants

*Each of the working strain signals on each implant rod were incorporated into an estimate of the shear
and axial force using two “curved rod” equations developed from a mechanics of materials text book
(Appendix C). Each strain signal yielded an estimated shear or axial force. The force was then averaged
across the number of working gauges to yield Ss and S,. Therefore, Ss and S, are strain predictions of
shear and axial force, respectively. Simplifications and assumptions in the theoretical equations required
a physical calibration.

To determine the calibration constants, isolated shear and axial loads were applied to the
transducer in the calibration loading rig (Chapter 2, Appendix D). The loads and strains were recorded
and the four matrix constants were calculated (Equations 2 to 5). Two of the matrix constants were
direct calibration constants (i.e. the constants related the applied shear load to the shear force
prediction or applied axial load to the axial force prediction) and the other two constants were coupling
constants (i.e. the constants related the applied shear load to the axial force prediction or the applied

axial load to the shear force prediction).

Sgs = C11 X Fsypar + C12 X0 yields Cy, (direct) Equation 2
Sas = Cy1 X Fsypap + Coo X 0 yields Cy; (coupling) Equation 3
Sgqa = C11 X0+ Ciz X Fyxpar yields Cy;, (coupling) Equation 4
Spa = Cy1 X0+ Cypy X Fpxpar yields C,, (direct) Equation 5

Using the calibration matrix, shear loads supported by the transducer were determined. After
the strains from the combined shear and axial loading test were converted into shear and axial force

predictions (Appendix C) these forces were multiplied by the inverted calibration matrix to determine

6 Bergmann JS, Rohlmann A, RKolbel R. Measurement of spatial forces by the 'matrix method'. In: Proceedings of
V/VI of the 9th World Congress IMECO; 1982; 1982. p. 395-404.
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the shear loads supported by the implant (Equations 6 to 9). This combined load test was not a load-
sharing test (i.e. all applied shear load was supported by the implant). Therefore, the error between the

calculated shear load and the known applied shear load was determined (Chapter 2).

[S] = [C][F] Equation 6

[C]7*(S] = [CI[C]*[F] Equation 7

[D] = [C]™! = inv(C) and [C][C]™1 =1 Equation 8
[F] = [D][S] Equation 9

Theoretically, Equation 9 yields perfect prediction of applied loads. However, errors between
the calculated shear load and known applied shear load resulted. The difference between the known
and calculated shear forces, or the absolute error, found in the calibrations was usually constant across
the range of applied load and is referred to as an offset. If the average offset from the three calibration
trials was applied to the data from the combined loading test, the average error was reduced (Figure B-1
and Table B-1). In Figure B-1, the dashed light blue line, or absolute error, is positive. For other tests on
the same implant type this may have been negative (Table B-2). This error appears to be random
because there is no trend in the positivitity of the offset values across the specimens. However, within a
calibration for a specific specimen, some of the offsets were the same sign for the three repeated
combined loading tests (Table B-3).

There is a possibility that some aspect of the calibration process caused a biased error. The re-
clamping of the rod within the pedicle screws between the three trials combined with drift of the
Instron load cell and strain gauge signals may have contributed to this biased offset. It is also possible,
that if this test was repeated 100 times, the average offset would be zero indicating a random, not
biased error; the random sample of three trials may give a false impression of biased error. To further
explore this concept, re-analysis of all the data must be performed without applying the offset (i.e. only
the calibration matrix is applied as shown in Equation 9). This is outside the scope of this thesis.

The maximum average offset for each implant type (12 N for HST, -11 N for MST, -8 N for LST
and 9 N for ULST, Table B-2) is well below the applied shear load of 250 N. Removing this maximum
average offset would not have a large effect on the overall trends seen in the implant load results
(Chapter 3). Specifically, removing the maximum offset values from the mean implant loads provides an
estimate of the worst-case effect of this offset (Table B-4). The trend of increasing implant load for
increasing specimen destabilization remains the same. The inter-rod relationships show some
differences between the LST and ULST loads. The maximum offsets were in opposite directions for these

two rods which explains the change in mean load-sharing between these two implants. However, this
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maximum average offset is for one specimen and the other smaller average offsets for the other 14
specimens would tend to decrease this difference between LST and ULST (and between the other
implant types). Therefore, the values in Table B-4 represent the maximum possible deviation from the

results reported in Chapter 3 due to removing the offset from the analysis.

