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ABSTRACT OF THE DISSERTATION

Improving the Standard for Preclinical Testing of Deformity Correction Surgery

by

Sean Borkowski
Doctor of Philosophy in Biomedical Engineering
University of California, Los Angeles, 2015
Professor Edward Ebramzadeh, Co-Chair

Professor Harry McKellop, Co-Chair

With advancements in deformity correction surgical strategies, such as the use of thoracic
pedicle screws, invasive surgical resections, and correction maneuvers involving high forces,
surgeons are pushing the limits of deformity correction in children and adolescents.
Unfortunately, due to the lack of an adequate in-vitro model, many clinical questions
surrounding these treatments remain unanswered, leading to clinical uncertainty and surgical
risk. For the past three decades, in-vitro models have almost universally included the application
of pure bending moments in cadaveric spines to produce kinematic responses. Pure moments are
intended to produce a constant bending moment along the length of the spine, and offer the
advantage of reproducible testing regardless of spine length or stiffness. With this model, the
resulting kinematic spine responses have been compared for the evaluation of simulated

destabilized and implanted conditions, either with dynamic stabilization or rigid fusion devices.
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However, the pure moment model was not selected to simulate intraoperative conditions.

Moreover, alternative loading models have not been adequately explored.

The purpose of the proposed study was to evaluate three preclinical spine testing models:
1) the traditional pure moment preclinical testing method in spine biomechanics; 2) a novel
simultaneous multi-planar loading protocol to represent the three-dimensionality of scoliosis
deformities; and 3) a novel torsional loading protocol using a custom-built simulator intended to
mimic a representative surgical correction maneuver employing high-magnitude in-vitro torque
application. Each of the three models was applied to cadaveric thoracic spines to evaluate the
safety and efficacy of representative intraoperative surgical techniques during deformity
correction surgery. Specifically, safety and efficacy was measured by quantifying differences in
thoracic spine range of motion and strength as a function of surgical resection and loading type.
In addition to expanding the loading schematics for preclinical scoliosis testing, the proposed
study evaluated and improved upon the validity of using elderly cadaveric specimens for
preclinical testing of pediatric spine disorders and treatment, a major criticism of pediatric spine
biomechanics. Unlike previous studies where intervertebral disc health has been ignored, the
proposed study classified changes in the structural response of the spine as a function of disc
health, thereby producing more specific conclusions towards the applicability of the results in the

pediatric and adolescent communities.

Under single plane Pure Moments, wide posterior releases provided significant increases
in motion beyond that provided by routinely performed releases, with thoracic spine range of
motion increases of as much as 12-17° following the clinical releases. This result substantiates

the use of wide posterior releases as a supplemental tool in increasing the flexibility of the
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thoracic spine. Moreover, in specimens with healthy intervertebral discs, multi-level releases
provided more pronounced releases, nearly doubling the increase in motion. Furthermore, under
the multi-planar loading protocol, the releases were effective in providing simultaneous three-
dimensional increases in motion, suggesting their potential use in cases of three-dimensional

deformity, such as adolescent idiopathic scoliosis.

The results were further developed under the simulated intraoperative correction
technique, direct vertebral rotation. Thoracic spine strength was established, with an average
failure moment of 33.3Nm, significantly less that the torques purportedly applied
intraoperatively. Additionally, following the posterior release, single level ROM increases of as
much as 19° were observed at failure, the most clinically relevant magnitude of motion increase
measured to date using an in-vitro model. Using strength predictions based on the relationship
between BMD and thoracic spine strength, safe limits of loading can be applied to produce
significant increases in flexibility. Even applying as little as 25% of the failure load, the
achievable increase in range of motion more than doubled compared to that predicted using 4Nm
pure moments, the typical pure moment magnitude. In addition to providing safety and efficacy
data towards predictions of deformity correction, the novel model highlighted the limitations of
traditional in-vitro models, and may promote the use of novel experimental design in evaluating

many spine problems.

In its entirety, the study introduced novel spine biomechanics testing methods which
challenged the traditionally used pure moment model, and improved upon its limitations. In turn,
the clinical applicability of preclinical scoliosis biomechanics testing results improved as well.

Using these novel testing methods, the study helped to provide clinical guidelines for the
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efficacy and safety of posterior surgical releases and correction techniques. The improved
clinical applicability of the results may also serve to stimulate development in other areas of
spine testing, such as evaluations of disc degeneration, where the pure moment model has
become increasingly unsuitable, as treatment has trended away from solid fusion and towards
motion-preserving implantations. With improved models and experimental design, preclinical
spine testing will begin to make a greater impact on the clinical outcome for children and
adolescents. Moreover, the clinical decision making and outcome for all spine patients, young or

old, will improve.
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1 Background

1.1 Brief Historical Perspective on Spine Biomechanics

For centuries, professionals of many trades have recognized the importance of spine
biomechanics, including doctors, scientists, mathematicians, philosophers, and artists. Whether it
was the iron corset designed by Ambroise Pare for spine deformity correction in the 1500s,' the
first spine biomechanics textbook written by Giovanni Alfonso Borelli in the 1600s,* or the
theories of deformity correction by Jean-Andre Venel in the 1700s,* the contributions to the field
were widespread. Despite primitive medical practices and technologies, by appreciating the
mechanical, geometrical, and mathematical aspects of spine conditions, these early pioneers
developed theories still employed today. For example, Jean-Andre Venel recognized the coronal
and transverse plane components of scoliosis deformity, and theorized two primary correction
maneuvers to reduce the deformities: (1) axial traction and (2) transverse forces in the form of
derotation.* The first principle, axial traction, was the primary correction force employed in the
revolutionary Harrington instrumentation system.> Meanwhile, today, the primary correction
maneuvers still follow the second principle, that is, application of transverse forces through, for
example, derotation and direct vertebral rotation (DVR).*” The culmination of such contributions
by these pioneers built the foundation for spine biomechanics, a field which has been essential in

the understanding, diagnosis, and treatment of spine pathologies and conditions.

In the early to mid-1900s, theories describing the cause of various spine pathologies led
to the development of early models for in-vitro spine biomechanics. While the causes of back
pain were largely unknown, structural changes to the intervertebral disc could be seen on x-rays,

including intervertebral disc space narrowing. It was postulated that when structural changes
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occur, the ability of the intervertebral disc to resist strain would be compromised.® To test this
and many other theories, early in-vitro studies began investigating the load-displacement
behavior of human cadaveric spines under compression loading.® The biomechanical testing of
spines quickly transitioned beyond axial loads to include bending moments, which produced
flexion, extension, and lateral bending rotations, and torsional moments, which produced axial

rotation.”!?

Prior to the establishment of any loading or testing standards, loads and moments varied
in magnitude and method of application among different research groups. Bending and torsion
were produced in thoracic and lumbar functional spine units (FSUs), for example, using dead

weights,'? dead weight pulley systems,!! and pneumatic actuators.!*> Meanwhile, other groups

9,10 14

produced bending by applying off-axis compression,” " or compression to slightly bent spines.
Furthermore, the magnitudes of applied moments varied. Specifically, magnitudes ranged from 2

Nm in thoracic spines'® to more than 10 Nm in lumbar spines.'?

However, despite these differences in experimental setup and moment application, the
primary objective of the majority of these early models was simple: determine the fundamental
displacement and rotational properties of the spine in response to applied loads and moments.
For example, White et al.>!* applied 2 Nm of bending through pneumatic actuators and dead
weight pulley systems to thoracic FSUs, producing approximately 4-20° in flexion-extension, 5-
13° in lateral bending, and 3-14° in axial rotation. However, due to different loading setups and
conditions, the results across studies varied widely. Markolf et al.'! applied higher loads (6.8
Nm) to thoracic FSUs using a dead-weight pulley system, but reported smaller motions than

those reported by White et al.!° About a decade later, Panjabi et al.'* used a linear force vector



to produce forward flexion moments between 2-6 Nm, which spanned the moment magnitudes
applied by White et al.*'° and Markolf et al.,!' and reported even smaller motions than those

previously reported, with average motions of 1.4° and 1.0° in flexion and extension, respectively.

Despite the wide range of results, these early studies provided some key foundational
concepts in spine biomechanics. First, there are large variations in the rotational properties of
nominally equivalent cadaveric spines, that is, cadaveric spines with the same intact structural
support, such as intervertebral discs and connective soft tissue and ligaments. While differences
in the loading protocols inevitably contributed to the wide variability in range of motion of the
FSUs across studies, these differences were not a result of testing artifacts.!? Instead, the reported
ranges within each study suggested the inherent variability in cadaveric spines. This concept still
applies today, even with the application of standard testing methods, but this will be further

explored later in this work.

In addition to the variability in motion among cadaveric spines, the early studies
demonstrated the complex, nonlinear hysteretic response of the spine under applied bending
loads,!'! as demonstrated by the nonlinear load-displacement and torque-rotation curves. Finally,
early studies highlighted the benefits of studying primary motions (i.e. sagittal plane rotation in
response to a flexion bending moment), coupled motions (i.e. coronal plane rotation in response

to a flexion bending moment), and stiffness.!>!¢

While the initial studies provided some of the foundational concepts in spine
biomechanics, it became clear in the 1980s that a major change was needed. As discussed by Dr.
Manohar Panjabi,!” biomechanical testing of new instrumentation systems began to parallel the

development and manufacturing of these same systems, leading to an increased number of spine



biomechanics studies. The designs included, for example, pedicle screws,'® spinal rods,>!%1°

sublaminar wires,'? anterior vertebral body screws,??! laminar and pedicle hooks,>!'® and
plates.?? Meanwhile, the devices were tested using various loads, specimen lengths (i.e. one level
functional spine units vs. 6-level T12-sacrum specimens), specimen types (i.e. human or
porcine), loading rates, and outcome variables. Consequently, comparisons of the results across

studies were not easily performed.!”

With the increase in popularity, acceptance, and use of biomechanical studies, together
with the increase in popularity of fusion instrumentation to treat spine conditions, it was clear
that a standard method of testing was necessary to evaluate and compare the different devices
and systems. At the time, the idea of a standard method was very reasonable. These early
instrumentation systems, while having different designs, had one common functional goal:
provide rigid fusion to the spine. Because the designs shared this common functional goal, the
ability of different systems to achieve this function could be compared. For example, to prove a
particular implant could provide solid fusion, the in-vitro results should demonstrate that the
fixation system minimized motion at the implanted level. Then, to compare one implant’s ability
to minimize motion compared with another implant’s, the stiffness measurements could be
compared. This standard became Pure Moments, a concept that would transform biomechanics,

and become the standard in the spine community from the 1980s through the present day.



1.2 Pure Moment Testing

The following section provides a description of the design of, the assumptions in, and the
applications of the pure moment testing model for preclinical spine biomechanics testing. As
such, this chapter has been broken down into three major subsections: Design, Assumptions, and

Applications.

1.2.1 Design

Pure Moment Theory

In the early 1980s, with the growth in popularity of spine implants and devices, the need
for preclinical spine biomechanics testing increased.!” A method was needed to test the new
devices in a reproducible and repeatable manner that could predict potential in-vivo performance

of the devices, prior to clinical use in patients. This method and standard was Pure Moments."”

A pure moment, or a force couple, is a system of forces which produces a net moment
without producing a net force. Similarly, the system produces rotation without producing
translation. The theory of pure moments is described by two applied bending moments of equal
magnitude and opposite direction at the left and right ends of a straight rectangular beam. During
such bending, shear force is zero across the beam. Consequently, the only forces acting on the
beam are the moment couple. As such, loading is equivalent along the entire length of the beam.
Moreover, under the same applied moment couple, the load at every cross section would be the
same regardless of the dimensions of the beam. This concept was adopted by the spine

d, 17,23,24

biomechanics fiel and for more than three decades, has remained the gold standard in

spine biomechanics and spine flexibility testing.



As discussed, by applying pure moments to the spine, the moment at each cross section
of a test specimen remains constant throughout testing, regardless of the amount of rotation that
occurs.!” The advantages of pure moments for spine biomechanics have been discussed
thoroughly, demonstrating the model’s importance.!” This discussion can be applied to loading
setups used in the literature to illustrate the points. Specifically, two studies, one by White et al.'°
and one early study by Panjabi et al.,' can illustrate the disadvantages of alternative loading

setups. As discussed in the literature,!”?

three primary methods can be employed to produce
bending in the spine: (1) off-axis compression;>!? (2) cantilever bending;'® and (3) pure

moments.

In the first mode, that is, (1) off-axis compression, a compressive load is applied to the
spine at a distance from the centroid of the vertebral body to produce bending. For example, to
produce flexion in thoracic FSUs, White et al.”!° applied a compressive load at a point between
the central-most point and the anterior-most point of the superior vertebral body. In that setup,
when the spine is in the vertical position and a small compressive load is applied, the resultant
moment would be relatively constant along the length of the FSU, as minimal rotation would be
produced. However, as soon as larger compressive loads are applied and larger flexion rotations
are in turn produced, the moment profile along the length of the spine will vary. Moreover, the
moment profile would continuously change as a function of the amount of rotation in the spine.
These differences would be substantially magnified when applying loads to multi-level
specimens, which the majority of studies in the literature have used, as the total rotation would
increase. The corresponding testing results would be significantly affected by this variability
along the length of the specimen. Consequently, this method of loading, that is off-axis

compression, is susceptible to large errors.



In the second mode, that is, (2) cantilever bending, a horizontal load vector is applied to
the superior vertebral body of the spine to produce bending in either the sagittal or coronal
planes. For example, to produce flexion in thoracic FSUs, Panjabi et al.'* used pneumatic
cylinders to apply an anterior-directed horizontal force vector to the superior vertebra, while the
inferior vertebra was rigidly fixed to the test table. In that setup, the moment profile increases
linearly along the spine from superior-to-inferior, with the minimum moment occurring at the
point of load application, and the maximum moment occurring at the base of the inferior
vertebra. In other words, as the distance between the point where the horizontal force is applied
and a point at the cross-section of interest increases, the moment increases as well. Similar to off-
axis compression, the differences between the moments at the superior and inferior segments
become more pronounced with multi-segment specimens, in turn affecting the results. In a more
recent article, Horton ef al.?® used a cantilever bending setup to apply a 25N horizontal force
vector to T1, in turn producing flexion and extension in a full-length human thoracic spine.
Using published geometrical properties of the thoracic spine,* the distance between the force
vector (top of T1 vertebral body) and the T1-T2 disc space would be approximately 21 mm. The
moment at the T1-T2 disc, therefore, would be approximately 0.5 Nm. In contrast, at the T11-
T12 disc space which lies approximately 292 mm from the force vector, the moment would be
approximately 7.3 Nm. Clearly, the difference between the moments applied at the superior discs
and inferior discs would be substantial, and in turn, would affect the results. Furthermore, if, for
example, the authors sought to produce a typical in-vitro thoracic spine moment of 5Nm at T1-
T2, a horizontal force of 238N would need to be applied. However, while this force would
produce the desired SNm moment at T1-T2, it would produce a destructive moment of 69.5Nm

at T11-T12. Consequently, a full-length thoracic spine could not be utilized in that example



study. Therefore, like off-axis compression, cantilever bending loading setups are subject to

errors and disadvantages.

With these two modes of testing, comparisons across the literature are difficult as the
results are dependent upon the type of loading, the point of load application, the geometrical

properties of the spine, and the amounts of rotation produced.

Unlike modes (1) off-axis compression and (2) cantilever bending type loading, in mode
(3), i.e. pure moments, the applied moment remains constant throughout testing along the length
of the entire specimen, regardless of the amount of rotation produced or the geometrical
properties of the specimen.!” Because of this, the moments are controllable and highly
reproducible, providing an unbiased, repeatable platform for the testing of spinal fixation

devices. In turn, comparisons of the results across the literature could be performed.

Within pure moment testing, two methods of moment application have been performed:
the stiffness method and the flexibility method.!” In the stiffness method, a rotation is applied to
the spine, and the resulting moments and forces are recorded. The stiffness method is mainly
limited, however, in that it (1) constrains the motion to a specified direction, and (2)
predetermines the axis of rotation of the spine, both of which are not physiological. Contrarily, in
the flexibility method, a load or moment is applied to the spine, and the resulting motions are
recorded. The main advantage to the flexibility method is that it allows the spine to move
physiologically, with unconstrained motion in all planes. This method, that is pure moment

testing with the use of the flexibility method, became the standard of testing.!”

Pure moments gained widespread use to compare various instrumentation systems and

provided the spine testing framework for the next three decades.
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Applying Pure Moment Loads to Cadaveric Spines

Pure moment testing has been used extensively throughout the literature for the past three
decades. Depending on both the question of a given study and the experimental apparatus
capabilities of a given research group, moments are typically applied in flexion, extension, left
and right lateral bending, and left and right axial rotation. These in-vitro moments are typically
applied to fresh-frozen, human cadaveric spine specimens. Specimens may include the entire
thoracic spine (T1-T12),2%%7 partial thoracic spines (e.g. T1-T6),? or functional spine units (e.g.
T4-T5).!''?° As discussed, one advantage of pure moment testing is that, because the moment is
equivalent at every cross section of the spine, the loading profile at each disc would be
equivalent, regardless of whether a study tests full length thoracic spines (T1-T12), partial
segments, or functional spine units. This allows for comparison of results obtained from these

various specimen lengths across studies performed at different institutions.

Several testing machines and apparatuses have been developed to apply pure moments to
the spine for kinematic testing. Historically, moments have been applied using systems including
weights and pulleys,*® pneumatic cylinders,'® and linear bearings and cables.’! However, in most
of these systems the moments could only be increased incrementally, and thus a continuous
moment-rotation response could not be measured. Meanwhile, other more recent systems have
included the use of these previous technologies in conjunction with uniaxial load frames;>?
however, these systems required manual adjustments throughout testing and were susceptible to

off-axis moments as a result of changes in the axes of the cables.

Wilke et al.>* developed the first spine tester that was truly capable of applying and

controlling continuous pure moments, while maintaining six-degrees of freedom. The 6-dof



system used a combination of stepper motors and pneumatic cylinders to apply forces and
moments; however, only the superiorly potted vertebra could be controlled. More recently, fully-
equipped machines have been designed and employed in spine testing which allow for
simultaneous control multiple degrees of freedom. For example, robotic machines have been
designed which attach to and control the superior aspect of the spine; however, only 6-dof can be

controlled.?¢

Unlike these models, the present study employs a hydraulic-based spine simulator which
allows for full control over 8-dof.?*3* The hydraulic load frame is capable of applying pure,
unconstrained moments. Unlike previous systems, the load frame used in the present study is
equipped with gimbals on both the inferior and superior of the machine, allowing control of both
the inferior and superior vertebrae of the spine. This allows for more dynamic loading scenarios,

and more freedom of control. A similar system has been used at other centers.>’

Dependent Variable Measurements from Pure Moment Testing

As discussed, for in-vitro biomechanical flexibility testing, moments and loads are
typically applied to cadaveric specimens to produce flexion-extension, lateral bending, and axial
rotation.!”>* The specimens are typically first tested intact, that is, prior to disruption of their
structural support (intervertebral discs, bony structures, ligaments, facet joints, costovertebral
joints, and connective tissue).?* This intact condition serves as the baseline flexibility for a given
specimen. Then, the spine is tested following destabilization, a simulated injury, and/or device
implantation. Following testing, the conditions of the spine are compared to evaluate, for
example, the increase in motion following destabilization or the increase in stiffness following

implantation.?33*3637 From these pure moment experiments, nonlinear, hysteretic moment-
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rotation curves are generated and used for analysis. Typically, the range of motion (ROM) is the
primary parameter extracted from these curves to assess differences between conditions,
representing the two rotational endpoints of moment-rotation curves.>**° Using mainly ROM
values, conclusions are made, and clinical predictions of the effects of destabilization, injury, or
implantation are postulated.

In addition to ROM, other parameters extracted may include the neutral zone, defined as

the amount of rotation that occurs from the neutral position in each plane prior to significant

2 4

increase in stiffness,>*3” the elastic zone,?* or stiffness.’

1.2.2 Assumptions

The following section outlines the primary assumptions associated with Pure Moment testing. As
the present work will focus on scoliosis and preclinical testing of deformity correction, the

assumptions will be discussed as they pertain to the thoracic spine.

In pure moment testing of cadaveric thoracic spines, several major assumptions are made

in the experimental design:

1. Loading magnitudes are non-destructive.
2. Loading levels produce physiological motions.
3. Primary stabilizers include ligaments, discs, and connective tissues.

4. Quasi-static loading and loading design minimizes viscoelastic effects.

Loading Magnitudes are Non-Destructive

For the thoracic spine, pure moments are applied within the range of 2-7.6Nm 2731354143

In 1971, White and Hirsch applied 2 Nm moments to thoracic functional spine units to produce
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flexion-extension, lateral bending and axial rotation.'? Soon after, in 1972, Markolf ez al.!!
applied approximately 6.8 Nm moments to produce the three modes of bending; however, the
moment magnitudes were not justified. It was not until 1976 that Panjabi and White applied 9
Nm moments to thoracic spine FSUs with justification.!*>!® In their work, the authors stated that
“[the] loads were limited to these values in order to prevent damage to the motion segments and
permit subsequent testing.” In other words, non-destructive loading was applied. Throughout the
literature, authors use this same argument as justification for repeated testing on cadaveric
specimens. The nondestructive loading is defined as loading that does not damage the

specimens!>1’

and does not cause any permanent (plastic) deformation to the stabilizing
ligaments of the spine.** This allows for, as discussed, repeated testing on the same cadaveric

specimens so that various conditions can be compared, e.g. the intact condition compared with

an implanted condition.

Loading Levels produced Physiological Motions

In addition to being nondestructive, the loading magnitudes were chosen on the basis that
they also produced physiological motions. In 1989, Yamamoto et al.** applied 10 Nm moments
to lumbar spines with the justification that the magnitudes were capable of producing
physiological motion, as well as being nondestructive. These two assumptions were often linked,
and even transitioned beyond the original intention to include alternate definitions. For example,
the applied loads have been equated with physiological loads to produce the conclusion that

because the applied loads were physiologic, damage to the specimens would not occur.!”

It is often noted that the loads applied in-vitro may not accurately represent the

magnitude of loads and moments experienced in-vivo; however, due to simplifications of in-vitro
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modeling, the safe in-vitro loads have been accepted. Despite the limitations and simplifications,
the safe, non-destructive, physiological motion-producing loads and moments provide sufficient
motion and moment-rotation responses to compare implants and fixation devices across the

literature.

Primary Stabilizers include Ligaments, Discs, and Connective Tissues

Thoracic spine specimens are dissected to remove all fat and muscle tissue, while keeping
intact the bony structures (vertebral bodies, posterior elements), ligaments (anterior longitudinal
ligament, posterior longitudinal ligament, interspinous and supraspinous ligaments, ligamentum
flavum, capsular ligaments), intervertebral discs, and costovertebral joints.?* It is assumed that
the ligaments, intervertebral discs, and connective tissues provide the majority of the structural

stability in cadaveric thoracic spines.

Quasi-static Loading and Loading Design Minimizes Viscoelastic Effects

The pure moment loading rates and methods of application are designed to be quasi-
static. In other words, the moments are applied at rates in which the effects of inertia and mass

can be ignored.

In addition, the connective tissues of the spine, that is, the intervertebral discs and
ligaments, are viscoelastic materials. As such, the response of these structures to loading depends
on the rate of load application and the time duration that a particular load is applied. To minimize
these viscoelastic effects, as discussed earlier, the magnitudes of loads applied have been chosen
to prevent and minimize plastic deformation to the stabilizing tissues. In addition, typically five

cycles of loading are applied to the spine in every given direction. The third or sometimes fourth
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cycle of loading is used for analysis. This serves to precondition the specimen, allowing the
hysteresis of the spine to stabilize and become repeatable. Finally, studies have investigated the
rates of load application which effectively minimize the time-dependent responses of the
connective tissues. Specifically, rates of between 0.5 deg/s and 5 deg/s have been applied to
minimize such time-dependence.?* By the same token, under moment control, loads are typically

applied at a rate of 0.1 Nm/s.*

1.2.3 Applications

In the early days of spine biomechanics testing, these assumptions were made and
accepted on the basis of determining the general motion behavior of the thoracic spine in
cadaveric experiments, and to compare the stability of the thoracic spine following rigid fusion
provided by fusion instrumentation. At the time, the assumptions were largely valid. A primary
reason for these assumptions was to isolate the effects of different instrumentation systems. As
many of the fusion systems, by design, intended to eliminate motion at a given motion segment
in the spine, the motions at a given level following instrumentation were small. Moreover, the
differences in motions at a given level between two different instrumentation systems were small
as well. As such, by standardizing the testing methods and creating a set of standard

assumptions, the small changes between fusion systems could be detected.

Applications of the pure moment model in the thoracic spine are widespread, including

4748 anterior instrumentation systems,*’

testing of, for example, pedicle screw systems,
sublaminar cables and wires,* nitinol stapling,* transverse connectors,> and hybrid systems.’!

As originally intended, the Pure Moment model was beneficial in characterizing the general
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range of motion of thoracic spines, as well as evaluating and comparing these fusion devices and
instrumentation systems.

For example, Deviren et al.¥

evaluated the stability of pedicle screw/rod systems for
fixation of the thoracic spine in a human cadaver model (T4-T12). Pure moments of +4Nm were
applied to produce rotation in each anatomical plane in three conditions: intact, following
bilateral facetectomies, and again after various combinations of screw placement and numbers of
screws. Each screw configuration significantly stabilized the spine compared with the
destabilized condition; however, only the least-stabilized configuration, i.e. bilateral screws at
the inferior-most and superior-most vertebrae, was significantly less stable than the other
configurations. The results suggested similarities in stiffness, at least immediately post-
operatively, in the other combinations, including all-pedicle screw configurations and
alternating-level configurations. These results could then be immediately used for surgical
decision making. For example, a scoliosis surgeon may choose a configuration with less anchor
points to limit operative time, blood loss, and cost; however, other factors must obviously be
weighed as well, as less anchor points may result in weaker correction maneuvers, and in turn,

less obtainable deformity correction. Additionally, the results can only predict performance for

the immediate post-operative condition.

As pure moments allow for standardized comparisons across the literature, the results
reported by Deviren et al.*’ can be used to put the results of other studies into context. For
example, Jones et al.’! applied pure flexion-extension and lateral bending moments to 3-level
human cadaver thoracic spines, before and after instrumentation with either pedicle screw-based
or hybrid-based constructs (i.e. combinations of screws and hooks). No significant differences

were reported in either flexion-extension or lateral bending stiffness between the two groups.
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The stiffness of the screw constructs in flexion-extension and lateral bending (4.1£7.5 Nm/deg

and 4.4+7.4 Nm/deg, respectively) compared to the results reported by Deviren et al.,*” in which
all-pedicle screw constructs had stiffness magnitudes of 2.6+6.7 Nm/deg and 1.7+4.4 Nm/deg in
flexion-extension and lateral bending, respectively. While the averages are somewhat different,
the standard deviations overlap. Jones et al.,’! however, applied moments of between 1.5-2Nm,

whereas Deviren et al.*’

applied moments of 4 Nm. With a repeatable and consistent loading
model, the results of these two studies could be easily compared. Specifically, in addition to all-
pedicle screw constructs which both groups analyzed, the various pedicle-screw construct

1,*” could be compared to the hybrid configuration tested by

configurations, tested by Deviren ef a
Jones et al>! As the results of these studies suggested the adequacy of pedicle screw and hybrid
constructs to stabilize the thoracic spine, other measures must be used for decision making
between the two constructs, such as pull-out strength, lateral push-out strength, implant cost,
clinical outcome, etc.

In addition to comparisons of similarly tested constructs, due to the reproducibility of
Pure Moment testing and the comparative nature of the results, the results of small changes in
simpler experiments, such as the use of cross-connectors, could be applied to the more complex
arrangements tested by Deviren et al.*’ For example, in simpler models, the addition of cross-
connectors significantly increased the stiffness of thoracic spine constructs in axial rotation.>>>
Specifically, the addition of 1- and 2- connectors provided increases in axial rotation stiffness of
20% and 35%, respectively.*®> This information can then be reapplied to existing results. In the
study by Deviren et al.,*’ following fixing thoracic spines with all-pedicle screw-rod constructs,

less than 3° of flexion-extension and lateral bending motion remained; however, axial rotation

ROM was still nearly 9°. It could be expected that, with the addition of 2 cross-links, for
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example, the axial stiffness could be reduced by approximately 35%, and the axial rotation ROM
decreased. A risk-benefit analysis could then be conducted to determine whether or not the
morbidity and cost of adding cross-links to the all-pedicle screw construct would be worth the
additional stiffness.

In these thoracic spine studies,>>47->1:32

and similar to many studies investigating the
effects of rigid fusion in the cervical and lumbar spines,’-*’ the pure moment model served its
purpose. The model enabled the comparison of various fusion instrumentation systems across
different instrumentation designs, different specimen types and conditions, and different research
centers with various experimental setups and loading capabilities. Due to the initial successes of
these models, as well as the ease of utilizing validated standards of testing, the pure moment
model became the global standard in all of spine biomechanics. The use of the model became
widespread, and studies assessed a variety of clinical applications, including fusion

35,47,51-57

intraoperative surgical resection,?’->>

surgery, and motion-sparing devices

devices.3 72900

Unfortunately, in many of these cases, the Pure Moment model design and assumptions
may not be applicable. Consequently, for many spine fields, spine biomechanics has largely
failed to have a clinical impact, placing a reliance on often flawed and limited patient studies.
Improvements and expansion of the typical testing methods may provide more clinically relevant
and impactful results, and in turn, may ultimately benefit patient care.

To demonstrate the necessity and benefits of improving upon the currently used testing

methods, the present study focuses on the field of scoliosis biomechanics.
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1.3 Applying Pure Moments for Scoliosis Biomechanics

1.3.1 Definition of Scoliosis

Scoliosis is often defined very simply: a sideways curvature of the spine.®' This definition
arises from the physical appearance of a scoliosis patient, and from the 2D projection of a
deformed spine on an anterior-posterior (AP) radiograph. From these perspectives, scoliosis

deformities appear as lateral curvatures in the frontal plane, with C- or S-shaped curvatures.®'-6?

However, in actuality, scoliotic spines have complex, three-dimensional curvatures, with
abnormal motion segment rotations in the coronal, sagittal, and axial planes.®®* Specifically,
idiopathic scoliosis is often coupled with some hypokyphosis (lordosis) at the apex of the
scoliosis curvature, as well as rotational deformity (i.e. transverse plane deformity) away from
the concave apex of the scoliosis.®* Moreover, the vertebral bodies themselves are often

physically deformed, e.g. wedged vertebrae,** resulting in random geometrical properties.

Objectively, the presence of scoliosis is determined by two factors: (1) asymmetry of the
spine during forward bending, and (2) a Cobb angle (measure of scoliosis deformity in the
coronal plane) of > 10°.%° With increasing severity of the abnormal curvature, scoliosis may have
negative effects on pulmonary function (vital capacity), self-image due to the cosmetic aspects of
the deformity (i.e. rib hump), ability to perform various activities, and cardio-respiratory
function, to name a few. Consequently, for many scoliosis patients, surgery is recommended
over conservative treatment, such as bracing. Specifically, surgery is typically recommended for
AIS patients with Cobb angles in excess of 45°,% and in adult patients with Cobb angles greater

than 50°-60°.%7
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1.3.2 Clinical and Societal Impact of Scoliosis

According to the HCUP Nationwide Inpatient Sample, over the 10 year period from 2001
to 2011, more than 168,000 patients were discharged in the US with a primary diagnosis of spine
deformity or related conditions.®® In 2011 alone, over 20,000 US patients were diagnosed with
these same conditions, resulting in a national bill of over $3.6 billion.®® These conditions

included a variety of abnormalities, including scoliosis, kyphosis, and lordosis deformities.

Adolescent idiopathic scoliosis (AIS) is both the predominant spine deformity and the
predominant form of scoliosis, affecting approximately 80% to 85% of all scoliosis patients. The
reported prevalence of AIS is typically reported to range from 1%-3%,% with reported incidence
in excess of 5% of children.”® In 2010 and 2011 alone, US hospitals discharged more than 12,000
adolescent patients with idiopathic scoliosis, costing the nation more than $1.8 billion.®®
Moreover, according to a study by Kamerlink ez al.,”' a single AIS surgery costs, on average,

$31,414.

As AIS affects some of the youngest orthopaedic patients who require permanency in
their treatments, the instrumented-fusion should provide stabilization for many decades of life. In
addition, institutional requirements to reduce costs associated with and maximize the efficiency
of spine surgery continue to expand.’?> Therefore, given the enormous societal and economic

costs of spine deformity, it is essential that the treatments of these conditions are optimized.

1.3.3 Overview of Posterior-Only Approaches and Implants

Since the 1960s, when scoliosis surgery became popularized, surgery consisted of placing

anchors into the vertebral bodies of the spine, and connecting the anchors by way of a solid rod.’
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Over the years, the anchors have transitioned from laminar hooks to pedicle screws, and the rods
have transitioned from one-rod systems to two-rod systems; however the goals of
instrumentation have remained constant. These goals include correction of the deformity, solid
and successful fixation and fusion, and maintenance of the correction. To understand the
concepts and motivations of current implants and surgical techniques, an appreciation of the

historical innovations is necessary.

In the early 1960s, Dr. Paul Randal Harrington revolutionized scoliosis and spine
deformity correction with his internal fixation system, known as Harrington instrumentation.’
Harrington’s original design included a single rod connected to two hook anchors at the proximal
and distal ends, and utilized internal axial traction for straightening the deformity. Axial traction
had been used for centuries before Harrington, dating back as far as Hippocrates (1460-1375 BC)
and Galen (130-200 AD).”® Moreover, and as discussed earlier, axial traction had been suggested
as one of the primary correction maneuvers necessary to reduce scoliosis deformities in the
1700s.* Harrington’s system provided internal traction, applying tension through a ratcheted
mechanism along the concavity of the curvature. This system was capable of applying larger
forces than external traction, and had the advantage of applying internal forces directly to the

spine.

However, the Harrington instrumentation suffered a major drawback: it failed to correct
the spine in three-dimensions. As discussed earlier, scoliosis is often simply defined as an
abnormal lateral curvature, or a coronal plane deformity; however, in actuality, the deformity
occurs in three-dimensions. Therefore, while compression-distraction using the ratcheting

Harrington system provided apparent coronal plane correction, with coronal correction of 32%-
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69%,’+7 the other components of the deformity, that is, the abnormal sagittal and axial
components, were ignored. Consequently, many patients suffered from postoperative flat back

747677 with reported rates as high as 52%,® as the natural curvatures in the sagittal and

syndrome,
axial planes were not restored. Patients also suffered from progression of their scoliosis
deformities due to the fact that the anterior column, i.e. the anterior vertebral bodies and anterior
disc spaces, continued to grow through natural growth processes, while the posterior column, i.e.
the posterior element complex, was rigidly fixed through the Harrington system. This process
and common complication has become known as crankshaft phenomenon.?*3! Other

74,76,82

complications associated with the Harrington system included loss of correction, low back

74,75,78 76,77 74,76,77

pain, pseudarthrosis, and implant failure.

Due to the inabilities of the Harrington instrumentation to correct deformities in three-
dimensions, in 1976, Dr. Eduardo R. Luque created a segmental system of instrumentation. '’
This system utilized a rod anchored by proximal and distal connections, similar to Harrington’s
system;'? however, the rod was connected to the spine through sublaminar wiring. Specifically,
in addition to the proximal and distal anchors, the Luque system provided segmental sublaminar
wire-rod connections at each vertebral segment within the fusion. Then, during surgery, at each
segment, the sublaminar wires were tightened to the rod at each segment, in turn applying a
translational corrective force to the spine. With these two developments over Harrington
instrumentation, that is, segmental fixation and translational corrective forces, Luque
instrumentation provided stronger resistance to implant failure,** better maintenance of natural

thoracic kyphosis and lumbar lordosis,** less loss of correction,’® and more control over the

rotational aspects of the curvature. However, the sagittal and axial post-operative curvatures
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were still not ideal. Additionally, as the sublaminar wires pass through the spinal canal, there was

a high risk of neurological complications and/or damage to the spinal cord.®>86

Despite advancing from Harrington’s system to Luque instrumentation, the unnatural
postoperative curvatures and high incidence of debilitating surgical and postoperative
complications necessitated further implant development. In 1984, Drs. Yves Cotrel and Jean
Dubousset developed Cotrel-Dubousset (CD) instrumentation which provided a monumental
advancement in scoliosis surgery, and provided the backbone for the instrumentation systems
used for deformity correction today.'® Their system used multiple rods, segmental fixation by
way of multiple transverse process, pedicle, and laminar hooks, and later, through pedicle
screws. In this system, the first rod was attached on the concave side of the curvature. This rod
was then derotated, increasing the thoracic kyphosis and translating the curved spine into the
midline of the body. Then, the second rod, placed on the convex side, applied sequential
compression and distraction at desired levels. Transverse connectors were used to link the rods.
This system was the first to utilize derotation correction maneuvers, the second principle of
deformity correction proposed by Venel in the 1970s.* Derotation remains one of the primary

correction maneuvers utilized in surgery today.

The CD instrumentation system offered improved curve correction over previous

748788 a5 well as better control and maintenance of the sagittal curvatures.®®? This

designs,
system was the first to recognize the advantageous capabilities of pedicle screws to provide
three-column fixation of the spine. However, this instrumentation brought on a new wave of

surgical complications — a major one being proximal junctional kyphosis.”®*? Additionally, the

true ability to provide transverse plane rotational correction has been questioned.® Variations of
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this system were used over the years,”’ including the hybrid system of thoracic hooks and lumbar

pedicle screws, a system still currently used in practice today.

While posterior-only fusion for scoliosis correction was being developed, various
surgeons were exploring the possibilities of anterior approaches to scoliosis surgery. The
motivating force behind anterior surgery was the hypothesis of greater correction over shorter
fused segments of the spine, obviating the need for long posterior fusions.”* The first system,
proposed by Dwyer in 1964, utilized a combined anterior-posterior approach, with posterior
surgical release and anterior fixation. Screw fixation was achieved through the lateral side of the
vertebrae on the convex side of the curvature, and a cable was threaded through the screw heads.
However, this system was associated with curve progression and pseudarthrosis, amongst other
complications.”>*® Modifications to the Dwyer system included Zielke and Halm-Zielke
instrumentation, which included threaded rods, fluted rods, and derotators; however, high rates
of complication were reported, including implant breakage, loss of correction, and
pseudarthrosis.””*” More recently, Kaneda et al.'® developed a segmental system which consists
of a vertebral plate and two vertebral screws per vertebra, with dual rods connecting the vertebra;
however, despite the developments of these systems and many others, posterior-instrumentation

remains the standard.

1.3.4 Current Surgical Techniques

Recently, the use of all-pedicle screw based posterior instrumentation has become more
popular in favor of hook and hybrid constructs due to the three-column fixation of pedicle

screws. The three-column fixation, that is the fixation from the posterior elements to the anterior

11,101,102

vertebral body, allows sophisticated three-dimensional correction maneuvers, greater
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axial pullout strength and tangential force resistance than previously used pedicle and laminar
hooks, %1% and significantly improved curve correction over hook and hybrid
constructs.”>102:195:106 With these improvements, surgeons can apply correction maneuvers
intraoperatively to reduce and correct spine deformities.

Intraoperatively, in addition to the all-pedicle screw instrumentation, surgeons typically
use a combination of posterior releases and posterior correction maneuvers to achieve deformity
correction,&*102107112 A g scoliosis and spine deformities are often extremely rigid, surgeons
must increase in the flexibility in the spines for correction. Specifically, prior to applying the

113,114

correction maneuvers in surgery, such as traction,” derotation, cantilever bending,'!® or

d,'%10 removing

more recently direct vertebral rotation (DVR),%7 posterior releases are performe
specific structures and ligaments from the spine to increase the flexibility of the rigid spine
curvature. For example, facetectomies may be performed by removing the facet joints bilaterally
at multiple levels of the spine,'!? or Ponte osteotomies may be performed by resecting not only
the facet joints, but the interspinous and supraspinous ligaments, the ligamentum flavum, and
portions of the spinous processes as well.!%!1? With these releases, the flexibility of the rigid
curvatures may increase.

Following release, correction maneuvers are applied. More specifically, loads and
moments are manually applied to the spine by the surgeon, as the curvature is manipulated to
reduce the deformity and connect the pedicle screws with the bilateral rods. Recently, one such
correction maneuver employed by surgeons is direct vertebral rotation (DVR).%” With DVR, a
device with large lever arms is attached to the pedicle screws at multiple levels of the spine

through which surgeons can apply torsional loads to the spine. These loads result in axial rotation

of the spine, which both corrects the axial component of the scoliosis curvature and rotates the
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apparent coronal plane deformity into a more normal, physiological sagittal curvature. Compared
to traditional methods of applying compression-traction,”® lateral forces,'® or rod derotation,!!>-!!#
DVR allows surgeons to apply segmental axial rotation to the spine in surgery, thereby
maximizing the correction.’