Shear Error (COMBINED)

250 : : . | ‘ 60
Fknown Percent Error
""""""" Fecalibrated :
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Figure B-1: Example data from one of the combined loading calibration tests with a HST. The applied
shear load (solid blue) and calculated shear load from the matrix equation (dotted red) show an
increasing ramp from 0 to 200 N. The difference between the known and calculated shear load is the
absolute error (dashed light blue) and represents the offset from a trial. The percent error (green,

secondary vertical axis) between the known and calculated shear loads is below 10% for the majority
of the data.
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Table B-1: Offset values found from four combined loading tests with the construct removed from the
loading apparatus and reinserted between trials 1 and 2, and between 3 and 4. The average offset of
11.35 N was applied to the data and the final error (Error column) for this testing sequence was found.

Test Average Shear Error [N] Error [N]
1 11.5 0.18
2 14.4 3
3 10 -1.15
4 13 1.41
Average Offset 11.4

Table B-2: Average offset values for each specimen and each implant type. The empty cells occur for
specimens in which that specific implant type did not have a sufficient number of working strain
gauges to be calibrated. The maximum average offset for each implant type is bold.

Specimen # HST MST LST ULST
1 -4.5 3.7 -4.4 7
2 -2 3.7 -0.3 -0.7
3 2.3 5.6 1.8 3.6
4 1.8 -3.5 -1.3 0.6
5 -7.3 1.4 -5.2 -4.3
6 -4.9 -11 1.9 -0.4
7 -0.2 -1.6 0.5 0.8
8 9.9 -2.6 8.8
9 12 -7.1 -0.1
10 -1.2 1.1
11 10 33 9.4
12 3 -8
13 -2 1.9 -1.7 4
14 2.7 -9.2 -3.5 2.9
15 3.6 -6.7 -6 3.9
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Table B-3: Offset values for each of the three combined trials completed during post-calibration for
each implant type for each specimen. The specimens were tested chronologically in decreasing
numerical order (15 to 1). The bold values indicate the calibration trials with the offset in the same
direction (all positive or all negative).

HST MST LST ULST
Specimen #
Trial1 | Trial2 | Trial 3 | Trial1 | Trial2 | Trial3 | Trial1 | Trial2 | Trial3 | Trial1 | Trial2 | Trial 3

1 9 -9 -14 -4 6 9 -7 -2 6 7 8
2 10 -8 -8 2 5 4 1 -1 -1 0.5 -4 1
3 -1 4 4 6 6 4 0.1 5 -0.1 3 -0.5 8
4 2 1 2 -6 -3 -1 -1 0.1 -3 0.3 -0.05 1
5 -6 -6.5 -9 0.2 -0.2 4.2 -4 -6 -5 -2 4 -15
6 1 -11 -5 -18 -8 -7 1 2 3 -6 3 2
7 -0.2 4 -5 -4 0.5 -1 1 -2 3 -2 0.2 5
8 13 6 11 -4 -5 1 -1 11 17
9 12 10 14 -4 -9 -8 -6 -4 10
10 4 -1 -7 -0.02 -5 9
11 16 5 3 3 3 9 10
12 -1.5 7 -10 -6 -8

13 -3 -2 -1 -2 4 4 -5 -2 1 -2 6 8
14 1 5 2 -12 -10 -6 -4 4 -10 2 1 5
15 2 3 5 -4 -6 -9 -2 -12 -5 2 2 8

Table B-4: Comparison of the original mean values of implant shear load-sharing [%] for each of the
three specimen conditions from the results section in Chapter 3 (for which the average offsets in Table
B-2 were applied) and those implant loads adjusted by removal of the maximum average offset for
each transducer type to provide the worst-case effect of the offset on the implant load values.