While the current standard includes the use of posterior pedicle screw/rod
instrumentation systems with concurrent posterior-releases and correction maneuvers, many
controversies still exist in the clinical literature with each aspect of surgery. For example, there is
substantial controversy in the literature debating whether all-pedicle screw constructs truly
provide greater deformity correction than hybrid systems using screws, hooks, and
wires,”:105:106.116-126 Qimjlarly, despite good clinical outcomes using various wide posterior
releases, the results fail to comprehensively support using such releases to supplement routinely
used total facetectomies.!!!12127 Another example controversy surrounds posterior correction
maneuvers. Specifically, despite the ability to apply large correctional forces to the spine using
newer correction maneuvers, such as DVR,” the safety of such procedures has not been
established, and has therefore been questioned due to intraoperative and postoperative pedicle
fractures.'?®

With the combination of posterior-instrument strength, invasive surgical resections, and
high magnitude correctional loads, surgeons are continually pushing the limits of deformity
correction surgery to achieve the goals of maximum correction and prolonged maintenance of
normalcy. To help resolve the controversies surrounding these techniques, as well as many other
questions in the literature surrounding the treatment of not just spine deformity, but
degeneration, trauma, and other conditions requiring spine fusion, preclinical models must be

developed, improved, and applied.
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1.3.5 Assumptions and Testing Considerations for the Thoracic Spine

With the introduction of pedicle screws and three-column fixation in the 1980s
coinciding with the boom in fusion instrumentation systems, naturally, the Pure Moment testing
model was being applied to evaluate and compare scoliosis fusion instrumentation. In addition to
the general Pure Moment testing model and experimental design assumptions discussed earlier,
including assumptions regarding moment magnitudes, nondestructive loading, and minimizing
viscoelastic effects, several additional assumptions are needed for the thoracic spine and

scoliosis.

Structural Assumptions for the Thoracic Spine

When using a cadaveric model for evaluating thoracic spine conditions and treatments,
several structural issues must be considered. Specifically, in-vivo spine stability and stiffness is
primarily provided by three factors: (1) soft tissue, that is, the discs, ligaments, connective
tissues, and muscles; (2) the ribcage, sternum and thoracic cavity; and (3) intra-thoracic and
intra-abdominal pressure. However, several assumptions and simplifications are typically
necessary for cadaveric thoracic spine models with regards to these three stabilizing factors listed

above.

(1) Stabilizing tissues, including the intervertebral discs, ligaments, costovertebral joints,

connective tissues, and muscle forces (i.e. paraspinal and trunk muscles);

As discussed earlier, thoracic spine specimens are typically dissected to include the bony
structures (vertebral bodies, posterior elements), ligaments (anterior longitudinal ligament,

posterior longitudinal ligament, interspinous and supraspinous ligaments, ligamentum flavum,
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capsular ligaments), intervertebral discs, and costovertebral joints.* The muscles, however, are
resected away prior to experimentation. In cadaveric specimens, the muscles are inactive, and
consequently, provide minimal structural support. As a result, the muscles are not included in the
model. Moreover, during surgery, the muscles are largely inactive as the patient is anesthetized
and lies prone on the surgical table.?> Consequently, in many scoliosis biomechanics studies,

muscle forces need not be simulated.
(2) The ribcage, sternum, and thoracic cavity;

In addition, the ribcage and sternum are often removed, while keeping intact the
costovertebral joints and posterior 5-cm of the ribs.!3?? In these studies, it is assumed that the
stability provided by the ligaments, intervertebral discs, and connective tissues is sufficient to
evaluate the kinematics and flexibility of the cadaver thoracic spines. Despite these typical
assumptions, some previous studies have demonstrated that the ribcage significantly contributes

to the motion of the thoracic spine.?”12°-132

Watkins ef al.>” demonstrated that the sternum and ribcage provided 31.4% of the
thoracic spine stiffness in axial rotation, 39.8% in flexion-extension, and 35.4% in lateral

1.'%% showed no significant increase in either flexion-extension or lateral

bending. Feiertag ef a
bending with a single rib head release in thoracic torsos, with change in motion of < 2°; however,
had the entire ribcage been removed, and assuming a somewhat equal contribution of each rib
head release, significant increases in motion may have been produced. Oda et al.* loaded
thoracic FSUs under pure moments, demonstrating significant increases in flexion-extension

following right costotransverse joint resection, and in lateral bending and axial rotation following

both right and left costotransverse joint resection; however, these resections were performed
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after laminectomy and bilateral total facetectomies. Brasiliense et al.'*! demonstrated the largest
stabilizing effects of the ribcage. Specifically, the ribcage provided 78% of the thoracic spine
stability; however, the pure moment was applied equally through the spine, ribcage and sternum,
whereas the rest of the literature applied pure moments directly to the spinal column, as specified
in the standard. The results of these studies are consistent with an early computer model, which

emphasized the importance of the ribcage in providing stability during bending.'*

Despite the evident stiffness produced by the ribcage and sternum, the majority of
thoracic spine in-vitro testing is performed with these structures removed prior to

13,35,43,46,47,

testing. 133-136 A5 a result, the motions reported in these preclinical models may only

represent estimates of in-vivo motion.
(3) Intra-thoracic and intra-abdominal pressure;

In-vivo, the associated pressures of the thoracic and abdominal cavities provide stability
to the thoracic spine;'?” however, these pressures have not been simulated in in-vitro experiments
using cadaveric models. Therefore, once again, the resulting motions may only represent

estimates of true in-vivo motions.

Deformity Assumptions for Scoliosis Biomechanics Studies

In thoracic scoliosis biomechanics studies, another major assumption is that the increase
in motion of a thoracic spine during loading following a surgical release, that is an ‘obtainable
deformity’, is equivalent or symmetric to the potential deformity correction in a scoliosis patient.

ll38

This model was introduced by Ashman et a more than twenty years ago, and as the

investigators admit, “differences between imposing a deformity with an implant and correcting a
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deformity with an implant may also be significant."!3® To date, no quantitative data exists to
support or disprove this assumption; however, this theory is assumed throughout the spine

biomechanics literature.>®!%°

Cadaveric Assumptions for Scoliosis Biomechanics Studies

While spines with normal straight curvatures may not be ideal, scoliotic spines are simply
unavailable for research at this time, much less scoliotic spines from the pediatric population.
Some studies have stated the need for a model representing scoliosis deformity to test
instrumentation; however because of the complex three dimensional properties of the deformity,
it is hard to determine the physical loads placed on the instrumentation systems.**!** Moreover,
even if scoliotic spines were obtainable for preclinical testing, the specimens would not have
identical curvatures. Instead, there would be a wide range of curve magnitudes, curve types,
curve direction (i.e. contribution of the deformity in the coronal, sagittal, and axial planes),
vertebral geometries (e.g. wedging), and disc spaces. While straight spines may be limited in that
they are from donors without gross deformity, a major advantage of using straights spines is that

many of these uncontrollable variables can be minimized.

Currently, very little data exists comparing the mechanical properties of normal and
scoliotic spines. Andriacchi et al.'* created a mathematical computer model to compare the
responses of normal and scoliotic spines, with and without rib cages, to a lateral bending
moment. Moments were applied to T1 to produce lateral bending of a full spine model. Both
normal and scoliotic spines had a similar response to lateral bending moments, which were
similar to the cantilever bending moments created during deformity correction surgery in the

1970s." The results, while somewhat primitive, suggest a similarity between the responses of
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normal and scoliotic spines. To date, studies have justified using ‘straight spines’ as opposed to

‘deformed spines’ by citing these results.'?

Despite the evident limitations, e.g. availability of deformed cadaveric specimens or

49.139 in-vitro studies of spine deformity using cadaveric models are

deformed composite spines,
still routinely performed and accepted in the literature.!* Studies accept these limitations as
inherent, and perform the experiments on straight, un-deformed, often elderly cadaveric

specimens, !2%:140

Another major limitation cited throughout the biomechanical literature is the lack of
availability of spines from pediatric donors.?* Cadaveric spines available for laboratory research
are typically limited to elderly specimens, with some degree of bone and disc
degeneration.*!*1:142 However, despite potential differences due to these natural aging processes
and anatomical differences between pediatrics and adults, the complex nonlinear tissues are
largely simulated. Both pediatric and adult spines alike are comprised of viscoelastic soft tissues
which produce nonlinear responses under loading. Replication of these viscoelastic properties is

essential, particularly in the preclinical testing of scoliosis and deformity surgery.

Additionally, due to the varying degrees of disc degeneration, bone quality, and general
health of cadaveric specimens, there is also a wide range of flexibility amongst these same
cadaveric specimens. However, these large deviations in flexibility are not a property unique to
adult cadaveric spines. Instead, it is an inherent characteristic of all human spines, young or old,
healthy or deformed. For example, in one cohort of 76 AIS patients, standing Cobb angles

ranged from 41.3-95° and bending Cobb angles ranged from 9.1-60.8°.13° Similarly, in a separate
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cohort of 66 AIS patients, standing Cobb angles ranged from 48-78° and bending Cobb angles

ranged from 22-47°.10°

Therefore, human cadaveric spines are the most representative and appropriate model for
the preclinical testing of scoliosis, regardless of the age of the donor. Having said this, there are
ways in which the limitations could be minimized. As discussed, one major limiting factor in
cadaveric specimens from adult donors is the varying degrees of disc degeneration, resulting in a
wide range of biomechanical properties. This limitation could potentially be minimized by
evaluating the health of each specimen, and subsequently stratifying the biomechanical results
according to disc health. For example, histology of the intervertebral discs could be obtained
following testing, as it is a reliable and sensitive method of investigating disc pathology,'4*-14°
with improved detection over imaging techniques.'**!#> Using established degeneration scoring
systems,'*¢1%® the disc health could be related to the resulting biomechanical responses. Such an
analysis may help to justify using elderly spines to make conclusions for the pediatric

population; however, previous biomechanical studies of spine deformity correction have largely

ignored this variable. This will be discussed in more detail later in this work (Section 1.4).

In summary, in-vitro biomechanical tests using cadaveric specimens assume that the
specimens represent a valid model for in-vivo comparison and application. In-vitro measured
motions and spine response are accepted as reasonable for making in-vivo predictions, while it is
understood that the motions and responses may only be estimates of true in-vivo measurements.
In-vivo spine motion and stiffness may be affected by muscle forces, anatomical structures (i.e.

sternum and ribcage), thoracic cavity pressures, or by anatomical (i.e. growth plates) and health
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(i.e. deformity) factors associated with aging. However, despite the limitations, fresh-frozen

human cadaveric specimens remain the best model for testing.

1.3.6 Benefits and Applicability of Pure Moments for Scoliosis

As discussed extensively, the Pure Moment model and experimental design became the
routine and standard biomechanical testing method for nearly all fields of spine biomechanics,
including scoliosis. As scoliosis, and particularly adolescent idiopathic scoliosis, primarily
affects the thoracic spine, the biomechanics of the thoracic spine pre- and post- instrumentation
must be established. The Pure Moment model offered a useful tool to characterize the normal
motion of the thoracic spine, which is necessary as a baseline for comparing the effects of
posterior-releases or posterior instrumentation. In addition, and as it was originally intended, the
Pure Moment model offered a platform to compare various types of posterior fusion devices in

the thoracic spine.

1.3.6.1 Typical Range of Motion of Thoracic Spines

Over the past three decades, major advances have been made in various aspects of spine
surgery,&18:102149.150 1 1ioht of these advances, thorough knowledge of the kinematics of the
human spine, and in particular, its range of motion (ROM), plays an important role in many

phases of diagnosis, treatment, and follow-up of most spine disorders.

The ROM of each spine segment, or functional spine unit (FSU), is arguably the most
basic and fundamentally important parameter in establishing its function. Unlike many joints
such as the knee or elbow, motion of spine segments, particularly thoracic spine segments, are

difficult to measure —in-vivo without invasive procedures. Moreover, noninvasive in-vivo
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151-157 quch as skin marker-based measurements, are affected by many

measurements,
uncontrollable variables. Consequently, most studies that have evaluated thoracic spine ROM

have used in-vitro cadaveric models,”!%47133158 the majority of which have used Pure Moments.

Functional Spine Units (w/out Ribcage/Sternum)

Nearly four decades ago, Drs. White and Panjabi published typical ROM for each level of
the human spine.?* For the thoracic spine, the values were largely based on both the experience
of the authors and the thesis work of Dr. White,” who applied off-axis compression and torsional
loading to produce bending and axial rotation in cadaveric spines, respectively. Specifically,
reported motions ranged from 2-20° in flexion-extension, 6-26° in lateral bending, and 4-28° in
axial rotation, depending on the level.”*> However, this publication preceded the widespread
usage of biomechanical testing standards, and more specifically, Pure Moments.
Notwithstanding, both clinical'>*!>* and in-vitro?®#1:42-50.130.139.160 gy, djes frequently reference the
ROM ranges reported in White and Panjabi’s spine biomechanics textbook,? cited more than
3700 times according to Google Scholar, for comparison or evaluation of their own respective
results. On the other hand, since this work was published, numerous more recent studies have
reported the ROM of cadaveric thoracic spines, the majority of which have generally applied
established testing standards.!”** No study to date has summarized the thoracic ROM reported in
this literature. Without such a summary, the large variability amongst the literature makes the

reported motions difficult to interpret.

Hemi-segments (w/out ribcage and sternum)

Similar to the individual FSU results, large variability exists amongst the literature

studying the motions in hemi-thoracic segments.
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Specifically, several studies have applied pure moments to multi-level thoracic spines,
e.g. testing T3-T11% or T4-T12.*7 Under +4 Nm pure moments, Deviren et al.*’ measured T5-
T11 motions of approximately 174+2° in flexion-extension, 30£2° in lateral bending, and 39.5+2°
in axial rotation. Kuklo ef al.?® found similar results by applying pure moments of £6 Nm to T4-
T10 segments, producing intact motions of 14.01+4.90° in flexion-extension, 20.01£7.04° in

lateral bending, and 34.75+9.38° in axial rotation.

Kothe et al.!** characterized motions of shorter segments, i.e. 4-level mid-thoracic
segments and 4-level lower-thoracic segments, and reported smaller motions. Specifically, mid-
thoracic segments, on average, rotated 6.2+1.4° in flexion-extension, 10.6£3.2° in lateral
bending, and 12.1£2.4° in axial rotation. Lower-thoracic segments had smaller ranges of motion,
with average ROM of 5.7+2.1° in flexion-extension, 6.7+1.2° in lateral bending, and 4.8+1.4° in
axial rotation. Balabaud et al.*’ reported similar motions in flexion-extension and axial rotation;

however, only 2-level thoracic spines were tested.

Full thoracic spines (w/out ribcage)

Under pure moments of £2 Nm in flexion-extension and lateral bending, and +5 Nm in
axial rotation, Watkins et al.?” reported full thoracic range of motion of 13.17° (3.11-29.29°) in
flexion-extension, 16.04° (3.71-27.96°) in lateral bending, and 33.60° (11.95-67.55°) in axial
rotation. If the motions are estimated for each of the tested levels T1-T12, assuming an equal
contribution of motion at each level, segmental motion would be approximately 1.2° in flexion-
extension, 1.5° in lateral bending, and 3.1° in axial rotation. Each of these values are

substantially lower than any of the reported motions by White and Panjabi.??
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Full thoracic spines (w/ ribcage and sternum)

Few studies have characterized the motion of the entire thoracic spine, with the ribcage
and sternum intact, under pure moments. Watkins et al.?’ reported T1-T12 motion of 7.93° (2.64-
15.64°) in flexion-extension, 10.36° (3.71-27.96°) in lateral bending, and 23.03° (6.17-51.44°) in

1.2 reported larger motions in the thoracic spine, with full T1-

axial rotation. Recently, Healy et a
T12 motions of 26.9+10° in flexion-extension, 42.06+19.04° in lateral bending, and

43.69+16.87° in axial rotation. Feiertag et al.'>* and Horton et al.?® both characterized motion of
the entire thoracic torso; however, cantilever loading was applied. Brasiliense et al.'*! also tested

full length thoracic torsos; however, the pure moment was applied to the entire torso, rather than

the spinal column, and raw motion data was not reported.

As shown, the Pure Moment testing model and experimental design have been widely
applied throughout the literature to characterize the intact motion of cadaveric thoracic spines.
The model has produced results to provide a general idea of the typical motions in cadaveric
specimens. However, despite the standardized model, large variations exist amongst the studies.
Additionally, it is difficult to interpret the true effectiveness of the model in describing typical
motions, as no study to date has summarized the reported motions from Pure Moment studies

throughout the literature.

1.3.6.2 Comparison of Scoliosis Fusion Implants

As discussed, due to the reproducibility and cross-sectional equivalence of Pure
Moments, the model provides an adequate platform to compare instrumentation systems for spine
fixation (Section 1.2). Under Pure Moments, the ability of various fusion-constructs to provide

stability to the thoracic spine has been demonstrated, including sublaminar cables and wires,*®
35



anterior instrumentation,* hybrid systems,’! and all-pedicle screw systems,*’*® to name a few.

t,47

Moreover, other variables have been evaluated, including screw placement,*’ screw density,*’

and presence of transverse cross-connectors.>>>2

As originally intended, the Pure Moment model was beneficial in evaluating and
comparing fusion devices and instrumentation systems used in cases of scoliosis and spine
deformity. Consequently, over time, the Pure Moment model has been applied to areas beyond
the comparison of fusion instrumentation, including surgical resection and intraoperative
correction. However, in such cases, the Pure Moment model may not applicable, as the general

assumptions are largely inapplicable. As such, scoliosis biomechanics has lacked major clinical

impact, and preclinical cadaveric studies are rarely performed.
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1.4 Limitations of Pure Moments and Alternative Methods

As discussed, despite the initial design and assumptions of the Pure Moment model being
intended for characterizing the general characteristics of spine kinematics and for comparing
fusion instrumentation, the model has been nearly universally applied for all preclinical spine
biomechanics. For example, the Pure Moment testing model and experimental design has been
routinely applied to questions regarding the intraoperative treatment of scoliosis and spine
deformity. However, due to the limitations of the model in this regard, the results have been

inconclusive and inconsequential.

1.4.1 Limitations of Pure Moment Testing Results in Scoliosis

Posterior-Release Potential

Despite posterior-based surgical procedures being performed for deformity correction for
more than 50 years,” the surgical techniques are continually debated; however, the general
procedure includes three primary phases: (1) resection of anatomical structures to increase the
flexibility in the curve, (2) force application to correct the deformity, and (3) fixation using
instrumentation. The first step, that is, resection of anatomical structures, is necessary as the
physiological bending limits of scoliotic spines prevent natural alignment. For example, Hasler et
al."¥? reported standing Cobb angles in AIS patients ranging from 41.3-95°, which under
physiological loads bent to Cobb angles ranging from 9.1-60.8°. Similarly, Dobbs et al.'®®
operated on AIS patients with Cobb angles of 48-78°, which bent to Cobb angles of 22-47°. In

these types of patients, particularly those with curves which after bending still retained large
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deformity, surgical releases are necessary to add flexibility to the deformity. However, the

effectiveness of specific releases has not been adequately quantified.

One common posterior-only procedure used in scoliosis deformity surgery is a total
facetectomy, which involves the bilateral removal of the inferior facets of each of the vertebrae
along the length of the deformity.!'%!®! More recently, surgeons have suggested the use of Ponte
osteotomies and wide posterior releases to supplement facetectomies in cases of rigid AIS.!07!112
These wide posterior releases are more invasive than the routinely performed total facetectomies
as they involve not only resection of the inferior facets, but the additional resection of the
inferior half of the spinous process of the vertebra superior to the osteotomy site, the interspinous
ligament, and the ligamentum flavum.!®® As a supplemental procedure to provide additional
flexibility for correction, a number of these releases may be performed. However, it remains
unclear exactly how much additional correction is attainable. Moreover, it is unclear whether the
additional correction warrants the more invasive procedure which requires longer operative times
and results in increased blood loss intraoperatively.!!'?” Consequently, the techniques are

111,112,127,162,163

continually debated throughout the literature, representing one example of the type

of scoliosis controversies which often remain largely unresolved.

The importance of understanding the effects of and quantifying the effects of each
surgical release cannot be understated. This data is necessary for the preoperative planning of
each individual patient so that they receive optimal treatment. This information would not only
assist surgeons and clinicians in understanding current surgical release procedures, but it would
also shed light on new surgical options. As stated by White and Hirsch,'? “[the] surgeon who

treats scoliosis would be interested in whether or not the release of these structures would allow
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for a greater degree of correction of the scoliotic spine.” The ideal way to obtain such

information is through preclinical models and preclinical testing.

The pioneers in this realm of scoliosis literature were White and Hirsch!'® who tested
thoracic functional spine units (FSUs) in flexion-extension, lateral bending, and axial rotation,
both before and after the release of anatomical structures. Using compressed-air to apply loading
to thoracic FSUs, spines were tested intact, and following the removal of the posterior elements,
which in this study, included the facet joints, the intertransverse ligaments, the ligamentum
flavum, the inferior one-half of the laminae, and the spinous process. As determined by
extensometers and displacement gauges, motions in the sagittal and transverse planes were
significantly larger in magnitude following the resection of the posterior elements. Specifically,
on average, flexion-extension motion increased by as much as 5°, while axial rotation motion
increased by as much as 9°; in lateral bending, increases were smaller. Based on the results, it
was thought that perhaps more derotation could be achieved during scoliosis surgery following
the removal of the posterior elements. Stemming from the results of this study, several groups
have performed various destabilization studies, removing different elements in various orders, to

continue to build on the results of this foundational study.

Panjabi et al.'® loaded thoracic FSUs following the resection of various structures in a
posterior-to-anterior sequence. Cantilever bending was produced by applying a horizontal load
vector to the superior vertebra to produce flexion and extension, while the inferior vertebrae held
rigid. Following the resection of posterior structures all the way to the anterior column, increases
of 1.8° and 0.5° were produced in flexion and extension, respectively. However, the

contributions of individual structures were not reported.
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While the two pioneering studies by White et al.'® and Panjabi et al.'? provided basic
information regarding thoracic spine motion and the contributing structures, the en bloc and
sequential resections were not based on typically performed surgical resections; consequently,
further studies were necessary. To begin to develop data which may improve intraoperative
correction prediction, the information truly valuable to the surgical community, the increase in

motion, or decrease in stiffness, of the spine following surgical-specific resections was needed.

However, despite the early attempts at quantifying the effects of various ligaments and
structures to thoracic spine stability, and the recent trend towards using posterior-only techniques
for correcting spine deformity, few biomechanical studies since have investigated the kinematic
and biomechanical effects of specific posterior-only surgical procedures.?>*3:12%164 Amongst
the studies that have been performed, definite conclusions are difficult to make due to

differences in the results, as well as differences in the biomechanical methods.

Feiertag et al.'?’ analyzed motion in flexion-extension and lateral bending following
sequential releases, posterior to anterior. In the study, six full-length thoracic spines, including
the ribcage and sternum, were tested using the general principles of the Pure Moment protocol,
however, it is unclear whether pure moments were truly produced. Following unilateral, one-
level total facetectomy, no increase in motion was observed in either flexion-extension or lateral
bending, with changes in ROM of less than 1°. It was not until rib head resection and discectomy
procedures were performed that significant increases in motion were observed, suggesting the
necessity of anterior release; however, the posterior release performed, that is, single-level
unilateral facetectomy, is substantially less invasive than what would typically performed

intraoperatively.
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1.25

Horton et al.*® used a similar setup to Feiertag et al.'*’ to characterize thoracic spine

flexion-extension flexibility following posterior release. In contrast to Feiertag et al.,'** Horton

1.5 performed a surgically-relevant release. Specifically, bilateral total facetectomies were

eta
performed at four levels, spanning T4-T8, on full-length thoracic spines including the sternum
and ribcage. When performing this posterior release first, which would commonly be the case
clinically for complex scoliosis deformity correction cases, an average increase in flexion-

extension of only 2.5°, or 12.7% flexibility, was observed across the entire thoracic spine, T1-

1'% anterior releases had a more substantial effect on ROM.?

T12. Similar to Feiertag et a
Interestingly, when performing the posterior facetectomies following anterior release, flexion-

extension ROM increased by an average of 6.7°, which suggests a nonlinear effect of various

releases, depending on the sequence in which they were performed.

In addition to the full thoracic spine studies performed by Feiertag et al.!*® and Horton et
al.®, some studies have evaluated the effects of removing posterior structures in thoracic FSUSs;
however, the motions were rarely quantified. Specifically, Oda et al.*® applied pure moments to
thoracic FSUs following laminectomy with bilateral total facetectomy, a combination
comparable to the Ponte osteotomy and other similar wide posterior releases. Compared to the
intact condition, range of motion increased by 38%, 37%, and 45% in flexion-extension, lateral
bending, and axial rotation, respectively. However, the significance of these normalized
increases is unclear, as the raw motion of each FSU was not reported. In another study, Anderson
et al.'** applied pure moments to thoracic FSUs to determine the effect of removing all posterior
structures, also comparable to the wide posterior releases. Following the single-level release,

68% of the total stiffness was lost in flexion; however, the effects on extension, lateral bending,
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and axial rotation were not tested. Additionally, and similar to the study performed by Oda et

al.?®, no raw motion data was reported.

1.8 applied pure torsional moments to hemi-thoracic spine

More recently, Wollowick ef a
segments before and after single-level posterior-releases. Similar to previous models, the single-
level release included the removal of the interspinous ligament, inferior and superior facets,

spinous process, lamina, and ligamentum flavum, i.e., a wide posterior release. Single level

increases in axial rotation ROM following this release were less than 2° (0.8-1.9°).

Other studies have evaluated the removal of anterior structures, the ribcage and sternum,
and the rib heads;?”!*! however, posterior releases were not performed. In addition to these
previous studies, releases have been evaluated under pure moments in canine models;!3%!>

however, the relevance and applicability of the canine model to the human spine remains

unknown.

Comparison to Clinical Results

In order to evaluate the results produced in these previous cadaveric spine biomechanics
studies, comparisons to the clinically reported corrections following similar releases are

necessary.

The Smith-Petersen Osteotomy is a posterior column shortening procedure. The SPO,
originally described in 1945 by Dr. Smith-Petersen,'®> was intended for patients with ankylosing
spondylitis and rigid kyphosis. More recently, the SPO has become analogous with the Ponte
osteotomy,'%® as the two surgeries are reported as nominally interchangeable. Meanwhile, others

have described wide posterior releases, which involve seemingly equivalent surgical resections.

42



These procedures are comparable to those performed in the aforementioned biomechanical

destabilization studies.

With the exception of the axial rotation ROM increases reported by White and Hirsch, '
ROM increases throughout the literature following posterior-release have been less than
50 25,58,129

even with the use of multi-level releases. Meanwhile, in clinical reports, the increases

have been much larger.

In a study by Cho et al.,'® the Smith-Petersen Osteotomy (SPO) was compared with the
Pedicle Subtraction Osteotomy (PSO), an extremely invasive procedure involving resection of
large portions of the vertebral bodies. The two procedures were compared for use in cases of
fixed sagittal imbalance, primarily in the lumbar spine. For the SPO group (n = 30), the majority
of patients suffered from idiopathic scoliosis as adolescents, and consequently, had existing
instrumentation in the lumbar spine, most commonly the Harrington system. This caused disc
degeneration, with imbalance primarily occurring distally. The average age of the adult patients
in the SPO group was 40.1 = 11 years. The average correction of the kyphotic angle at the site
for which the Smith-Petersen Osteotomy was performed was 10.7° + 3.2°, per osteotomy. From
this result, the authors suggested that, with a single SPO, approximately 10° of sagittal correction

could be achieved.

Geck et al.!® reported similar results in adolescents and young adults with thoracic spine
deformities. Specifically, Ponte osteotomies were performed in 17 patients with Scheuermann’s
Kyphosis. The adolescent patients’ average age was 16.4 years, with a range of 14-25 years.

1166

Despite the differences between this study and the aforementioned study by Cho et a in terms

of patients (adolescents versus adults), deformities (Scheuermann’s kyphosis versus fixed
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sagittal imbalance), and primary deformity locations (thoracic versus lumbar), similar results
were reported.'% Specifically, average sagittal correction was 9.3° per osteotomy, with a range

of 5.9°to 15°.

Based on these results, it has been routinely suggested that Ponte osteotomies may
provide between 5-15° of correction in the sagittal plane.'?”'” However, as discussed, flexion-
extension motion increases reported in the biomechanical studies were substantially smaller
following posterior-releases. Even in the study by White and Hirsch,'® where the largest

corrections were reported, the average increases were less than 5°.

Comparison to Clinical Results: Lateral Bending (Coronal Plane)

Despite the suggested use of similar wide posterior-releases for fixing coronal
deformities and the reportedly routine use of these procedures in cases of AIS, few studies have
evaluated deformity correction following these releases.!!:112:127:162.163 Ty these studies, the
primary outcome variable evaluating the effectiveness of the releases is deformity correction
(Cobb angle correction), reported as a percentage. However, the amount of correction provided
by the releases can only be estimated as the number of releases, the level at which those releases
were performed, and the location of the Cobb measurement are rarely reported.

Pizones et al.''! reported that the wide posterior releases were performed at all levels
along the major curvature; however, they did not report the location of the major curve. The
major curve Cobb angle improved from an average of 59.3° preoperatively to 18.1°
postoperatively, or an average correction of approximately 41.2°. Conservatively, if the major
curve included all thoracic levels from T2-T12, as described in the Lenke classification

system, 1 this would correspond to approximately 4.1° per wide posterior release; however, this
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is likely an underestimation, as the major curve likely included less than 10 vertebral levels.
However, if the preoperative flexibility was accounted for, that is, a bending flexibility of 35°,
only 2.4° of correction was achieved per wide posterior release. In comparison, the standard
posterior release (similar to a facetectomy), which was performed in a separate group of patients,
resulted in 3.4° of correction per release. Once again, this estimation would be lower if
preoperative flexibility was accounted for, with less than 1° of correction per release.

In another study, Halanski et al.'?” did not report whether or not osteotomies were
performed at each level of the curvature; however, an average of 9 levels and 8 levels were fused
in the osteotomy and facetectomy groups, respectively. Assuming that a posterior release was
performed at each level, this would correspond to approximately 5.6° of correction per
osteotomy, or approximately 5.4° per facetectomy. Similar to the results reported by Pizones et
al.,"'! if preoperative flexibility is accounted for, the per-level corrections decrease to
approximately 3.4° and 2.7° per osteotomy and facetectomy, respectively.

Shah et al.!'? also applied Ponte osteotomies for cases of AIS, with an average of
approximately 4 Ponte osteotomies per patient; however, like the studies by Pizones et al.!'! and
Halanski et al.,'*” the levels at which the osteotomies were performed and the Cobb angle was
measured were not reported. Therefore, an approximation of the per-level corrections could not
be obtained. However, Shah et al.!'? did suggest the importance of the Ponte osteotomies in not
only improving the coronal curvature, but restoring a more normal thoracic curvature as well,
with approximately 2.5° of sagittal correction per osteotomy. Their results highlight the potential
ability of Ponte osteotomies to increase flexibility of the curvature in multiple dimensions, as

well as the coupling effects of scoliosis correction maneuvers.
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1.'83 performed wide posterior releases at all

In the lumbar spine, Shufflebarger et a
instrumented levels, with fusions ranging from T9 to L4. Coronal Cobb angle correction was, on
average, 42°, or 17° when taking into account preoperative flexibility. Conservatively, assuming
the longest fusion possible from T9-L4, or seven levels, the correction per wide posterior release
would be 6° or 2.4°, depending on whether or not flexibility was considered. In their earlier
patient cohort,'? the results were not detailed enough to make an approximation.

Overall, the clinical results suggest conservative coronal plane ROM increases ranging
from 2.4-6 ° per wide posterior release. As these are conservative estimations, in many cases,
these increases were likely larger. In comparison, biomechanical studies have reported smaller
increases in lateral bending. Specifically, with the exception of T1-T2 FSUs, ! which in most
cases would not be included in a scoliosis fusion, increases in lateral bending ROM have been
20.10,129

less than

Comparison to Clinical Results: Axial Rotation (Transverse Plane)

As discussed, scoliosis is a complex, three-dimensional deformity with abnormalities in
the sagittal, coronal, and axial planes.®%*%* One major factor in evaluating the effectiveness of
various releases, maneuvers, and instrumentation systems is the ability of that particular
treatment to correct the deformity in the axial plane. While previous clinical literature using
posterior releases is limited in the reporting of axial plane correction, approximate corrections

can be determined.

Cotrel and Dubousset!®

introduced the concave rod rotation maneuver in an attempt to
provide increased correction of the axial deformity associated with AIS curves compared to

previous techniques used with, for example, Harrington rods or Luque wires.!® However, even
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with pedicle screws and such rod derotation maneuvers, vertebral rotation correction magnitudes
have been small.®!"%!7! For example, Fu et al.'”! reported minimal improvements in apical
vertebral rotation of 25 AIS patients instrumented with pedicle screw constructs. Specifically,
RAm improved from 25.5+4.6 © to 22.6+5.3 °© at 2 years, and RAg,, improved from 13.94+3.0° to
13.0+4.0° (~6.5%) at 2 years. Similarly, in 21 AIS patients, Lee et al.® reported apical vertebral
rotation (RAsac) was 16.1£6.1° preoperatively and 15.7+6.2° postoperatively, or 2.4% correction.

Di Silvestre et al.'”®

reported larger corrections, with approximately 4.2° of apical rotation
correction, or 14.8%, in 30 AIS patients. In their study, Smith-Petersen osteotomies were

performed prior to correction, which may have accounted for the increased correction.

In comparison, with more powerful rotational correction maneuvers, such as direct
vertebral rotation (DVR), the apical vertebral rotation has drastically improved.®!¢17%172 [ ee et

al®

compared the results from a simple rod derotation maneuver with 17 AIS patients who
underwent a DVR maneuver. In contrast to the minimal correction using rod derotation, in the
DVR group, apical vertebral rotation significantly improved from 16.7+5.7° preoperatively to
9.6+5.6° postoperatively. Asghar et al.!’? reported similar results in 32 AIS patients, with apical
vertebral rotation improving from 21.3° to 8.5° using DVR. Kadoury et al.'®’ reported correction
from 19+7° to 5+4°. Di Silvestre et al.'™ reported apical vertebral rotation correction of
approximately 17°, or 63.4%. Interestingly, Di Silvestre specifically reports having performed
Smith-Petersen Osteotomy (SPO) at the apical levels, and achieved higher magnitudes of
correction as compared with the patient cohorts reported by Lee et al.® or Asghar et al.'”” It has

further been suggested that the rotational corrections can be improved when using monoaxial

screws as compared to multi-axial screws.!”
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In contrast to these large axial vertebral rotation corrections reported using pedicle screw
constructs and DVR maneuvers (5.1-17°), increases in axial rotation reported in biomechanical
studies have been substantially smaller. Of the thoracic spine biomechanics studies, only three
evaluated the effects of posterior surgical release on axial rotation range of motion.'%*-3 White

1.1 reported increases in axial rotation ROM ranging from approximately 9° at T1-T2, to less

eta
than 2° at T10-T11 and T11-T12. Similar to these reported increases in the lower thoracic spine,
Wollowick et al.’® reported increases of less than 2°. Meanwhile, the work by Oda et al.,” the

only other study evaluating axial rotation following posterior release, did not report the

magnitudes of increase in ROM.

Overall, there are clear differences between the suggested correction potential of various
releases in the clinical literature in comparison to the biomechanics literature. This may be in
large part due to the inherent assumptions and design of the Pure Moment model, which were
intended to evaluate general spine characteristics and to compare fusion instrumentation. The
model was not selected to simulate physiological loading conditions nor intraoperative loading
conditions. However, to date, alternative testing models and loading conditions have not been
adequately explored. With improvements to the preclinical testing model, perhaps more

clinically relevant data may be produced.

In-Vitro Thoracic Spine ROM

As discussed previously, the pioneering work of White and Panjabi established ranges of
motion in cadaveric thoracic FSUs.? Specifically, per-level motions ranged from 2-20°, 6-26°,
and 4-28° in flexion-extension, lateral bending, and axial rotation, respectively.?> Additionally,

‘representative’ angles for each level were reported, with angles ranging from 4-12°, 10-18°, and

48



4-18° in flexion-extension, lateral bending, and axial rotation.?? Similarly, several other studies
reported intact thoracic spine ROM using the pure moment model, and close variants

9,10,13,25-27,35,43,46,

therein. 47.129.133,134.174 However, the reported motions do not always coincide.

For example, at the T11-T12 motion segment, White and Panjabi reported ranges of
motion of 6-20° in flexion-extension, 10-20° in lateral bending, and 4-6° in axial rotation.??
Meanwhile, despite applying a relatively large in-vitro thoracic moment of 7.5 Nm, Oxland et
al.!3? reported mean motions of approximately 5.1° in flexion-extension, 7° in lateral bending,
and 3.6° in axial rotation, all smaller in magnitude than the lowest ROM reported by White and
Panjabi.?* Similarly, according to the ROM reported by White and Panjabi, T5-T11 motion could
range from 18-50° in flexion-extension, 50-88° in lateral bending, and 48-96° in axial rotation.?
However, Deviren et al.*’ reported mean ROM of 29.9° in lateral bending and 39.3° in axial

rotation, substantially less than even the previously reported lower ranges of motion; flexion-

extension motion was closer to the lower range, with a mean of 17.3°.

Therefore, despite the application of a standard protocol, i.e. the Pure Moment testing
model, wide ranges of motion have been produced in the thoracic spine. While the large
variability may partially be attributed to the inherent variability in human spine flexibility, it may
also be a result of the many changeable factors within the Pure Moment model. Once again, and
similar to the limitations of previous models evaluating the effects of posterior destabilization,
the limitations and contradictions in the results suggest the need for improvements and expansion

of the traditional preclinical testing model.
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1.4.2 Limitations of the Pure Moment Testing Model and the Experimental Design
Assumptions for Scoliosis Application

Pure Moment Design/Assumption: Single Plane Pure Moment Loading

Limitations: During intraoperative correction of thoracic spine deformity, surgeons use a
combination of complex, three-dimensional loads, including compression-distraction, bending
moments, torsion, shear, and lateral forces.

As discussed, the pure moment model is designed on the basis of applying single-plane
pure moment couples to produce single-plane rotations.!”** For example, pure moments are
applied about the anterior-posterior axis of the spine to produce lateral bending rotations about
this same anterior-posterior axis. Similarly, pure moments are applied about the vertical axis of
the spine to produce axial rotations about this same axis, and pure moments are applied about the
lateral axis of the spine to produce flexion and extension rotations. The primary motions are
analyzed, and conclusions are largely based on these motions. However, in many applications,
such as scoliosis, single plane motions may not be sufficient in comprehensively evaluating
various aspects of surgery. For example, coupled motions, or multi-planar motions, may be
affected differently than the single plane motions.

Coupling and coupled motions have long been acknowledged as crucial variables in
scoliosis biomechanics.!” Spine biomechanics studies have reported marked coupling of axial
rotation and lateral bending in the thoracic spine,'”® consistent with AIS, which is a complex
three-dimensional deformity largely involving transverse and coronal deformities.®
Correspondingly, three-dimensional multi-planar intraoperative forces are necessary to achieve
optimal deformity correction. As discussed, early instrumentation systems, which centered on

fixing the coronal component of the deformity through uniplanar and unidirectional
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intraoperative forces,>!**® failed to achieve three-dimensional correction. Instead, large axial
plane and sagittal plane abnormalities remained postoperatively despite satisfactory outcomes in
the coronal plane.”*’%"” Subsequent instrumentation designs, beginning with CD
instrumentation,'® aimed to provide not only coronal correction, but sagittal and transverse plane
correction as well. With these new instrumentation systems came new correction maneuvers
which apply complex, three-dimensional intraoperative correction loads, such as rod

18,113,114

derotation and segmental direct vertebral rotation.®” Moreover, with a host of correction

18,113,114

maneuvers available, combinations are used to include rod derotation, rod translation,!”®

cantilever bending,''> compression-distraction,” and direct vertebral body rotation,®’ resulting in

complex correctional loads. For example, Chang et al.!”’

suggested combining DVR and
cantilever bending for maximum control of correctional forces in all three dimensions.

Despite the importance of coupled loads in the correction of AIS, biomechanical studies
to date have predominantly used single plane pure moments, and similar single plane testing
modes, e.g. cantilever bending. Moreover, the majority of these pure moment studies have
ignored coupled motions altogether,!3-25:27:29:58129.130.164 \Whjle single plane pure moments provide

many answers with regards to intraoperative scoliosis questions, alternative models must be

explored to adequately and more comprehensively evaluate intraoperative situations.

Pure Moment Design/Assumption: Physiological Motion

Limitations: During intraoperative correction of thoracic spine deformity, physiological motions
are not produced, as the surgeons apply corrective torques and forces, not physiological torques

and forces, to fix the deformity.
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The magnitudes of bending moments applied in Pure Moment testing of cadaveric spines
have partly been chosen on the basis that such moments can produce physiological ranges of
motion.'”* As discussed in previous chapters, normal thoracic spine motion has been
extensively studied under pure moments;***>#"-13* however, the majority of the studies evaluated
the motion of the thoracic spine without the ribcage or sternum. With the ribcage and sternum
intact, arguably the closest representation of the in-situ human thoracic spine, average motions
have been reported between 7.93-26.9°, 10.36°-42.06°, and 23.03-43.69° in flexion-extension,
lateral bending, and axial rotation, respectively.??” Meanwhile, in healthy patients, Willems et
al.' reported mean motions across T1-T4, T4-T8, and T8-T12 of approximately 16.8-20.3° in
flexion-extension, 11.8-25.6° in lateral bending, and 20.1-47.4° in axial rotation. Similarly,
Fujimori et al."*! reported full thoracic axial rotation ROM of 24.9+4.9°, with segmental motion
ranging from, on average, 0.5-2.6°. Therefore, the clinically measured physiological motions
correspond well with the results from the biomechanical testing.