Implant Type
HST MST LST ULST
Original | No Offset | Original No Offset Original No Offset | Original | No offset
s |1 43 38 32 36 18 21 16 12
% 2 67 62 56 60 35 38 32 28
S 3 76 71 77 81 50 53 49 45
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Appendix C Gauge Location on Rods and Strain Equations

Equations for the theoretical strain at the locations marked on the rod drawings were derived.’
A brief derivation is shown here highlighting the geometric relationships needed for a curved rod. A
derivation for straight rods in reported elsewhere.? It is assumed the reader is familiar with stress (o)

and strain (&) equations for straight, slender beams:

o=Ee¢ General stress-strain relationship where E is the modulus of elasticity Equation 1

P M
o = n + Ty Equation relating stress to an external force (P) and moment (M) Equation 2

where A is the perpendicular cross-sectional area of the beam,
y is the distance between the location of interest and the neutral axis,
and / is the second moment of area of the cross-section

A curved rod with known dimensions and material properties is shown below (Figure C-1). The
rod is subjected to an axial compressive load and shear load applied at points above the rod in the
figure. The loads are applied to rigid blocks (not shown) that are rigidly attached to the rods at each end
(P, and P,). The block attached at P, is rigidly affixed to the superior vertebra, while the block attached
at P, is rigidly affixed to the inferior vertebra. Each load was analyzed individually to determine the
strain at the gauge location during the isolated calibration tests. Geometric relationships and free body
diagrams will be used to determine the loads, moments and constants to substitute into Equation 2 to

find strain at each gauge location.

’ Beer FP, Johnston ER, DeWolf JT. Mechanics of Materials. 3rd ed. New York: McGraw-Hill; 2001.

8 Tuttle ME. Load measurement in a cylindrical column or beam using three strain gages. Experimental Techniques
1981;5:19-20.
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Figure C-1: Diagram of a curved rod with an external axial compressive and shear load applied at
indicated distances (x, y) from the rod. The curved rod has a circular cross-section. The radius of
curvature of the rod is indicated (r) with the origin at point O. The geometric center of the rod is
dashed and the neutral axis is solid.

C1 Axial Compression

The rod is clamped rigidly at P, and P, (Figure C-2). The applied forces and moments are shown
as shaded arrows (superior vertebra end) and reaction forces and moments are shown as open arrows
(inferior vertebra end). Relevant dimensions and measurements for the analysis are shown in the figure.
For a curved member, a neutral axis exists such that under pure bending, strains along this curvature

would be zero. The neutral axis is found from the radius of curvature () and the radius of the rod (c):*
R = %(T‘_ + V72 — Cz) Equation 3
*R is calculated differently for the MST because its cross-section is not circular.
o ®)
2n(42) - Jre-(4))

where d; and d, are the large and small diameters of the MST cross-section, respectively
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Figure C-2: Diagram of a curved rod with an applied axial compressive load P and a moment M=Py
(shaded arrows) due to moving the load P a distance y to the point P,. Reaction forces Mg, Fx and Fy
are shown at P, (open arrows). The red dots indicate the location of the strain gauges on the rods with
circular cross-sectional areas. There are six gauges in total: one each at 0°, 120°, and 240° on the left
and right ends of the rod. The gauges on the concave surface are at a known distance x, from the rod
centerline and the overall length of the rod (L) is known. The radius of curvature (r), distance to the
neutral axis (R), and distances to the gauges (rc and rp) are shown and are all scalar quantities.