On the other hand, during the intraoperative correction of scoliosis, the physiological
loads and motions are exceeded to achieve optimal deformity correction. This is particularly true

in severe cases rigid AIS. For example, Dobbs et al.!”®

reported follow-up of 34 AIS patients
who underwent posterior-only spine fusion. For these patients, the preoperative thoracic Cobb
angle was 94.3° (90-111°). Preoperatively, these curves bent to a Cobb angle of 76.4° (70-95°).
In other words, under physiological conditions, and under patient-initiated lateral bending
motion (side bending), the apex of the thoracic spine bent approximately 17.9°. Therefore, for
this cohort of patients, the mean physiological range of motion in ‘lateral bending’ was nearly

18°. Then, intraoperatively, the patients’ spines bent, on average, an additional 23.3°, as the

immediate post-operative Cobb angle was 53.1° (44-72°). Similar trends have also been reported
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1.1% reported on a cohort of 26

in cases of less severe AIS curvatures. For example, Kim et a
patients who received pedicle screw based spine fusion. In these patients, Cobb angles bent
preoperatively from 63° to 30°, and were corrected even further during surgery, resulting in an
average postoperative Cobb angle of 15.8°. Therefore, the typical physiological motions of these
patients were exceeded during scoliosis surgery.

In order to correct the spines beyond their inherent physiological range (i.e. bending
Cobb angles), the intraoperative forces must exceed the typical physiological forces applied by
the patient. With the increased strength of pedicle screws over previous instrumentation,'>1%4
techniques have been developed for the application of large correctional forces to the spine, such
as direct vertebral rotation (DVR).%” With these large correctional forces, larger corrections can
be achieved. Unlike many questions which require the application of pure moments, such as the
quantification of general thoracic spine motion or the comparison of fusion instrumentation

systems, questions regarding intraoperative correction and surgical techniques require improved

and supplemental models for more comprehensive analyses and preclinical predictions.

Pure Moment Design/Assumption: Non-Destructive Loading

Limitations: Non-destructive loading is essential in comparing conditions of a given spine, for
example, comparing the intact spine after injury, and after solid fusion. However, during
deformity correction, the magnitudes of loading exceed the conservative ‘non-destructive’ in-
vitro force and torque magnitudes. Moreover, as the ligaments, and even the intervertebral discs,
are often resected prior to corrective maneuvers, the ‘non-destructive’ notion becomes less

important.

53



Pure moment magnitudes were selected based on two criteria: (1) magnitudes which

produce physiological ranges of motion, !’

and (2) magnitudes which are non-destructive and
do not cause plastic deformation of the intervening tissues or spine structure, thus allowing
repeated testing, e.g. before and after sequential destabilization.'®!”** For the preclinical testing
of scoliosis and spine deformity correction, these two criteria are less important. As discussed
above, the first criterion no longer applies because the physiological ranges of motion are
exceeded during surgery. Similarly, the second criterion no longer applies as the intraoperative
loads exceed the elastic properties of the human spine.

Whereas pure moments are designed to err on the conservative side of the yield strength
of the intervening bony and soft tissues, that is, designed to apply loads that produce elastic
deformation, intraoperative correction techniques are designed to err on the conservative side of
ultimate strength. Wagner et al.!?® go as far as to state that “[as] we strive to achieve near
anatomic reduction of the spinal deformity, the biologic limitations of vertebrae are approached.”
This statement is supported by the literature, with many reports of intraoperative complications
in AIS surgery, including pedicle fracture.!?®!7-182 Moreover, surgeons have reportedly applied
DVR torque magnitudes in excess of 100 Nm.” While torsional failure of the spine may not
occur, the pedicle fractures suggest that the elastic limits of the spine structures are surpassed
during surgery.

Intraoperative pedicle fracture can be a debilitating complication, as screw plow could
result in aortic abutment.'?® Moreover, pedicle fracture in the spine results in weaker constructs,
as the screw-bone interfaces may be compromised, potentially having long-term effects on the
fusion and outcome of scoliosis correction surgery. However, while pedicle and vertebral

fracture may be of great consequence, the integrity of the disc and ligaments are more or less
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ignored. Moreover, while it is often necessary to have ample open-disc space for optimal

correction, %7108

the deformation of the structure, i.e. elastic or plastic deformation of the disc, is
also ignored.

The overall goals of scoliosis correction are to correct the deformity, achieve solid fusion,
and maintain correction over the long-term. As the fusion relies primarily on solid bone-screw
interfaces, it makes sense that there is large concern over the integrity of the bony structures, e.g.
the pedicles. In addition, it follows that there is little concern over the soft tissue connections,
e.g. discs and ligaments, particularly considering that many of these structures are often removed
during surgery to provide additional flexibility in the curvature. Therefore, while safe loading
limits must be established and applied to prevent future pedicle fracture and bony failure, the
loads are clearly destructive. As such, the non-destructive loads typically applied during pure
moments may not be the most representative for the simulation of intraoperative techniques and
scoliosis correction.

Moreover, throughout the literature, a range of applied non-destructive loads have been
applied in the thoracic spine. Specifically, applied moments have ranged from 2 Nm — 7.6
Nm 2731354143 Not only are these applied moments likely substantially smaller in magnitude than
those applied intraoperatively, but the low range of applied moment magnitudes also results in
moment-rotation curve variability amongst studies.?®!133:136:183-186 For example, in two previous
studies,?!3® there were large differences in the degree of non-linearity at the same moment
endpoint. Specifically, the representative curve reported by Oda et al.>” was largely linear at the
2Nm endpoint. In this linear range, the nonlinear response of the tissues has not been reached,
and thus, a minimum stiffness occurs. On the other hand, Busscher et al.'*% reported a

representative curve with a largely nonlinear relationship at 2 Nm, with near maximum stiffness
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occurring. In these two examples, removing the same structures in each of these studies
following intact testing may yield significantly differing results. Moreover, in a case where the
moment magnitudes are vastly different, such as comparing the results of a study which
employed a maximum moment of 2 Nm with a study which used a maximum moment of 8 Nm,
clearly, there may be differences between the moment-rotation relationships at the moment-

endpoints. For example, Ellingson et al.'$?

reported a representative moment-rotation curve for a
lumbar FSU. At 2 Nm, 4 Nm, 6 Nm, and 8 Nm, the total ROM was approximately 4°, 7°, 9°, and
10°.

These differences in loading inevitably produce differences in the reported results, and in

turn, may affect their clinical applicability. This also could, in part, account for the wide ranges

of motions reported throughout the literature in the testing of cadaveric spine specimens.

Pure Moment Design/Assumption: Minimizing Viscoelastic Effects

Limitations: When comparing different conditions of the spine, i.e. intact versus fused, it is
important to minimize viscoelastic effects during repeated Pure Moment testing to facilitate the
comparisons; however, during corrective surgery, maximizing the value of the creep/relaxation
effects of the spine may be beneficial.

One of the key benefits of the pure moment model is the ability to produce consistent and
reproducible results. To achieve this, the loading application was designed to, as much as
possible, minimize the viscoelastic effects of the tissues.>*’! Specifically, a series of loading-
unloading cycles are applied to precondition the spine specimens, typically including two or
three preconditioning cycles before measurements are recorded.*!!87 After such
preconditioning, the hysteresis loop stabilizes, resulting in reproducible moment-rotation curves

56



over subsequent cycles. The nonlinear, biphasic hysteresis loops, that is, a region defined by
large increases in rotation under small incremental increases in torque and a region defined by
high stiffness and small rotations under increases in torque, can then be accurately reproduced
and analyzed.?! Prior to such preconditioning, experiments produced largely linear, single-phase
moment-rotation relationships. !>

To further minimize the viscoelastic effects, specific loading rates have been established.
For example, when using hydraulic actuators to apply pure moments to human cadaveric spines,
rates are typically applied between 0.5%s and 5.0°/s.%* Rates of lower than 0.5%s could result in
viscoelastic effects, and specifically, could result in creep, that is, continual deformation (or
rotation) under a constant applied load.!®® Unlike hydraulic actuators which are capable of
applying continuous loading rates (e.g. 0.5%s, 0.5 Nm/s), more commonly used experimental
setups, such as weights and pulleys, involve quasi-static loading in which the moments are
applied and increased incrementally. For example, Yamamoto et al.** applied a maximum of 10
Nm in flexion-extension, lateral bending, and axial rotation, reaching the maximum moment in
five equal steps (i.e. 2 Nm, 4 Nm, 6 Nm, 8 Nm, 10 Nm). Following each load application, 30
seconds of creep were allowed to minimize the viscoelastic effects, similar to many previous
experiments, *>- 133187189190 Thijg process helps to produce typical nonlinear biphasic hysteresis
responses.

As discussed, all of these loading considerations were designed to minimize viscoelastic
effects, or to ‘reduce variations caused by viscoelasticity’,'*® or to prevent ‘creep effects’.?*
However, viscoelasticity and the effects of creep can be crucial tools in deformity correction. For

example, using halo-pelvic distraction and intraoperative traction techniques, three phases of

correction are described: (1) an initial elastic deformation phase, (2) a primary creep period
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where the majority of the correction takes place under small increases in load, and (3) the
secondary creep period where gradual correction occurs.!*1°2 With such techniques, the
maximum curve correction may occur after 10-12 days.!**!** Similarly, with new techniques,
such as shape-memory metal implants, constant small-magnitude loads which maximize the
effects of viscoelasticity are applied for gradual deformity correction.!®

The same principles of correction are employed with all-pedicle screw systems and
derotation-type correction maneuvers, the current standard in deformity correction surgery. For
example, Asghar et al.!”? applied segmental and en bloc derotation maneuvers to AIS patients,
reportedly applying en bloc maneuvers over a period of approximately 20 minutes to overcome
the viscoelastic properties of the tissues and provide maximal deformity correction. Therefore,
rather than trying to minimize viscoelastic effects altogether or trying to prevent creep, the
loading mechanisms should be designed to simulate the typical surgical maneuver and

intraoperative loading application. With such simulations, more relevant results may be produced

in preclinical biomechanical testing of scoliosis correction.

Pure Moment Design/Assumption: Normalized spine motions (% of intact)

Limitations: By normalizing the spine motions following resection of various structures or
following various treatments to the intact spine, the assumption is made that all intact spines
represent the same condition. While intact spines are nominally the same, and all include
nominally equivalent structures, i.e. intervertebral discs, stabilizing ligaments, and connective
soft tissues, the properties of these structures among different spines vary greatly. As such, prior

to normalizing motions to the intact condition, other factors should be considered.
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Finally, and also as discussed in previous chapters, cadavers from pediatric donors or
from donors with untreated scoliosis are currently unavailable. Consequently, the majority of
scoliosis biomechanics studies use cadaver specimens from elderly donors without gross
structural deformities. The potential differences between straight adult cadaveric spines and
deformed pediatric spines are acknowledged as limitations, and reported as such.?*>® Moreover,
there is often large variability amongst a sample of adult cadaveric spines, and while this may be

105.139.178 it is an experimental limitation. In an

representative of the true AIS patient population,
attempt to account for these differences, the results from each individual spine specimen
following injury (i.e. simulated annular tear or simulated surgical release) or treatment (i.e.
fusion) are typically normalized to the results of that same specimen in the intact condition.*’
However, rather than reduce the differences, this process only enables a comparison between
specimens. Perhaps a more fundamental approach to normalization would provide a better
minimization of the limitations associated with the use of adult cadaveric specimens.

Instead of solely normalizing on the basis of motions produced, a more fundamental
approach would include normalizing on the basis of what contributed towards those produced
motions. Under an applied torque, which is inherently controlled and accounted for in the
experimental design, the spine motions produced are primarily a result of (1) the properties of the
individual soft tissues of each spine, i.e. the intervertebral discs and connecting ligaments, and
(2) geometrical constraints of a given spine, i.e. disc height.!*® For example, in theory, the
maximum rotation achievable for a given spine segment would be the rotation which caused
vertebral bone-on-bone contact; however, it is much more likely that the soft tissues would

rupture or become severely damaged prior to such contact. Moreover, based on simple

mechanics, it would be expected that there would be a simple inverse relationship between
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intervertebral disc height and disc stiffness, which was verified in a simple FEA model.'*’

Correspondingly, the same would be expected of ligaments. Both the properties of the individual
soft tissues and the geometrical constraints of the spines are largely governed by the health of the
intervertebral discs, as natural aging processes and degeneration may affect these properties, i.e.

198,199 or disc space narrowing.!”® Therefore, by normalizing the specimens

ligament hypertrophy
according to disc health, the results from healthy, non-degenerated spines can be targeted, and
may provide more relevant information for pediatric spine patients.

While the quality of motion may be affected by other variables, many of which are
immeasurable such as patient lifestyle, degeneration likely plays a dominant role. Kirkaldy-
Willis and Farfan??’ hypothesized a three-phase process of degeneration, with an initial increase
in segment motion and laxity followed by a subsequent period of decreased motion and increased
stiffness. During the process of aging, soft tissue fibrosis may reduce the effectiveness of the
tissues to resist forces, thereby increasing segmental motion.'’*!%® At the same time, disc space
narrowing and osteophytes formation may decrease segmental motion.!® Therefore, with
degeneration, a complex interaction between the individual soft tissues and spine geometries
may exist, resulting in changes in spine mechanics.!'?®

Several studies have analyzed lumbar spine motion as a function of intervertebral disc
health, with varying results.'$3196201-205 However, the effects of degeneration on thoracic spine
ROM have not been well documented, as thoracic spine degeneration is less common than that of
the cervical and lumbar spines. Panjabi et al.!® analyzed thoracic FSUs in flexion and extension
intact, and following sequential ligament resections. Following failure of the specimens, the

intervertebral discs of each specimen were graded on a 0-3 scale; however, no analysis was

performed on the basis of these grades.
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Despite the lack of studies in the thoracic spine, disc degeneration clearly plays a role in
the mechanics of the spine at a given level. However, scoliosis biomechanics studies have largely
ignored these effects. While the literature is limited, one study examined ligament surgical
samples from idiopathic scoliosis and adult herniated disc patients.?’® The ligament structure in
the scoliosis patients were found to be normal, compared to the degeneration patients who
demonstrated ligament fibrosis.?® Moreover, as scoliosis, and in particular adolescent idiopathic
scoliosis, affects the pediatric population, degeneration is likely not present. Therefore,
normalization of the adult cadaveric spines according to health may reduce the limitations
associated with adult cadaveric spine specimens, and may potentially produce more applicable

results for the pediatric and adolescent populations.

1.4.3 Alternative Testing Methods

Despite the need for improved models beyond the traditional Pure Moment testing model
and experimental design for preclinical spine testing, no alternative testing models have been
adequately developed to evaluate intraoperative spine deformity conditions. While several
ASTM standards have been established for preclinical evaluation of spine technology, they are
limited to evaluating post-operative conditions (i.e. long-term cyclic testing of solid rigid fusion)
and mechanical strengths of implants (i.e. ultimate strength or pull-out strength of a pedicle

SCrew).

Cadaveric Testing — Alternative Models

Outside of the general Pure Moment model, or close variations therein, very few
biomechanical experiments have been reported. Wiemann et al.?’” studied the effect of posterior

surgical release on the required torque to achieve 25° of segmental correction in human thoracic
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cadaveric spines; however, they did not examine linked screw constructs, did not report the
torques required to produce the correction, and did not perform the rotations in a controlled,

1.2%8 ysed a novel derotation simulator to determine which screw

repeatable manner. Lam et a
design, i.e. fixed-axis, uniplanar, or polyaxial, resulted in the most efficient rotation of the spine
under a given applied moment; however, the spine was tested in only one condition (following

facetectomies), the applied moment was small (i.e. 3 Nm), potential correction was not assessed,

and human cadaveric specimens were not used.

ASTM Standards

For the spine, several ASTM standards have been established for a wide range of
preclinical testing, such as the mechanical evaluation of individual implant components,

intervertebral disc cages, and posterior pedicle screw-rod systems (Table 1).2%-22!
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Table 1. ASTM Standards for Preclinical Testing of Spine-Related Devices

ASTM Standard Name

F2077%% Test Methods For Intervertebral Body Fusion Devices

F1717% Standard Test Methods for Spinal Implant Constructs in a Vertebrectomy Model

F1582%7 Standard Terminology Relating to Spinal Implants

F21932% Standard Specifications and Test Methods for Components Used in the Surgical
Fixation of the Spinal Skeletal System

F2267%¢ Standard Test Method for Measuring Load Induced Subsidence of an
Intervertebral Body Fusion Device Under Static Axial Compression

F2346215 Standard Test Methods for Static and Dynamic Characterization of Spinal
Artificial Discs

F1798210 Standard Guide for Evaluating the Static and Fatigue Properties of
Interconnection Mechanisms and Subassemblies Used in Spinal Arthrodesis
Implants

F26242 Standard Test Method for Static, Dynamic, and Wear Assessment of Extra-
Discal Single Level Spinal Constructs

F2423213 Standard Guide for Functional, Kinematic, and Wear Assessment of Total Disc
Prostheses

F26942!1 Standard Practice for Functional and Wear Evaluation of Motion-Preserving
Lumbar Total Facet Prostheses

F2790212 Standard Practice for Static and Dynamic Characterization of Motion
Preserving Lumbar Total Facet Prostheses

F2706*'3 Standard Test Methods for Occipital-Cervical and Occipital-Cervical-Thoracic
Spinal Implant Constructs in a Vertebrectomy Model

F2759%1 Standard Guide for Assessment of the Ultra High Molecular Weight

Polyethylene (UHMWPE) Used in Orthopedic and Spinal Devices

The majority of these standards, however, are not related to scoliosis testing. For

example, standard ASTM 1717 can be applied to evaluate the stability and durability of a typical

spine fusion assembly with posterior pedicle screws (or hooks, wires, etc.) and rods.

221

Additionally, ASTM F1798 can be applied to evaluate the strength of the interconnecting

components, i.e. the screw-rod junction, of scoliosis instrumentation systems.*'® However, none

of the standards are designed to evaluate intraoperative techniques, such as the effectiveness of

surgical releases or the efficacy and safety of correction maneuvers. Moreover, the above

mentioned standards to not evaluate spine range of motion in cadaveric specimens.
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1.5 The Need for Improved Methods for Scoliosis Testing

As demonstrated, due to the literature being limited by the near-universal application of the
Pure Moment testing model and experimental design for scoliosis biomechanics, evaluations of
new techniques are often reliant on clinical studies. Unfortunately, many controversies exist in
the literature which, with improved biomechanical models, could potentially be settled quicker.
Moreover, clinical studies are often limited due to technique differences, the inability to isolate

variables, and differences in the ways in which results are reported.

1.5.1 Unresolved Controversies

As discussed in previous chapters, the Ponte osteotomy and similar wide posterior
releases have recently been suggested for use in cases of AIS, with suggested deformity
correction potential of 5-15° per osteotomy.'?” Statements recur in the literature, stating that each
millimeter of resection results in approximately 1 degree of correction.'®” The procedure has also
been described to include an osteotomy width of between 7-10 mm, resulting in a correction of
approximately 10° at a given level.'¢” Despite the fact that, as discussed in previous chapters,
previous biomechanics studies of surgical releases have suggested substantially smaller motions
following each posterior release, wide posterior releases are routinely performed in cases of AIS.
However, even with the evident prevalence of their use in AIS cases, there is conflicting

evidence in the literature amongst clinical studies.

Shufflebarger and Clark!®? were the first to use wide posterior releases for coronal plane
deformity, reporting on the follow-up of 10 patients suffering from lumbar and thoracolumbar

AIS. The wide posterior release included the removal of the interspinous ligament, spinous
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process, ligamentum flavum, and bilateral facet joints, analogous to a Ponte osteotomy.
Interestingly, in their first report, several x-rays were taken at various stages of the surgical and
follow-up process: standing preoperatively, bending preoperatively, after positioning the patient
on the Jackson table, intraoperatively following initial correction maneuvers with
instrumentation prior to surgical release, following posterior-release and final correction
maneuvers, and postoperatively. Prior to surgical release, lumbar coronal curvatures were
reduced 64%, increasing to 76% correction following wide posterior release (p<0.005).
Moreover, the wide posterior releases significantly restored lumbar lordosis. Based on the
results, the authors recommended the use of wide posterior release in correcting scoliosis
deformities.

In a second study, Shufflebarger et al.!®® prospectively evaluated 62 patients with lumbar
and thoracolumbar AIS treated with the same wide posterior release and pedicle screw-based
instrumentation. Results were even more promising, with average lumbar coronal correction of
80%, improving from an average of 52 degrees (40-72) to 10 degrees (0-25) postoperatively. The
operative time ranged from, on average, 2.36 — 2.8 hours, with average blood loss ranging from
500 — 675 mL, consistent with previous reports of AIS surgery. Additionally, like their original
study, lumbar lordosis and sagittal kyphosis were normalized and restored. The additional
correction in this study compared to the original, that is, 80% versus 76%, may be attributable to
the use of pedicle screws compared to hooks. Beyond the increased three-dimensional flexibility
of the spine, in both studies, the authors stress the benefit of the wide posterior release to
increase the surface area for arthrodesis.!®>!%* This increased surface area was hypothesized as

the reason for the maintenance of correction over time.
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Despite these early successes using wide posterior releases for the correction of AIS
deformities, with reported coronal corrections of 76%'%* and 80%!%, few studies have been
performed to evaluate the validity of these results, particularly in the thoracic spine. As discussed
by Shufflebarger et al.,'®*> the most common release is a facetectomy, typically performed

bilaterally. In a more recent study, Pizones et al.''!

compared wide posterior releases, in 21
patients, with standard posterior releases, i.e., total facetectomies, in 25 patients. The wide
posterior release was significantly more effective in reducing the coronal aspect of the deformity,
with thoracic Cobb angle correction of 68.6% compared to only 57% correction with the
standard posterior release. In this study, hybrid instrumentation was used, that is, hooks
proximally, wires apically, and screws distally. With newer all-pedicle screw instrumentation,

the correction percentage would likely increase. In their study,'!!

the operative times were
between 4 and 5 hours, longer than those reported by Shufflebarger et al.;'®® however, the fusion-
lengths were likely shorter in the previous studies.

Most recently, Shah et al.!'? retrospectively analyzed the use of multiple-level Ponte
osteotomies in 87 AIS patients. Similarly to Shufflebarger et al.!>!9 and Pizones et al.,'!! the
coronal and sagittal plane deformities were improved postoperatively.'!? Specifically, coronal
plane deformities were reduced by an average of 71.5%. Additionally, rib hump deformity was
reduced from an average of 15 degrees preoperatively to 7.4 degrees postoperatively. They
reported both longer operative time and more blood loss than those reported previously.
However, despite the large rates of correction, the study was retrospective, and no control group
was reported for the basis of comparison, both of which make the results difficult to interpret.

162,163

Despite the positive preliminary results for both lumbar and thoracic scoliosis

111,112

deformities, other groups have abandoned the use of Ponte osteotomies for cases of AIS
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altogether.!?”??2 Halanski et al.'?’ compared the use of total facetectomies with Ponte
osteotomies in separate patient groups. Unlike previous studies, there was no significant
difference in the percentage Cobb improvement, postoperative Cobb angle, or sagittal
improvement. In their study, both surgical groups resulted in Cobb corrections of more than
80%, higher than those reported in previous reports. Moreover, significant increase in operative
time and blood loss for the surgeries including Ponte osteotomies led the authors to abandon the
procedure altogether.

Despite the conflicting evidence in the few existing reports, the use of these procedures
appears to be widespread in the AIS community.!®”!!2 Therefore, definitive conclusions, either
for or against, would be desirable. However, it is difficult to normalize the results between the
studies due to variations in the curve magnitudes, preoperative curve flexibilities, and
instrumentation. Moreover, the correction maneuvers employed are rarely described, despite
having the ability to significantly impact the postoperative corrections. Additionally, the amount
of correction obtained as a result of each surgical release is difficult to estimate, as the specific
levels where the procedures were performed are rarely described. A well-controlled preclinical
biomechanical study could address these limitations associated with the clinical studies, and help

to predict the true performance of these procedures.

1.5.2 Uncontrolled Variables and Incomplete Reports

In specific situations, clinical studies fail to answer clinical questions due to conflicting
evidence amongst the literature. This conflicting evidence, however, is often hard to compare
due to lack of consistency between techniques, differences in confounding variables, and

differences in the reporting of the results. In these cases, biomechanical testing could offer a
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more reliable, consistent basis for comparison due to the ability to, all else equal, isolate

variables.

In the previous discussion, two polarized conclusions were made based on clinical

llll

outcome. Compared to less-invasive techniques, Pizones ef a reported significantly increased

correction using wide posterior releases, and therefore advocated the technique. In contrast,

Halanski et al.'*’

reported no difference, and subsequently abandoned the procedures. However,
due to differences in the variables, such as preoperative curve magnitudes, curve flexibility, and
instrumentation, conclusions are difficult to make. Moreover, the specific correction maneuvers
used were not stated, further complicating the comparison.

Perhaps the use of posterior-only releases is only useful when using specific implants
constructs. In a study by Kim et al.,'° pedicle screw constructs were compared with hook
constructs for patients with AIS. In both groups, the surgical procedures were identical. The
authors reported significantly better curve correction using pedicle screws versus hooks (75.6%
postoperatively versus 49.9%). Despite the added expense of pedicle screws, the authors
concluded that the use of pedicle screws offered significant advantages over hook constructs.
This suggests that when isolated, there is a definite difference between different implant types.
Therefore, the conclusions made from surgical release studies, such as Pizones et al.!'! and
Halanski et al.,'”” may be specific to the specific instrumentation type used. However, due to the
limited number of reports, it remains unclear clinically how much additional correction is

provided solely by the specific procedure (i.e. Ponte osteotomy) compared to the type of

instrumentation used.
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Another possibility could be that the use of posterior-only releases provides added
flexibility along the axis of correction when using direct vertebral rotation as the main maneuver
(pedicle screws) compared to using apical translation or derotation as the main correction
maneuver (hybrid systems). However, and once again, the variables in the clinical studies are
often confounded, and worse, often unreported. Alternatively, perhaps other confounding
variables are creating the differences in the results of these studies beyond the type of

instrumentation, surgical release, or surgical correction maneuver.

Using another example, and as discussed in a previous chapter, the results from the
clinical posterior-release literature conflict with the results from the biomechanical literature. For
example, in comparison to apical corrections of 5.1-17° reported clinically,%!6%170:172
biomechanical studies have suggested less than 2° of axial rotation increase following posterior
release.’® In the clinical studies, the change in apical vertebral rotation is reported as the
difference between the preoperative rotation angle and the postoperative rotation angle; however,
the initial flexibility in the axial plane of these curves is unknown.%!%%17%172 Moreover, the
specific soft tissue releases performed are rarely reported. Consequently, it is difficult to discern
whether the achievable apical correction is attributable to the natural motion of the apical disc
space under load, to the increase in flexibility following soft tissue resection, or to the powerful
rotational correction maneuvers applied during surgery.

These represent just a few examples of the many controversies existing throughout the
scoliosis literature. However, due to the limitations associated with current biomechanical

studies, in-vitro data has not impacted many of these controversies. Consequently, the

community has been reliant on clinical studies. However, and as discussed above, these studies
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are clearly limited. Improved preclinical testing may serve to accelerate the process of answering

and resolving the many clinical questions and controversies throughout the literature.

1.5.3 Untested Advancements

In addition to the conflicting evidence in the literature regarding specific procedures, e.g.
posterior-releases, many new techniques and procedures remain untested. As discussed earlier,
the increase in popularity of pedicle screw based systems has led to improvements in the
correction maneuvers used during deformity correction surgery. With the improvements of

pedicle screw systems over prior instrumentation systems, including three-column

76,101,102 103,104 93,102,105,106

fixation, stronger bone-implant fixation, and improved curve correction,
new correction techniques are being applied. One such technique, direct vertebral rotation
(DVR),%7 is applied to the spine for correction of the deformity in three dimensions. Compared
to traditional methods of applying compression-traction,’ lateral forces,! or rod derotation,!!>!14
DVR allows surgeons to apply segmental transverse rotation directly to the spine in surgery.%’
With the advancement of such techniques, surgeons are applying higher torques than previously
achievable directly to the spine, with torques reportedly in excess of 100 Nm.” As a result, this
technique has become a typical correction maneuver in scoliosis deformity surgeries, with

numerous short-term follow up studies recently published.®!2816%:172.223-227

However, despite the increase in use, the safety of the procedure has been recently
questioned.'?® Wagner et al.!?® reported 7 cases (2.6%) of lateral pedicle screw “plow” following
the DVR technique. Meanwhile, using other maneuvers, again at presumably lower moments and
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forces than DVR, studies have reported intraoperative pedicle fracture and screw
loosening.!'!%17%228 For example, in a study by Di Silvestre et al.,'” 13% of patients suffered
pedicle screw fracture — 12 during pedicle screw insertion, and 3 during a rod rotation maneuver.
These are potentially debilitating complications, particularly in patients with right thoracic

229 where lateral pedicle screw

scoliosis whose aorta is positioned more laterally and posteriorly,
plow could cause aortic abutment or severe aortic injury. Aside from intraoperative
complications, other studies have reported pedicle screw-related aortic injury during follow-
up.?*® Moreover, the true incidence of aortic and vascular injury is unknown, and likely,
underreported.?**?3! The underreported risk may be partly due to the lack of postoperative CT

119,126,169,173,177,223-227,232-236

scans in DVR follow-up reports, since postoperative CT has been

shown to be crucial in identifying high risk pedicle screws.

Furthermore, the risk of screw loosening and loss of screw purchase may be higher than
reported due to the high incidence of pedicle screw malplacement. For example, in a study by
Sarlak et al.,*” 30% of pedicle screws were misplaced, of which 24 screws were deemed to have
significant risk to the aorta and other vascular and airway structures. Moreover, Hicks et al.>*®
reported an overall 15% pedicle screw malpositioning rate amongst studies with postoperative
CT scans. In turn, in a typical AIS patient with 16 pedicle screws,?* for example, and given a
screw malpositioning rate of 15%,?*® the occurrence of that patient suffering from a misplaced
pedicle screw may be unavoidable. As the “biological limitations of the vertebrae are
approached” using DVR, ! the overall construct strength following surgery may be

compromised, particularly in these cases of misplaced pedicle screws.
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In addition to the intraoperative risks of such high magnitude loading, the long-term risks
of such surgeries are unknown. Paik et al.?** demonstrated significantly lower pedicle screw
pullout strength following a rod reduction maneuver compared to pedicle screw pullout strength
prior to surgical loading. In DVR, where the applied moments and forces are presumably larger

than those applied during rod reduction,’ similar results should be expected.

The biomechanical literature suggests significant risks to the spine at such high torque
magnitudes as well. Specifically, in the lumbar spine, flexion-to-failure tests have reported
ultimate failure ranging from 59 Nm — 156 Nm.?*!**2 Miller et al. evaluated the strength of
lumbar FSUs and reported no specimen failures before 59 Nm in bending or torsion;?** however,

1.2% evaluated the ultimate

failure moments were not reported. In a recent study, Bisschop ef a
torsional failure strength of lumbar FSUs before and after laminectomy. Specimens with high
bone mineral density failed at an average of 58.9 Nm (43.8-79.2 Nm), while specimens with
poor bone quality failed as low as 23.7 Nm. These reported values are all substantially smaller
than the 100 Nm reportedly applied clinically during deformity correction surgery.’ Further, it

would be expected that the strength of the thoracic spine compared to that of the lumbar spine

would be substantially weaker.

In addition to the overall strength of the spine, screw-bone failures have been reported at
substantially lower torque magnitudes. Parent et al.'*? applied a transverse force to pedicle
screws inserted in cadaveric thoracic spine vertebra and measured yield torques of 12.0 £ 4.9 Nm
in the medial direction and 11.5 £ 5.1 Nm in the lateral direction, averaged over T4-L5 vertebra.

I 245

Similarly, Cheng et al.“* applied rotational torques through a clinically used vertebral column

manipulator to thoracic spine segments for DVR, simulating the correction torques applied in
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surgery. The authors compared the failure torques of the pedicle screw-bone interfaces when
applying the rotational moment through a single screw, single level bilaterally linked screws,
multilevel unilaterally linked screws, and quadrangular linkages. The failure torques for single
screw linkages were similar to those reported by Parent et al.**, with failure torques of 4.0 + 1.4
Nm and 6.1 + 2.5 Nm for medially and laterally rotated screws in T4 vertebra, respectively.
However, new pedicle screw instrumentation allows for screw linkages to distribute the load
amongst several screw-bone interfaces. Simulating a typical quadrangular linkage, that is
bilateral pedicle screws linked amongst 4-vertebrae, Cheng et al. showed an average failure

torque of 42.5 + 16.5 Nm.?#

However despite these findings, to date, the magnitude of torque that can be safely
applied during deformity correction surgery has not been sufficiently quantified in the literature.
Previous studies have shown that (1) pedicle screws are stronger than previous constructs, such
as hooks and wires, with axial pullout strengths between 344 N — 1646 N;!103:104246.247 (D) pedicle
screws have stronger tangential strengths than previous constructs;'% (3) pedicle screws exhibit
lateral and medial strengths, when applied through a typical surgical lever arm, of between 4 and
12 Nm; %224 and (4) with more bone-screw interfaces, medial-lateral strength increases, with an
average yield torque of over 40 Nm.>*> However, the effect of these surgical loads and torques
affect the rotation of the motion segment and the health of the intervertebral disc at the level of
correction are unknown. Moreover, the loads at which the risk of screw plow and intraoperative
spine failure would outweigh the incremental increase in deformity correction have not been
established. Unfortunately, these questions cannot be answered with the typical pure moment

testing model and approaches.
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As far back as the 1960s, the potential benefit of understanding clinical spine problems
through in-vitro and bench top experiments was clear. The need was made clearer in the 1980s,
as the development of new devices and implants for spine surgery expanded rapidly.!”**8 Even in
those days, studies emphasized the importance of testing implants and devices using in-vitro
biomechanical tests, prior to implanting the implants in patients.?*’ As posterior-only procedures,
techniques, and devices continue to evolve, and continue to increase in popularity, the need for
biomechanical spine testing is as significant as ever. Moreover, the accuracy, sophistication,
predictability, and clinical relevance of the in-vitro testing methods must parallel the growth of

these surgical techniques and implant technologies.
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1.6 Purpose and Aims of Proposed Study

While much has been learned from Pure Moment testing, including the basic properties
of the thoracic spine and the strength and stability of various thoracic spine devices,>>#6:47!
previous studies have failed to comprehensively answer several clinical questions. This has been
particularly true in the field of scoliosis, where intraoperative procedures have been questioned
and untested, ultimately resulting in conflicting evidence and, in turn, clinical risk.!'"-
112,127,128,163,179.228.230.231 A5 the Pure Moment model was not selected to produce intraoperative
loading or surgical motions,!” expansion of and improvement to the preclinical testing of spine

deformity is necessary to better simulate such conditions and predict the clinical outcome of

deformity correction surgery.

The current work demonstrates a case where the current testing model fails to
comprehensively describe and predict clinical performance. In the current work, preclinical in-
vitro testing of spine deformity surgery was performed to (1) evaluate the validity of pure
moment testing for scoliosis biomechanics, (2) expand on the knowledge of thoracic spine
properties and motion response to loading, (3) quantify the potential of specific posterior releases
and posterior correction maneuvers for correcting spine deformity, and (4) define the safety

limits of the thoracic spine under a typical correction maneuver.
The proposed work aims to:

1. Evaluate hemi-thoracic (5-level) spine flexibility in under standard Pure Moments in flexion-
extension, lateral bending, and axial rotation as a function of four conditions: intact, and

following three sequential wide posterior-only surgical releases.
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. Evaluate full thoracic spine flexibility under standard Pure Moments in flexion-extension,
lateral bending, and axial rotation as a function of six conditions: intact, following standard

en-bloc releases, and following four sequential wide posterior-only surgical releases.

. Evaluate full thoracic spine flexibility under a novel combined multi-planar loading protocol
producing flexion-extension with combined axial rotation, and lateral bending with combined
axial rotation, as a function of six conditions: intact, following standard en bloc releases, and

following four sequential wide posterior-only releases.

. Design a custom direct vertebral rotation (DVR) simulator to accurately and reproducibly

simulate surgical correction forces for in-vitro preclinical testing of deformity correction

surgery.

. Evaluate T10-T11 thoracic spine flexibility under simulated DVR.

. Compare the three loading modes for the preclinical prediction of potential deformity

correction: pure moments, combined multi-planar loading, and DVR simulation.

. Establish the torsional limits of the thoracic spine under simulated DVR.

. Evaluate the results from single-plane, multi-planar, and simulated DVR loading as a function

of intervertebral disc health to improve the applicability of preclinical models for AIS.
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9. Establish normal distributions of thoracic spine motion reported in the literature using in-vitro

testing methods for a basis of comparison for the results produced in the above aims.

In its entirety, the study provides a detailed quantification of the effects of pure moments,
combined moments, and simulated surgical moments on thoracic spine flexibility and behavior.
Additionally, the study helps to provide clinical guidelines for safe torque limits in deformity
surgery, and quantify deformity correction potential using specific releases. This study provides
an example of the potential of non-standard testing to evaluate specific clinical questions. With
such work, biomechanical results will be more applicable to clinical questions, and may
potentially begin to have a greater impact on clinical decision making and clinical outcome in the

fields of spine deformity.
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2  Materials and Methods

2.1 Overview

The experimental protocol was designed to achieve the Aims (9) of the study, listed in the
previous section (Section 1.6). The aims were achieved by applying in-vitro loading to human

cadaveric thoracic spines, before and after posterior-release (Table 2).

Table 2. Experimental Summary

Ponte Sequential
Intact Facetectomies  Osteotomy  Osteotomies
Total Number
of Specimens
Experiment Loading N) Number of Specimens Tested (n)
1 Pure Moments 27 27 10 27 17
2 Multi-Planar 10 10 10 10 10
3 Simulated DVR 11 X X 11
4 DVR-to-Failure 11 X X 11 X

Four types of loading were applied: (1) Single Plane Pure Moments; (2) Multi-Planar

Loading; (3) Intraoperative Simulation; and (4) DVR-to-Failure.

(1) Single Plane Pure Moments

Single Plane Pure Moment testing is the standard loading protocol universally applied
throughout the literature for spine biomechanics, in-vitro spine testing, and
characterization of spine kinematics before and after surgical release, injury, or
implantation of a fixation device. The Single Plane Pure Moment tests were used to
establish the benefits, drawbacks, and limitations of their use for preclinical scoliosis

biomechanics. The testing was designed to achieve Aim 1 and Aim 2.
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(2) Multi-Planar Loading

Following Single Plane Pure Moments, a custom-designed novel Multi-Planar Loading
protocol was applied. The Multi-Planar Loading protocol was designed to evaluate the
effects of combined moments on thoracic spine ROM before and after posterior-release.
The combined moments provide a better representation of the types of loads applied
intraoperatively, which are often three-dimensional. These multi-planar loads and
moments are typically necessary in cases of scoliosis, where the deformity presents in
three-dimensions, with abnormal rotations, i.e. deformity, in the axial, sagittal, and

coronal planes. The Multi-Planar Loading tests were designed to achieve Aim 3.

(3) Intraoperative Simulation of Direct Vertebral Rotation (DVR)

A custom-designed simulator was designed to simulate and replicate a typical surgical
maneuver employed intraoperatively in cases of adolescent idiopathic scoliosis.
Specifically, the custom-designed simulator applied simulated Direct Vertebral Rotation,
producing a representative surgical correction maneuver, as well as replicating high-
magnitude intraoperative moments. The Intraoperative Simulation was designed to

achieve Aim 4 and Aim 5.

Additionally, following these tests, the results from the three previous loading protocols,
that is, Single Plane Pure Moments, Multi-Planar Loading, and Intraoperative
Simulation, were compared to evaluate the effectiveness and clinical relevance of each

schematic. This analysis was designed to achieve Aim 6.
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(4) DVR-to-Failure

Finally, and following loading according to the Intraoperative Simulation, simulated
DVR-to-Failure was applied to evaluate the torsional strength of the thoracic spine under
axial rotation moment and to define safety limits under a typical surgical maneuver.

These tests were designed to achieve Aim 7.

Following the completion of loading according to Single Plane Pure Moments, Multi-
Planar Loading, Intraoperative Simulation, and DVR-to-Failure, subsequent radiographic and
histological analyses were performed to evaluate the intervertebral disc health of the tested
specimens. The results of the above loading protocols were then re-analyzed as a function of
specimen health to evaluate the usefulness and improve the applicability of using human
cadaveric spines in preclinical studies of spine deformity. This analysis was designed to achieve

Aim 8.