The eccentricity of the neutral axis is a scalar distance of how much this axis (solid line in Figure C-2)

deviates from the geometric curvature of the rod (dashed line in Figure C-2) and is denoted by e:
e=17—R Equation 4
The distance to the gauges is as follows:*
™h =1Tg =T —C Equation 5

120°

T =Tp =73 =T+ CCOS—~ Equation 6

*The distance to the gauges is calculated differently for the MST because of its cross-section and

because the gauges are located in slightly different places than for the other rod types.
_ dq
w=ro=r- ()

_ d
7:4 = 7}: =71+ ('51)
The normal component of the force at the gauge location can be found using a free body diagram

(Figure C-3a), equations of static equilibrium (Figure C-2), and geometry (Figures C-2 and C-3b).
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Equations of static equilibrium from Figure D-2:

YE =F,—P=0 Fx=P Equation 7
D Fy =F =0 Fy=0 Equation 8
YM=M,—M=0 Mgp =M =Py Equation 9
Py B X
r—c
a
0]
(a) (b)

Figure C-3: (a) Free body diagram of the left side of the curved rod cut at the plane of the gauges A, B
and C (not shown). The reaction forces and moments were found from Equations 7 to 9. The normal
and tangential component of the axial force on the gauge plane are shown in the image. The normal
force is required for solving Equation 2. (b) The angle of the normal force with the horizontal is found
from simple trigonometry where two sides of the triangle are known and the angle is found using the
sine relationship.

The angle for the normal force can be determined using a right angle triangle with two known

dimensions (Figure C-3b).

— -1 %1 :
a = sin " — Equation 10

r—c

where x; is the horizontal distance between the center of the rod and the gauge location

The normal force can now be found (Figure C-3a):
Py = Pcosa Equation 11

The general equation for strain due to an eccentric axial load on a curved rod is found from the following
equation (Equation 12), slightly altered from the bending equation for a straight member (Equation 2).

The negative signs indicate a compressive axial force and a counterclockwise moment.
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Py  M(ri-R)
A Aer;

eE = — Equation 12

where Py is the normal force,
r;is the radial distance to the strain location of interest (i.e. the gauge location),
and A is the perpendicular cross-sectional area of the curved rod

Substituting in the equations for the normal force and moment yields the final equation for strain due to
an eccentric axial compressive load (Equation 13).

Pcosa Py(ri—R)

El'E = —
A Aer;

Equation 13

C.2 Anterior Shear
The equation for strain at specific locations for a curved rod under shear load is similar to that
for an axial load with the axial load P replaced with the shear load S. The free body diagram and
corresponding equations of static equilibrium (Equations 14 to 16) show how the axial component of the

shear force and the moment were determined at the gauge locations (Figures C-4 and C-5).

A
A 4

A
A 4

O

Figure C-4: Diagram of a curved rod with an applied shear load S and a moment M=Sx due to moving
the load S a distance x to the point P,. Reaction forces Mg, Fx and Fy are shown at P;. The red dots
indicate the location of the strain gauges on the rods with circular cross-sectional areas. There are six
gauges in total: one each at 0°, 120°, and 240° on each of the ends of the rod corresponding to the
superior and inferior vertebrae. The gauges on the concave surface are at a known distance x, from
the rod centerline and the overall length of the rod (L) is known. The radius of curvature (r) and
distance to the neutral axis (R) are shown.
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Equations of static equilibrium:

YE=F—-0=0 Fx=0 Equation 14
ZFy =F+S5=0 Fy=-S Equation 15
YM=M,—-—M=0 Mg =M = Sx Equation 16

Sx

Figure C-5: Free body diagram of the left side of the curved rod cut at the plane of the gauges A, B and
C (not shown). The reaction forces and moments were found from Equations 14 to 16. The normal and
tangential component of the shear force on the gauge plane are shown in the image, as well as the
moment, N. The normal force is required for solving Equation 2. The angle of the normal force with
the horizontal is found from simple trigonometry where two sides of the triangle are known and the
angle is found using the sine relationship (for image see Figure C-3b).