Finally, numerous studies have reported the ROM of cadaveric thoracic spines. However,
while there are generally established testing methods, e.g. pure moments, the specific parameters
vary widely among different studies, such as loading rate, loading magnitude, and specimen
condition. In part due to the wide variability amongst studies, the distribution of ROM in each
segment of the thoracic region in the normal population has not been established. Therefore, a
systematic MEDLINE search was performed to identify all of the studies in the literature which
have reported cadaver thoracic spine motion. The reported results from the identified articles
were reanalyzed to estimate the typical ROM at each segment of the thoracic spine in each of the
three anatomical planes. This analysis was designed to achieve Aim 9. Additionally, the analysis

served as a baseline to compare the results of the biomechanical tests herein.
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The results from the tests and analyses described above evaluated the typically used
testing standard (pure moments), novel multi-planar moment protocols, and surgical simulations.
In their entirety, the results provide a quantitative description of spine flexibility and strength
before and after surgical release to quantify the correction potential and to define the safety

limits of typically used intraoperative surgical techniques for deformity correction surgery.
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2.2 Specimens

2.2.1 Cadaveric Specimens

24 fresh-frozen full-length human cadaveric thoracic spines were obtained from the
International Institute for the Advancement of Medicine (IIAM, Jessup, PA) and Science Care
(Science Care, Phoenix, AZ). Specimens were wrapped in saline-soaked gauze, and frozen in a -

20° freezer prior to testing.>*

The 24 thoracic spine specimens were separated into the following groups:

Group A: n=7 hemi-thoracic spines (T1-T6 or T7-T12)

Group B: n=10 full-length thoracic spines (T1-T12)

Group C: n=10 full-length thoracic spines (T1-T12)

2.2.2 Radiographic Analyses

Prior to testing, anterior-posterior and lateral radiographs of each spine were taken in the
laboratory using an HP Faxitron Series™ x-ray system (43805N, Hewlett Packard Company,
Palo Alto, California) at standard 15% magnification. Radiographic analysis was performed on
each specimen to determine disc and bone health. Each x-ray was evaluated for signs of gross
deformity (i.e. scoliosis or kyphosis), tumors, or other diseases and abnormalities. Specimens

with severe abnormalities were replaced.

In addition to standard AP and lateral radiographs, the bone mineral density (BMD) of
each thoracic spine was determined by dual-energy x-ray absorptiometry (DEXA) using a

Hologic 2000 bone densitometer (Hologic, Inc., Waltham, MA). The DEXA scans were
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analyzed to exclude any specimens with abnormally poor bone quality. While t- and z- scores
cannot be assessed for the thoracic spine, the raw BMD score can provide a general sense of the

overall bone quality of each vertebral body.

Finally, specimens in Group C also imaged using MRI prior to testing. Both T1 and T2

weighted sagittal images were taken to determine the disc health of each specimen.

2.2.3 Dissection and Specimen Preparations

Prior to testing, specimens were removed from the -20° freezer and thawed at room
temperature. Each thoracic spine was dissected of all skin, muscle and fat tissues, while
maintaining the integrity of all vertebrae, posterior elements, bony structures, intervertebral
discs, stabilizing ligaments, the posterior 5 cm of the ribs, and the costovertebral joints.
Specifically, the following ligaments were kept intact: anterior longitudinal ligament (ALL),
posterior longitudinal ligament (PLL), facet capsular ligament, ligamentum flavum, interspinous
ligament, and supraspinous ligament. Previous studies in the spine biomechanics literature have
routinely performed similar dissections prior to biomechanical testing.!*? In addition, the
freezing and thawing procedures have been established in the literature to preserve the
biomechanical properties of the cadaveric spine specimens.’*!”* Following thawing and
dissection, the duration of mechanical testing on a given specimen was concluded within one

day.
2.2.4 Potting and Alignment

Following pre-experimental radiographic analysis, each thoracic spine was potted and

aligned for mounting in the spine simulator. The superior and inferior vertebra(s) of each
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dissected spine segment were placed in a cylindrical fixture, 10 cm in diameter, and were potted
in a low-temperature setting epoxy resin. In order to enhance the fixation of the spine within the
epoxy resin pot, four to six 1.5-inch long, size 10 screws were screwed partway into the vertebral

bodies.

For the specimens in Group A, T1 (cranial) and T6 (caudal) were potted in the upper
hemi-thoracic segments, and T7 (cranial) and T12 (caudal) were potted in the lower hemi-
thoracic segments. For the specimens in Group B, T1 (cranial) and T12 (caudal) were potted. For
the specimens in Group C, T1 was potted cranially, in addition to both T11 and T12 caudally.
Note that in Group C, both T11 and T12 were potted together to increase the fixation strength of

the pot to withstand the high-magnitude applied moments.

Each potted vertebra was placed inside a 15-cm diameter aluminum mounting ring
designed for aligning the anatomical planes of the spine with the axes of the load frame. For this
alignment, two tri-planar laser levels were used (Stanley Crossline Level Max-CL2, Stanley
Tools Product Group, CT). Using 16 pointed-tip stainless steel screws mounted on the ring and
piercing the sidewall of the epoxy, the position of the pot was adjusted within the aluminum
mounting ring to align the coronal plane (through the center of the vertebral body) and median
planes of the vertebra with the axes of the load frame. The laser levels were set up to ensure
proper alignment, verifying the planes against the anatomical landmarks on each vertebral body
(i.e. spinous process, anterior longitudinal ligament, and intervertebral disc space), as well as

against engraved lines on each of the aluminum mounting rings.
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2.3 Experiments
2.3.1 Single Plane Pure Moments

2.3.1.1 Overview

Aim I and Aim 2 were achieved by applying the standard in-vitro protocol to human
cadaveric thoracic spines before and after sequential release. Specifically, Single Plane Pure

Moments were applied to both hemi-thoracic segments and full-length thoracic spines.

2.3.1.2 Specimens

All specimens in Groups A, B, and C underwent Single Plane Pure Moments testing,

according to the following protocol.

2.3.1.3 Load Frame

Following specimen preparation, pre-experimental radiographic analysis, and potting,
each spine specimen was mounted in an MTS 858 8-degree of freedom mini-bionix servo-
hydraulic load frame equipped complete with the Flextest System (MTS Systems, Minneapolis,

MN), previously described (Figure 1).2%3*
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Figure 1. Single Plane pure moments experimental setup, with hemi-thoracic spine segment from Group
A.28
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For the single plane pure moment loading, each specimen was mounted in an inverted
position such that the cranial vertebra was attached to the lower gimbals of the load frame and
the caudal vertebra was attached to the upper gimbals of the load frame. In total, the spine

machine was capable of independently controlling 8-degrees of freedom (Figure 2).

Upper Actuator
(1Axial Rotation & 2Y-Axis Translatio

Upper Gimbals
(3Flexion-Extension)

Upper Gimbals
(4Lateral Bending)

LED Motion Tracker Flags
Lower Gimbals
(SLateral Bending)

Lower Gimbals
(SFlexion-Extension)

XZ-Table
(7X-Axis Translation)

XZ-Table
(8Z-Axis Translation) = -

Figure 2. Representative photo of the experimental setup of specimens in Group B and Group C, and the
8-dof spine simulator. The degrees of freedom are denoted by the superscripts 1-8.2%
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The upper gimbals were attached to an axial-torsional actuator, together providing 4-
degrees of freedom at the top of the machine: tension-compression (y-axis translation), axial
torsion (rotation about the y-axis), superior flexion-extension (rotation about the x-axis), and
superior lateral bending (rotation about the z-axis). The bottom gimbals were attached to a
custom x-z table with two perpendicular linear bearings allowing transverse plane translation,
together providing the remaining 4-degrees of freedom: x-axis translation, z-axis translation,

inferior flexion-extension, and inferior lateral bending.

The x-axis translation and z-axis translation (transverse plane translation) were
unconstrained to allow free translation in the transverse plane, effectively minimizing shear. Pure
moments were applied such that the primary rotation was controlled, while the off-axis rotations

were free to rotate.

Specifically, in flexion-extension,

The inferior gimbals were controlled to produce flexion-extension rotation, with

the upper gimbals flexion-extension rotation slaved, i.e. to match the bottom.

= The axial load was maintained at 0 N, allowing freedom in y-translation, i.e.
cranial-caudal displacement.

= The lateral bending moment was maintained at 0 Nm, allowing freedom in lateral
bending rotation.

= The torsional moment was maintained at 0 Nm, allowing freedom in axial

rotation.
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In lateral bending,

= The inferior gimbals was controlled to produce lateral bending rotation, with the
upper gimbals lateral bending rotation slaved, i.e. to match the bottom.

= The axial load was maintained at 0 N, allowing freedom in y-translation, i.e.
cranial-caudal displacement.

= The flexion-extension moment was maintained at 0 Nm, allowing freedom in
flexion-extension rotation.

= The torsional moment was maintained at 0 Nm, allowing freedom in axial

rotation.

In axial rotation,

= The upper actuator was controlled to produce axial rotation.

= The axial load was maintained at 0 N, allowing freedom in y-translation, i.e.
cranial-caudal displacement.

= The lateral bending moment was maintained at 0 Nm, allowing freedom in lateral
bending rotation.

= The flexion-extension moment was maintained at 0 Nm, allowing freedom in

flexion-extension rotation.

2.3.1.4 Loading Protocol

Pure moments were applied using a hybrid loading scheme, with both position controlled
rotation and moment controlled endpoints. Specifically, pure moments were applied in position

(rotation) control at a rate of 0.5°/s until the maximum moment (Mmax) is achieved. This protocol
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was applied to produce the following pure moments: flexion-extension (+Mmax), bilateral lateral
bending (+Mmax), and bidirectional axial rotation (+Mmax). The moments were applied through
the upper and lower gimbals for both flexion-extension and lateral bending testing, and through
the axial-torsional actuator for axial rotation. Each pure moment was applied for five cycles, with
the first two/three cycles used to precondition the specimen and the third/fourth cycle used for
analysis. These methods were described according to the biomechanical testing standards in the

literature to effectively minimize viscoelastic effects.?*

For each of the three testing groups (Group A, Group B, and Group C), the following

maximum moments were applied:
Group A: Mmax =+6 Nm

The maximum moment was chosen based on the typical range of moments applied in
previous thoracic spine biomechanics studies. As deformity correction surgery involves the
application of large correctional forces, an aggressive in-vitro magnitude was employed, i.e. 6

Nm.

Wilke et al.** suggested pure moment magnitudes of £7.5 Nm for the lumbar spine, +5
Nm for the thoracic spine, and £2.5 Nm for the cervical spine. Therefore, the value chosen in the
present study for Group A, that is =6Nm, is similar to the value proposed by that particular
article for thoracic spines. Other studies in the literature have also tested thoracic spines with the
maximum moment of £6 Nm.?>!8325! Throughout the entire literature, moment magnitudes have
been applied from as little as £2Nm?’ to as much as +7.6 Nm.*> At +6Nm, the magnitudes are
well within the range of magnitudes applied in previous studies, and are small enough in

magnitude to maintain stability in the machine throughout single-plane loading.
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Group B: Mmax =44 Nm

In this case, i.e. Group B, a more conservative maximum moment (£4 Nm) was selected
due to the higher risk of instability in the load frame with full-length thoracic spines. The 4 Nm

) 27,43
>

also falls well within the range applied in previous studies (2-7.6 Nm and has been applied

in previous thoracic spine studies.*!#7-2%2

Group C: Mmax =+4 Nm

Similar to Group B, the conservative maximum moment (+4 Nm) was chosen in Group

C to prevent instability in the machine with full-length thoracic spines.

2.3.1.5 Specimen Conditions

Group A: n=7 hemi-thoracic spine specimens

Specimens in Group A were tested in four conditions: (1) intact, and after three
sequential Ponte osteotomies at (2) T2-T3 for superior hemi-thoracic segments (or T7-T8 for

inferior hemi-thoracic segments), (3) T3-T4 (or T8-T9), and (4) T4-T5 (or T9-T10).

The sequence of releases for Group A specimens was chosen to evaluate the effects of
sequential Ponte osteotomies on thoracic spine motion in all three planes, as compared to the

intact condition.

91



Group B: n=10 full-length thoracic spine specimens

Specimens in Group B were tested in 6 conditions: (1) intact, (2) after 9 bilateral en bloc
total facetectomies, and after four sequential Ponte osteotomies at (3) T7-T8, (4) T8-T9, (5) To6-

T7, and (6) T9-T10.

The sequence of releases for Group B specimens was chosen to replicate the typical
sequence of surgical releases that would be performed intraoperatively. In surgery, total
facetectomies are typically performed at all instrumented levels. Therefore, testing following
release (2) evaluated the effectiveness of en bloc total facetectomies in increasing the range of
motion of the thoracic spine, as compared to the intact condition. Then, as would be performed
clinically, sequential supplemental Ponte osteotomies were performed. This represents an
important clinical decision making step in evaluating the usefulness of supplemental osteotomies

as compared to the typically performed en bloc total facetectomies.

Group C: n=11 full-length thoracic spine specimens

Specimens in Group C were tested in three conditions: (1) intact, (2) after bilateral

facetectomy at T10-T11, and (3) after Ponte osteotomy at T10-T11.

The sequence of releases for Group C specimens was chosen for the same reasons as

those in Group B, as described above.

The conditions outlined above are defined as follows:

Intact: The intact condition was the first condition tested in all groups, and consists of the
thoracic spine segment dissected of all skin, muscle and fat tissue. The vertebrae, bony

structures, intervertebral discs, stabilizing ligaments, posterior 5 cm of the ribs, and the
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costovertebral joints were intact. The specific ligaments remaining intact included the anterior
longitudinal ligament, posterior longitudinal ligament, facet capsular ligament, ligamentum

flavum, interspinous ligament, and supraspinous ligament.

Note: For specimens in Group C, bilateral pedicle screws were inserted from T7-T10, prior to
‘intact’ testing. The primary level of interest, that is T10-T11, was intact as defined above. The
levels from T7-T10 included bilateral total facetectomies for insertion of the pedicle screws.

Previous studies have defined the ‘intact’ condition similarly in such cases.

Bilateral Total Facetectomy (Figure 3 and Figure 4): Each total facetectomy included the
complete removal of the facet joints on both sides of the spine. The entire facet joint capsules
were removed, while keeping intact the posterior ligaments, including the posterior longitudinal

ligament, ligamentum flavum, interspinous and supraspinous ligaments.!'!%161

W

Figure 3. Representative bilateral total facetectomies at two adjacent levels of the thoracic spine.?°
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Figure 4. Representation of a bilateral total facetectomy in the coronal plane (posterior view) before (left)
and after (right) bilateral facetectomy.

Ponte Osteotomy (Figure 5 and Figure 6): For each osteotomy, in addition to a bilateral total
facetectomy, the following structures were resected: the inferior half of the spinous process of
the vertebrae superior to the osteotomy site, the interspinous ligament, and the ligamentum

flavum.'%®

a.) .
Figure 5. a.) Representative Ponte (chevron) osteotomies at two adjacent levels of the thoracic spine;**°
b.) Representation of Ponte osteotomy in the sagittal (left) and coronal (right) planes.*
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b.)

Figure 6. Representative photo of full-length cadaveric thoracic spine following a.) 9-en bloc bilateral
total facetectomies (T2-T11), and following b.) 4 additional supplemental Ponte osteotomies (T6-T10).2%

a. )

2.3.1.6 Range of Motion Measurements

To measure all of the 3D translations and rotations of all vertebrae of interest, an
Optotrak 3020 Motion Capture System (Northern Digital Inc, Waterloo, Ontario, Canada) was
used. The system has an accuracy of 0.1 mm and 0.1°, and a resolution of 0.01 mm. The
accuracy and precision of this machine has been independently verified.?>*> The system uses
infrared light-emitting diode (LED) markers connected to the system. The positions of these

LED markers are captured by three charge-coupled devices paired with three lenses at a total
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sampling frequency speed of 3.5 kHz. The software calculates the 3D position for each marker

and displays the coordinates for each marker position in real time.

First, a global reference frame was established by mounting a motion tracker flag to the
MTS testing frame. A flag consists of four LED markers mounted in an approximately 2 sq.
inch, non-collinear arrangement on a custom plastic mounting square. The global (MTS)
reference frame was continuously measured with respect to the motion capture system’s inherent
location. This established a fixed coordinate reference frame, and minimized the effects of any

vibrations of the MTS machine during loading.

Then, flags were attached to each of the vertebral bodies of interest in a given
experiment. Each flag was mounted to vertebrae using a custom-designed probe apparatus.
Specifically, depending on the size of a given vertebra, 0.5 to 1”” bone screws were screwed into
each vertebral body, alternating between the lateral left and right sides. For example, in upper
hemi-thoracic segments, bone screws were inserted on the lateral left side of T2 and T4, and on
the lateral right side of T3 and TS5. Each bone screw was adapted to allow the insertion of a
threaded probe into the screw head. After screw insertion, a threaded probe was inserted to each
screw. Then, the motion flag was mounted on the opposite end of the probe, positioned such that
the motion tracking system could view the location of the four LEDs throughout the progressions

of spine bending and rotation.

For each group of specimens, flags were mounted in locations to allow specific analyses
on each group of spines (Table 3). Specifically, in Group A, flags were mounted on each of the

unconstrained vertebral bodies, i.e. T2-T5 or T8-T11 (Figure 7). In Group B, flags were
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mounted on T2, T6, T10, and T11 (Figure 8). In Group C, flags were mounted on T2, T7, T10,

and T11.

Table 3. Motion Tracker Flag Arrangements and Range of Motion Calculation

Instrumented
Group Segment Vertebrae Total ROM (ROMrtotAL) Local ROM
G P T1-T6 T2, T3, T4, T5 T2-T5 T2-T3; T3-T4; T4-T5
roup T7-T12 T8, T9, T10, T11 T8-T11 T8-T9; T9-T10; T10-T11
Group B T1-T12 T2, T6,T10,T11 T2-T11 T6-T10; T10-T11
Group C T1-T12 T2,T7,T10,T11 T2-T11 T10-T11

ROM, range of motion; T, thoracic

Figure 7. Representative photo depicting motion tracker flag locations for specimens in Group 4, i.e.
placing instrumentation at T2, T3, T4 and T5 in upper hemi-thoracic segments, or placing instrumentation
at T8, T9, T10 and T11 in lower hemi-thoracic segments.
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To create local reference frames for each of the four vertebral bodies, desired points on
each instrumented body were digitized to create local coordinate axes. Three-dimensional range
of motion in each plane was measured throughout testing. The motion tracking flags attached to
each vertebra provided a set of three-dimensional coordinates on each vertebral body, which
allowed real time tracking of the rigid body’s three rotations and three translations. All range of
motion measurements were calculated as the relative motion of the superior vertebra of interest
with respect to the inferior vertebra of interest.?* The relative motions were reported as Euler

angles.”*

Motion of each instrumented vertebrae was continuously recorded throughout all loading,
and motion from the maximum loading steps, i.e. £ 6Nm for Group A and = 4Nm for Group B
and Group C, was used for analysis. Total range of motion (ROMrotar) was defined as the
range of motion of the superior most instrumented vertebra with respect to the inferior most

instrumented vertebra.

In addition to ROMrotaL, local ROM was recorded for specimens in each group. In
Group A, local ROM at each vertebral level was measured. Unlike Group A, where three
sequential posterior releases were performed on three levels, in Group B, different releases were
performed at different levels. Specifically, and as described earlier, 9 en bloc total bilateral
facetectomies were performed from T2-T11. Then, sequential osteotomies were performed from
T6-T10. Therefore, in addition to evaluating the increases in total ROM following each release,
which compared the use of facetectomies at all levels with each supplemental osteotomy, a

separate analysis was performed from T6-T10. The local T6-T10 ROM (ROMrte.T10) Was
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evaluated to compare the use of four bilateral total facetectomies to 4 sequential osteotomies at

the same levels.

Finally, in Group C, local ROM at T10-T11 (ROMri0-111) was recorded intact, and

following sequential releases, each of which was performed at the T10-T11 level.

For each of the above described ROM analyses, the primary and coupled motions were
reduced. Primary ROM was defined as the motion of the spine in the direction of loading. For
example, during flexion-extension loading, the primary ROM was rotation in the sagittal plane.
Similarly, during axial rotation loading, the primary ROM was rotation in the transverse plane,
and during lateral bending rotation, the primary ROM was rotation in the coronal plane. Coupled
ROM was defined as the motions of the spine outside of the primary loading plane. For example,
during flexion-extension loading where the primary ROM consisted of rotation in the sagittal
plane, off-planar motions in the transverse and coronal planes were coupled motions. In other
words, flexion-extension moments produced primary ROM in the sagittal plane, and

simultaneously produced coupled ROM in the transverse and coronal plane.

2.3.1.7 Statistical Analyses

SPSS 15.0 statistical analysis software (IBM Corporation, Armonk, NY) was used to
conduct all analyses. The statistical analysis was designed to evaluate the effects of surgical
release on ROM in each of the loading directions. Paired-samples ¢ tests were performed to
compare measurements in the various specimen conditions. The ¢ tests were repeated for
measurements in each of the loading directions, that is, flexion-extension, lateral bending, and

axial rotation. The specific tests are outlined below.
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Group A: For Group A, the total ROM (ROMr2.15 or ROMrt7.111) measurements following the
intact condition were compared to the total ROM measurements following each of the sequential
osteotomies using paired-samples 7 tests. Specifically, the following comparisons were
performed: intact versus 1-level Ponte osteotomy, intact versus 2-level Ponte osteotomies, and
intact versus 3-level Ponte osteotomies. Additionally, separate paired-samples ¢ tests were
performed to compare l-level Ponte osteotomy to 2-level Ponte osteotomies, and 2-level Ponte

osteotomies to 3-level Ponte osteotomies.