The normal component of the shear force is:
Sy =Ssina
Substituting the force and moment relations into the general strain equation yields:
Ssina  Sx(r; —R)
A Aer;

where a, r;, e and R are the same as previously defined for the axial compression case

SiE:—

The strain signals from each gauge were converted into force using the equations in this appendix. The

forces were averaged to use in the matrix calculation (Ss and S, in Appendix B).
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Appendix D Loading Rig

Actuator Load Cell Instron Cross-arm

Qj.nearGude
)
Zoi —

Cable
k) Counter-

Actuator  Load Cell balance

v/ /4

I:AXIAL

<=

Superior

Loading
Plate

Specimen Potting

Figure D-1: Schematic of loading rig with a specimen in potting. The superior vertebra is on the right.
The anterior of the specimen is towards the top of the schematic. Shear and axial forces were applied
to the superior vertebra through cables attached to the superior loading plate. The counter-balance
removes half the weight of the specimen, potting and superior loading plate from the specimen-
implant system. The linear guides allow unconstrained motion in the sagittal plane.
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Figure D-2: Image of the loading rig with the specimen attached to the base. Infrared markers are
attached to the superior and inferior vertebral bodies. The counter-balance system is behind the base.

Load Cell
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Figure D-3: Image of the loading rig with calibration blocks attached to the base.
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(a) (b)
Figure D-4: Front view of the loading rig and counter-balance system. (a) The Instron actuator and
load cell apply shear load to the specimen through the steel cable. The frame for the counter-balance
system is shown behind the rig base. (b) An angled view of the counter-balance system that removed
the weight of half the calibration blocks/specimen and loading plate from the transducer.
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Figure D-5: Images of the loading rig from the side view with (a) a specimen secured to the rig base
and (b) the calibration blocks secured to the rig base.

S

Figure D-6: Close-up view of a specimen in the loading rig with infrared markers. HST is affixed to the
specimen. The anterior of the specimen is upwards and the superior vertebra is to the right.
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Appendix E Additional Results

E.1 Additional Results for Chapter 2

The transducer error and reliability results presented in Chapter 2 were from an analysis of five
unique transducers (four for ULST). These analyses were repeated with all available data for 15
specimens. Certain combinations of rod pairs were repeated for multiple specimens. These data are
presented in this appendix for completeness.

The mean transducer error is within £5 N for all the transducer types under the combined
loading test with the largest error for the ULST (Table E-1). The errors for the isolated shear tests were
larger than the errors for the other test types. The combined test did not reflect the large shear errors
because of the incorporation of the offset.

The Wilcoxon Matched Pairs test showed no significant differences between the implant load as
predicted by the pre-test calibration and by the post-test calibration for HST, MST and ULST (Table E-1).
A significant difference was found for LST, but the difference between load-sharing values from pre- and
post-test calibrations were less than 6%, below the reliability cut-off of 10%. The Bland-Altman plots for
each transducer show a small positive bias for MST, LST and ULST implants (Figure E-1).

Table E-1: Numerical results of the transducer error and reliability. The mean implant errors are
displayed in the first three rows for all transducer types. The P-values from the Wilcoxon Matched
Pairs test are displayed in the fourth row for all transducer types (red value indicates significance).

Transducer type
Measure Data Type

HST MST LST ULST

Shear 4.02 (3.10) 9.06 (6.87) 6.57 (5.42) 4.94 (3.63)
Transducer Error [N] -
C Axial 3.58 (5.44) 3.00(1.73) 2.91 (1.76) 2.16 (1.69)
Mean (standard deviation)

Combined 3.79 (2.20) 3.34 (1.64) 2.77 (1.48) 4.38 (2.52)

Reliability (P-value) Pre-Post 0.501 0.886 0.00573 0.116
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Figure E-1: Transducer reliability results displayed on Bland-Altman plots for each transducer type.
The difference in implant shear load-sharing calculated using the pre-test and post-test calibrations is
the bias (vertical axis), while the horizontal axis is the average of the two load-sharing measurements.
The red horizontal line is the mean bias; a value of zero would indicate no systematic difference
between the two measurements. The black horizontal lines are the mean bias +2 standard deviations.

E.2 Additional Results for Chapter 3
The statistical results presented in Chapter 3 of this thesis were from an analysis of 10
specimens. The two-way repeated measures analysis of variance was also repeated with 15 specimens
in which the missing data were replaced by the average of the implant load for that particular
transducer type for that specimen. Both the 10 and 15 specimen analyses found similar results. One
comparison from the Student-Newman-Keuls test showed significance in the 10 specimen analysis that
was not found in the 15 specimen analysis. The 15 specimen analysis is presented in this appendix for

completeness.
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The two-way repeated measures analysis of variance was significant for both factors, specimen
condition (P<0.0001; Figure E-2a) and fusion device type (P<0.0001; Figure E-2b), and the interaction of
these factors (P<0.007; Figure E-2c, Table E-2).

The Student-Newman-Keuls test found the individual comparisons of implant load-sharing
values to all be significant except for seven comparisons (bold values in Table E-3). The results indicate
that LST and ULST supported a similar load across all conditions, HST and MST supported a similar load
for condition 3, and MST in condition 1 supported a similar load to both LST and ULST in condition 2. The
insignificant relationship that was not found in the 10 specimen analysis that was found in the 15
specimen analysis was the HST in condition 1 supported a similar load to the ULST in condition 3;
however, the P-values were relatively close in both analyses, straddling the 0.05 level (P=0.0405 in the
10 specimen analysis and P=0.08 in the 15 specimen analysis). Comparisons between different implants

across different specimen conditions are not clinically relevant but are provided here for completeness.
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Figure E-2: Mean implant load-sharing with 95% confident intervals (vertical bars) for a significant
analysis of variance for (a) the specimen condition factor, (b) the implant type factor, and (c) the
interaction between specimen condition and implant type. Load on the fusion device increased as the
specimen stability decreased (specimen condition increased). Implant load decreased with decreasing
implant stiffness. The amount of load supported by a specific fusion type was dependent on the
specimen condition (HST, disc destabilization condition).
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Table E-2: Numerical results for the mean implant load-sharing. Specimen condition 1=intact, 2=facet
joint destabilization, and 3=disc destabilization. Values presented as mean [%] (standard error; -95%
confidence interval; +95% confidence interval)

Condition

Implant Type
HST MST LST ULST
1| 43.7(4.50;34.1;53.3) 32.2(3.09;25.5;38.8) 18.1(1.87;14.1;22.1) | 16.7 (2.00;12.4;21.0)
2| 65.9(3.90;57.5;74.2) 56.1(3.48;48.7,63.6) 33.7(3.05;27.2;40.3) | 31.5(2.87;25.4;37.7)
3| 82.2(5.94;69.4;94.9) 77.4 (4.72;67.3;87.5) 50.6 (4.63;40.6;60.5) | 48.4 (4.87;38.0;58.8)

Table E-3: Results of the multiple comparison Student-Newman-Keuls test showed significance for all
comparisons except seven (bold). P-values have been rounded to the nearest 0.0001. Implant type is
listed with specimen condition: 1=intact, 2= facet joint destabilization, and 3=disc destabilization.

HST MST LST ULST

1 2 3 1 2 3 1 2 3 1 2 3

1 0.00012 | 0.0001 | 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0004 | 0.0279 | 0.0001 | 0.0002 | 0.0759

E 2 0.0001 | 0.0001 | 0.0005 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001 | 0.0001

3 0.0001 | 0.0001 | 0.0730 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001

L1 0.0001 | 0.0001 | 0.0001 | 0.5509 | 0.0001 | 0.0001 | 0.8065 | 0.0001

212 0.0001 | 0.0001 | 0.0001 | 0.0363 | 0.0001 | 0.0001 | 0.0114

3 0.0002 | 0.0001 | 0.0001 | 0.0002 | 0.0001 | 0.0001

1 0.0001 | 0.0001 | 0.5881 | 0.0001 | 0.0001

5 2 0.0001 | 0.0001 | 0.6764 | 0.0001

3 0.0001 | 0.0001 | 0.4131

! 0.0001 | 0.0001

g 2 0.0001
3
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Appendix F Example and Raw Data
Example data processed for the transducer analysis presented in Chapter 2 of this thesis are
presented in this appendix. Load-sharing data from all specimens used for the results presented in

Chapter 3 and Appendix E are also presented in this appendix.

F.1 Example Data for Chapter 2

The transducer error presented in Chapter 2 was found by analyzing the results from each
calibration trial (Figure F-1). Three trials for each transducer type were repeated before and after
specimen testing, pre- and post-test calibration. The average of 5-95% of the absolute error from the
combined loading test (dashed cyan in Figure F-1c) was used to determine the transducer accuracy and
repeatability presented in Chapter 2.

Bar plots show the shear load-sharing of the implant when a shear load of 250 N was applied to
the specimen during testing (Figure F-2). The implant load was calculated using matrices and offset
values from the pre- and post-test calibrations. The difference between the load-sharing predications for
each specimen for each transducer type represented a measure of transducer reliability presented in
Chapter 2.

Example plots of one combined loading test for each of the conditions of the sensitivity analysis
presented in Chapter 2 are shown (Figure F-3). A plot for each of the testing conditions is presented:
known and the four misalignment conditions anterior translation, medial translation, inferior translation
and combined translations. The error was calculated as the absolute difference between the known
applied shear load and predicted shear load for the known condition. Each of the matrices from the
misaligned conditions were applied to the combined load test data for the known condition. For
example, the error presented in Chapter 2 for the Medial Translation misalignment condition is the error
between the predicted and applied shear loads of the Known test condition after the matrix from the
misalignment condition was applied to the Known condition strain data. The statistical results to
determine if the errors using the misaligned calibration blocks were larger than the known calibration

block is presented in Chapter 2.
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Figure F-1: Example post-calibration data from one specimen used to calculate the transducer
accuracy (Specimen 2; transducer LST). Each test type, isolated shear and axial and combined, was
repeated three times and the error averaged across the three trials. The absolute value of the error
(light blue dashed line) shown in each of the plots for each test type was averaged over a range of 5 to
95% of the data. The combined loading error is the relevant transducer error which represents the
error of the transducer in measuring shear load under a combined shear and axial load. The errors are
averaged across the three repeated trials for each specimen. Results of errors for five unique
transducers for each transducer type are presented in Chapter 2, and the error results for all the
available transducer data were presented earlier in Appendix E.
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Figure F-2: Example implant load-sharing results for specimen 2. (a) Pre- and (b) Post-test calibration
matrices and offsets were used to calculate the shear load supported by the implants. The difference
between the pre- and post-implant load values were used to determine the transducer reliability. The
difference between the pre- and post-values is called the bias and was plotted on the vertical axis of
the Bland-Altman plots (Chapter 2) and the average of the two values was plotted on the horizontal
axis of the Bland-Altman plots.
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Figure F-3: Example data for each test condition from one of the three sensitivity trials for the MST.
The combined loading tests are shown here; the isolated shear and axial tests are not shown.
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F.2 Raw Data for Chapter 3

The implant load as a percentage of applied shear load, used for statistical analysis (Chapter 3),
was found from individual specimen analysis (Table F-1). The plots of this percent implant load for all
specimens over all conditions are compiled in this appendix (pages 127 to 182).

The plots show the percent of implant load for the 25th loading cycle. The vertical axis is both
force [N] and percent difference [%] on the same scale. The applied force from the Instron (red) and
predicted force (blue) as measured by the transducer are displayed. The percent difference between
these two measurements is shown in green. The percent displayed as text on each plot is the implant
load as a percentage of 250 N of applied load ("Rod pair = X%"); this value is reported in Table F-1. The
implant load as calculated using the matrix and offset values from the pre- and post-calibrations are
shown in the left and right columns, respectively. The specimen conditions are divided into three rows:
Cl=intact, C2=facet joint destabilization and C3=disc destabilization. The order of force plots are as
follows: HST, MST, LST and ULST with results for each transducer type on a separate page. Some
transducers did not record strain for some of the specimens (missing data as described previously in this
thesis) and load was not calculated for these cases. Cases in which the pre- or post-calibration was
completed incorrectly are shown, but are listed below. These "incorrect" cases were not used for the
results in either Chapter 2 or 3 of this thesis.

1. Specimen 4: the pre-test calibration for all transducer types is incorrect

2. Specimen 8: the pre-test calibration for all transducer types is incorrect

3. Specimen 11: the first pre- and post-test calibrations for all transducer types were incorrect. A
third calibration (post-cadaveric testing) was completed and labeled as "true" in this appendix

4. Specimen 12: the post-test calibration for all transducer types is incorrect

5. Specimen 14: the pre-test calibration for all transducer types is incorrect

6. Specimen 15: the pre-test calibration for HST is incorrect
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Table F-1: Implant shear load-sharing [%] for 15 specimens. Missing data in empty cells was due to
insufficient working strain gauges on the implant. For the 15 specimen analysis, the missing data was
replaced by the mean of the load sharing for the transducer under the specific specimen condition.
For the 10 specimen analysis, the specimens with missing data were removed (specimen # 8, 9, 10, 11,
12).

HST MST LST ULST
Condition Condition Condition Condition
Specimen 1 2 3 1 2 3 1 2 3 1 2 3
1 2853 | 57.04 | 68.12 | 20.51 | 34.90 | 56.92 | 12.00 | 21.78 | 35.80 | 16.80 | 25.40 | 30.58
2 6258 | 75.27 | 89.76 | 4459 | 79.41 | 100.1 | 22.16 | 53.28 | 69.18 | 25.72 | 51.88 | 91.73
3 40.67 | 62.28 | 73.65 | 40.98 | 54.80 | 60.63 | 25.86 | 32.13 | 37.05 | 13.70 | 27.34 | 30.91
4 77.06 | 78.13 | 99.25 | 48.90 | 57.45 | 90.35 | 25.08 | 33.39 | 55.02 | 26.39 | 35.47 | 54.17
5 4596 | 73.07 | 92.85 | 44.16 | 68.49 | 90.84 | 16.89 | 32.19 | 53.43 | 8.13 | 32.45 | 36.69
6 15.92 | 2630 | 31.35 | 13.85 | 24.48 | 29.73 | 7.26 | 13.15 | 15.47 | 446 | 815 | 10.01
7 34.48 | 7541 | 73.14 | 21.19 | 64.39 | 84.67 | 19.16 | 37.69 | 52.94 | 14.13 | 46.15 | 64.50
8 3557 | 53.99 | 52.97 12.38 | 20.61 | 22.55 | 16.68 | 27.71 | 35.93
9 39.38 | 64.01 | 97.33 1449 | 2500 | 52.87 | 14.46 | 25.61 | 50.64
10 3277 | 65.86 | 93.05 15.99 | 31.98 | 49.50
11 72.06 | 69.37 | 105.7 31.14 | 44.05 | 46.61 | 27.17 | 3861 | 51.77
12 44.09 | 63.06 | 127.2 15.15 | 37.58 | 83.34
13 2272 | 57.55 | 69.74 | 9.10 | 4521 | 78.17 | 5.90 | 22.51 | 49.51 | 4.13 | 1440 | 47.42
14 44.99 | 70.89 | 73.94 | 31.10 | 63.32 | 77.28 | 19.10 | 48.95 | 61.44 | 16.59 | 39.34 | 57.84
15 58.60 | 95.79 | 84.68 | 47.14 | 68.72 | 105.6 | 26.88 | 49.78 | 72.52 | 29.15 | 36.63 | 65.89
Average | 43.69 | 65.87 | 82.18 | 32.15 | 56.13 | 77.42 | 18.10 | 33.72 | 50.55 | 16.68 | 31.51 | 48.40
;:?’?:t?;: 17.41 | 15.10 | 22.99 | 14.93 | 16.83 | 22.81 | 7.51 | 12.26 | 1859 | 805 | 11.52 | 19.56
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