For each of the comparisons described above, two separate paired-samples ¢ tests were
performed. First, a set of paired 7 tests were performed to compare the raw total ranges of motion
(ROMyotal), in degrees. Second, all ranges of motion were normalized against the intact condition,
and subsequently reported as a percent increase in motion. A set of paired ¢ tests were then

performed to compare these normalized flexibility measurements (% increases).

Group B: Similarly, for Group B total ROM (ROMr2-111), the following comparisons to the
intact condition were performed: intact versus 9 en bloc total facetectomies, intact versus 1-level
Ponte osteotomy, intact versus 2-level Ponte osteotomy, intact versus 3-level Ponte osteotomy,
and intact versus 4-level Ponte osteotomy. In addition, to determine the significance of each
osteotomy as compared to the en bloc total facetectomies, the following comparisons were also
performed: total facetectomies versus 1-level Ponte osteotomy, total facetectomies versus 2-level
Ponte osteotomy, total facetectomies versus 3-level Ponte osteotomy, and total facetectomies

versus 4-level Ponte osteotomy.

In addition to the above analyses, additional comparisons were made using the local

ROM (ROMre.110). In order to compare the effectiveness of 4 bilateral total facetectomies with 4
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Ponte osteotomies at the same levels, ROMre.T10 was compared. Specifically, the following
ROMr6.T10 comparisons were made: intact versus 4 total bilateral facetectomies, intact versus 4
sequential Ponte osteotomies, and 4 total bilateral facetectomies versus 4 sequential Ponte

osteotomies.

For each of the comparisons described above, two separate paired-samples ¢ tests were
performed. First, a set of paired ¢ tests were performed to compare the raw ranges of motion, in
degrees. Second, all ranges of motion were normalized against the intact condition, and
subsequently reported as a percent increase in motion. A set of paired 7 tests was then performed
to compare these normalized flexibility measurements (% increases). These tests were performed

for the total ROM (ROMr2-111), as well as local ROM (ROMrs.t10).

Group C: For Group C, the following comparisons were performed: intact versus total
facetectomies, intact versus 1-level Ponte osteotomy, and total facetectomies versus 1-level

Ponte osteotomy.

For each of the comparisons described above, two separate paired-samples ¢ tests were
performed. First, a set of paired ¢ tests were performed to compare the raw ranges of motion, in
degrees. Second, all ranges of motion were normalized against the intact condition, and
subsequently reported as a percent increase in motion. A set of paired ¢ tests were then performed
to compare these normalized flexibility measurements (% increases). These tests were performed

for the local ROM (ROMrio-111) at the level in which the posterior releases were performed.
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2.3.2 Multi-Planar Loading

2.3.2.1 Overview

Aim 3 was achieved by applying a novel multi-planar loading protocol to full-length

human cadaveric thoracic spines before and after sequential release.

2.3.2.2 Specimens

Each of the 10 full-length cadaveric thoracic spines in specimen Group B underwent

Multi-Planar Loading, according to the protocol outlined below.

2.3.2.3 Load Frame

For Multi-Planar Loading, all specimens were tested using the 8-degree-of-freedom MTS
spine simulator, described earlier. The machine was configured with the same setup as Single
Plane Pure Moments. Specifically, bending moments were applied through the upper and lower
gimbals, while axial load (cranial-caudal) and torsional moments were applied through the upper
actuator. Once again, the spine was free to translate in the transverse plane, as the xz-tables
remained unconstrained. Similar to Single Plane Pure Moments, the axial load was maintained at

ON throughout loading, allowing cranial-caudal translation.

2.3.2.4 Loading Protocol

For Multi-Planar Loading, each specimen in Group B was tested in two simultaneous,

multi-planar loading combinations:

(1) Axial rotation with combined flexion-extension

103



(2) Axial rotation with combined lateral bending

The Single Plane Pure Moment results were used to determine the single-plane flexibility
of each spine in each plane (coronal, sagittal and transverse). Then, a multi-planar position of
the caudal vertebra was predicted based on a combination of the single-plane rotations, using

custom-derived formulations based on the gimbals of the machine (Figure 9).

A.) Single Plane Flexion

siny
r=r [cosy COS ﬂ]

cosysinf

0 1 0

cosa 0 sina
Ry =
—sina 0 cosa

cose 0 sina siny
0 1 0 cosycosfS

—sine 0 cosallcosysing

Figure 9. Schematic overview of the calculations performed to estimate and predict the gimbal positions
for producing combined flexion with axial rotation. The calculation used the a.) flexion Euler angle and
the b.) Euler angle in axial rotation measured during single plane pure moment testing of Group B
specimens. From these Euler angles, the predicted ¢.) combined position was determined. The load frame
was then programmed to rotate the spine towards this predicted position in space.**
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An algorithm was then designed and implemented to simultaneously apply rotations
about two anatomical axes, i.e. rotations in the transverse and sagittal planes, simulating axial
rotation with combined flexion-extension, to produce motion towards the predicted end position.
This entire procedure was then repeated for combined axial rotation and lateral bending,

providing two multi-planar combinations in total.

Multi-Planar Loading Schematic Derivation

Controls

The 8-degree-of-freedom MTS spine simulator is equipped with a set of gimbals attached
to the upper biaxial actuator of the machine. The gimbals allow for simultaneous and
independent control of spine rotation about two orthogonal axes. Therefore, the full range of
motion of the two gimbals parameterize a half-sphere, with the inner gimbals governing one
rotation (y), and outer gimbals governing a second rotation (J3). In order to parameterize the half-
sphere, an imaginary vector was created which represents the location of the center of the spine

mounting plate, i.e. the plate to which a potted vertebral body is attached (Figure 10).
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Upper Gimbals

Position Vector {r,

Figure 10. Position vector, representing the position of the mounting plate (vertebral body) with respect
to the central axis of rotation of the two gimbals (inner and outer, i.e. flexion-extension and lateral
bending rotations).

Throughout the following derivation, the assumption is made that the end of the position vector
located at the center of the spine mounting plate approximates the position of the superior
vertebral body, as the vertebral body is rigidly attached to the mounting plate. Moreover, the
vertebral body is aligned with the axes of the plate, which in turn are aligned with the axes of the

load frame.

The position vector, defined as the vector which describes the position of the mounting
plate with respect to the central rotation axis of the gimbals, is defined by the following equation

based on Cartesian coordinates: reartesian = [sin(y); cos(y)cosp); cos(y)sin(p)].
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Note that in the above equation, when the gimbals are both in their neutral position, that
is, when
y=pF=0

, position vector points along the vertical axis of the machine, as intended:

0
Tcartesian = 1|1

0

If the gimbals were the only forms of rotation of the plate, this would be the final
equation based on the gimbals rotations. However, a third rotation is possible as the orthogonal
gimbals are rigidly connected to the upper rotational actuator. Specifically, rotation about the y-
axis can be produced through torsional rotation of the upper actuator (o). This rotation about the
y-axis, o, can be represented using the basic rotation matrix for rotation about the y-axis, Ry(a),

as follows:

cosa 0 sina
Ry (o) = 0 1 0
—sina 0 cosa

Now, incorporating the rotation about the y-axis (a), and the rotation about the x- and z-

axes due to the gimbals (B,y), the equation becomes:

cose 0 —sina siny
r=r| 0 1 0 cosycosf

sina 0 cosa llcosysinf

The final degree of freedom in the machine is translation along the y-axis, provided by
the upper actuator of the machine. This is incorporate d by adding a simple linear translation

term. The final equation then becomes:
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cosa 0 —sina siny 0
r=r| 0 1 0 cosycosf|+ |1
sina 0 cosa llcosysinf 0

Here, r corresponds to the magnitude of the position vector (i.e. distance between center
of rotation of the gimbals and the center position of the plate), the 3 x 3 matrix corresponds to the
rotation about the y-axis, the 3 x 1 matrix corresponds to rotation of the inner and outer gimbals,

, and [ corresponds to the axial translation motion of the upper actuator.

As discussed, the above equation parameterizes a half sphere governed by the three
controllable angles, a, B, and y. By combining these parameters, the position vector of the plate,
r, can describe any point of the half-sphere. Imagine now that we are viewing this problem from
the stationary, global coordinate system, given by the gimbals. In this view, therefore, the global
axes align with both the gimbals, and the anatomical axes of the spine. Because the combination
of the machine parameters o, 3 and y parameterize a half sphere, they also parameterize an
infinite amount of half-circles, that when combined together, create the imaginary half sphere.
When viewing the situation from the anatomical axes, in each two-dimensional plane, the sphere

appears as a half-circle.

For the purpose of the present section, the derivation for combined axial rotation with

flexion-extension is described.

In this case, the spine was controlled to rotate in flexion-extension, given an initial

position in space. For this, the following convention was assumed:

Flexion-Extension: Rotation about the x-axis

Lateral Bending: Rotation about the z-axis
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Axial Rotation: Rotation about the y-axis

Given an initial position, in order to create flexion, the spine was rotated along the path given by
the circle in the yz-plane (anatomical sagittal plane). Given an initial position, X,y,z, in order to
rotate the spine about the anatomical x-axis, T was rotated in the yz-plane in order to reach a new
desired position, (x’,y’,z’). Given r’, determined from the magnitude of » governed from the
points (0, 0, 0) and (X, y, z), and inputting the desired angle of flexion, 1, the new y- and z-

coordinates, y’ and z’, were determined, as follows:

y' = r'cos(n)

z' = r'sin(n)

Where,

1N = Angle in anatomical coordinate system of rotation about the x-axis mapped on the yz-

plane

r’ = magnitude of the imaginary vector drawing the radius of the circle created by

rotating about the anatomical x-axis

y’ =new desired y-coordinate

7z’ = new desired z-coordinate

Now, all three of the desired coordinates x, y’, and z’, have been determined. Notice, the x-
coordinate has not changed from the initial x-coordinate, as a rotation would occur in only the
yz-plane. Therefore, the new desired position is:

(X9 y” Z’)
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Therefore, to rotate the vector in the yz-plane by n, the position vector must rotate from
(x,y,2) to (x,y’,2’); however, 1 is not controllable by the gimbals. Instead, given these new
coordinates, 3 and y must be solved for to determine the controllable parameters to reach the
desired location. More specifically, a combination of gimbal rotations, § and y, must be
determined which would produce rotation in the sagittal plane by 1. Using the initial formulation
for the position vector, T, a system of three equations was produced based on the expansion of

the position vector equation, as follows:

cos(a) 0 sin(a) sin(y)
r=r 0 1 0 cos(y) cos(B)
—sin(a) 0 cos(a)l|cos(y)sin(B)

Following expansion, the system of equations for x, y, and z becomes,
x = rcos(a) sin(y) + rsin(a) cos(y) sin(B)
y = 1 cos(y) cos(p)
z = —rsin(a) sin(y) + rcos(a) cos(y) sin(f)
Given this system of equations, and given o, X, y’ and z’, B and y were determined.
Let
q = cos(a)

p = sin(a)

x = rqsin(y) + rp cos(y) sin(B) (1)
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y = rcos(y) cos(B)
z = —rpsin(y) + rq cos(y) sin(B)
From (3)
z + rpsin(y) = rq cos(y) sin(B)

z + rpsin(y)

cos(y) sin(p) = g

Plug into (1) and solve for y

Z+1p sin(y)l

x =rqsin(y) + rp I o

rpz  r?p?sin
pz TP )

x =rqsin(y) + " -

z rp?sin
x = rqsin(y) + %+ PT(Y)

z rp? sin
X — %=rqsin(y) + p—()/)

X — % = sin(y) Irq + —l

Lo bz
~a
p
+_
rq q

sin(y) =
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x — —
y = sin™! 7392
T
With v, plug into (2)
_ y
cos(f) rcos(y)

Now, in order to move the spine in the anatomical plane of flexion-extension by 1, the gimbals

were moved by 3 and vy.

Combined Loading Path

From the above derivations, three major components can be controlled: (1) a, B, v, (2) the
position of r, and (3) anatomical-plane movements given any initial position of the actuator.

With the combination of these controls, the combined protocol was established.

Because the superior gimbal axes rotate with rotation of the actuator, any combined
position of the superior plate of the machine is sequence independent. For example, if the
actuator is rotated by a and the superior gimbals by [, the position vector, r, would be equivalent

to the vector created when the gimbals are first rotated by B and then rotated by a.

Given the initial single plane motions, established in Single Plane Pure Moments, the
combined path was derived. For example, given a = 10° (single plane axial rotation ROM) and 3

= 10° (single plane flexion ROM), in order to create an idealized path of the combined motion, r
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can be derived for all values of a and [3, increasing each from 0° to 10°. Note that the smaller the

increment of increase, the smoother the idealized path.
For this example, imagine that 1000 points were traced, as follows:
a=1:0.01:10
p =1:0.01:10
Tpath = [xi, ¥, 2]
i =0:1000

With the above equations, the entire set of points, [X y z], along the path towards the
combined position, are known. This path was created by increasing only two parameters, o and
B. Now, in order to rotate the spine along this path by only creating anatomical movements, all
three controlled parameters, o B and y, must be controlled. Specifically, for example, once the
actuators are rotated by a, the axes of the load frame and the gimbals no longer align with the
anatomical axes of the specimen. Therefore, following rotation by o, a combination of  and y

must be applied in order to rotate in the anatomical sagittal plane by 7.

To begin the process, the spine was first flexed by a given angle, *. The position of the

spine was then defined by the following:

r (o, B*, v*) = [x1, 1, 21]

Now, the spine had to be axially rotated. In order to axially rotate the spine, the x- and z-
coordinates must change, while keeping the y coordinate constant, thus moving in the xz-plane

(axial rotation). In order to follow the combined path, the spine had to be axially rotated back
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towards the curve given by rpath. To do so, the point at which yi is equivalent to the y-coordinate
of a point along the combined path was determined. This point along the path is described by the

following:

~ A

rpath = [Q’ Y Z]

As discussed, the y-coordinate remained constant. Therefore, the above equation

becomes:

rpath = [’JZ,?,?] = [/x\'yl'i]

Then, given X, ¥4, Z, B*, and y* (remember, in this initial case, y* = 0), a can be

determined, given by the following derivation:
FORY #0,
Recall back to our original formulation of the position vector, r,

cos(0) 0 sin(a) sin(y)
0 1 0 |[cos(y)cos(B)
—sin(a) 0 cos(a)l|cos(y)sin(B)

=
Il
=

The matrix form of r can be transformed into three equations for x, y and z.

x = rcos(a) sin(y) + rsin(a) cos(y) sin(B) (1)

y = rcos(y) cos(B) 2)

z = —rsin(a) sin(y) + rcos(a) cos(y) sin(B) (3)

From (1),
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x — rsin(a) cos(y) sin(B)
r sin(y)

cos(a) =

Plugging into (3)

z = —rsin(a)sin(y) + r cos(y) sin(B) Ix — ”inii)i ;?;)(V) Sin(ﬁ)l
r cos(y) sin(fB) x
r sin(y)

B lrz sin(a) cos(y)? sin(ﬁ)zl

z = —rsin(a)sin(y) + l rsin(y)

[r cos(y) sin(B) x
7 —

2 o g s
= —rsin(a)sin(y) — IT sin(a) cos(y)* sin(B) l

rsin(y) rsin(y)
z - [COS(;):S;)W ) xl = —sin(a) [r siny + - COS(s)i/r)lz;)in(ﬁ)zl
S s B
sin(a) = — [r siny rcos?ifr)li ;;n(ﬁ)z] ¥
FORy =0,
When y =0,
x = rsin(a) sin(B)
z = 7 cos(a) sin(B)
sin(a) = y=0

rsinf’
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By rotating the actuator by «, the spine was rotated to a location along the combined

path, rpath, by rotating about the anatomical y-axis.

The above procedures were repeated continuously to cycle between the two described

Pprocesses:

1. Flexion about the anatomical x-axis
2. Axial rotation by rotating the actuator about the anatomical y-axis, and bringing the

vector back to a position that lies along the combined path, rpat.

The combined loading path was then defined, as well as a set of [a, {3, Y] that travels
along this path. These controls were programmed in the 8-dof simulator to produce combined
loading. Note that in the above example, the primary controlled motions were flexion and axial
rotation. A similar derivation was used to produce the combined loading of axial rotation and
extension, and axial rotation and lateral bending. All motions were applied until a maximum

moment of +4 Nm is applied, along any of the three anatomical axes (Mx, My, or My).

2.3.2.5 Range of Motion Measurements

Similar to Single Plane Pure Moments, all motions were continuously recorded
throughout Multi-Planar Loading using an Optotrak 3020 motion capture system (Northern
Digital Inc, Waterloo, Ontario, Canada). For Group B specimens, LED motion flags were
attached to T2, T6, T10, and T11. Total range of motion was measured, and reported as the
motion of T2 with respect to T11. Throughout loading, the motions in all planes were

simultaneously measured, that is, flexion-extension, lateral bending, and axial rotation.
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2.3.2.6 Experimental Analysis

For Multi-planar Loading, the primary outcome variables were the simultaneous flexion-
extension, lateral bending, and axial rotation ranges of motion under each of the two loading
modes, i.e. axial rotation with combined flexion-extension and axial rotation with combined
lateral bending. The motions obtained during Multi-planar Loading were compared with the
results obtained during Single Plane Pure Moments. The comparisons were made for the intact

condition, and following each of the sequential posterior releases.
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2.3.3 Intraoperative Simulation and Direct Vertebral Rotation (DVR) to Failure

2.3.3.1 Overview

Aim 4, Aim 5, Aim 6 and Aim 7 were achieved by applying simulated direct vertebral

rotation to failure to full-length human cadaveric thoracic spines.

Note that in the following intraoperative simulation, thoracic spine specimens were
loaded until failure occurred. Once all testing was complete, safe limits of DVR were
established. Then, separate analyses were performed for the results at 25%, 50%, and 75%

failure (intraoperative simulation), as well as at failure (DVR-to-Failure).

2.3.3.2 Vertebral Derotation Simulator (VDS)

Design

Design Concept

A custom-made vertebral derotation simulator (VDS) was fabricated to mount to the
upper actuator of the MTS load frame, allowing control through the existing MTS software. The
simulator was designed to simulate Direct Vertebral Rotation (DVR),%’ a popularized correction
maneuver used in combination with all-pedicle screw constructs for scoliosis correction. Based
off of the design for the clinically used apparatuses, such as the Vertebral Column Manipulator
(VCM, Medtronic, Minneapolis, MN),” the VDS enabled moment-application through pedicle
screw-vertebral body linkages in a variety of combinations, including 1-level (bilateral pedicle
screws), 2-level, 3-level, and 4-level linkages (bilateral pedicle screws at four levels, i.e.

quadrangular linkage).
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Component Design

The most basic assembly of the VDS was the single vertebral linkage bar. The linkage
bar was designed to attach bilaterally to two pedicle screws at a given level of the spine, e.g. T7.
A targeting ball-joint was first attached to each pedicle screw at the left and right side of the
spine. Then, the two targeted ball joints were linked together using an orthogonal linkage-bar,
creating a triangular linkage with the pedicle screws. An individual stainless steel pusher-bar was

then attached to this triangular linkage through which a moment could be applied (Figure 11).

a.) b.)
Figure 11. Single vertebral body connection assembly. This assembly is attached to each of 4 vertebrae.
The 4 assemblies are then linked together (See Figure 12). a.) Individual components. b.) Assembled.
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In total, four individual linkage-bars were assembled and instrumented. Once linked to
the spine at adjacent levels, the four individual linkage-bars were linked together, creating a rigid

quadrangular structure (Figure 12).

Figure 12. Custom designed vertebral derotation simulator (VDS). a.) Individual vertebral body linkage
bar with strain gauges; b.) Assembled individual linkage bar. c.) Assembled quadrangular linkage,
including 4-vertebral linkage bars joined as a rigid structure for application of applied torque.

The moment was then applied through the entire apparatus, effectively sharing the load
across four vertebral bodies and eight bone-screw interfaces (Figure 13). This allowed the
application of larger applied moments compared to single level linkages. In other words, larger
moments could be applied prior to failure of the spine. The applied moment was designed to
simulate the typical correction maneuver and forces applied clinically with the use of the DVR

devices, e.g. the VCM.
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Figure 13. Custom DVR simulator attached to the spine through each of 8 pedicle screws, creating a
quadrangular linkage. The DVR simulator is instrumented with strain gauges at each level to measure the
simulated surgical loads.

Strain Gauging

The VDS was instrumented with strain gauges to measure the real-time moments applied
through the device during loading. Specifically, strain was measured using SGD-2/350-XY 11
biaxial precision strain gauges (OMEGA Engineering, Inc., Stamford, CT), with a resistance of
350 Ohms and a gauge factor of 2.14. The strain gauges were placed in the following locations:
the left and right aspects of the each of the individual vertebral body linkage bars (8 total
gauges), and on the left and right aspects of the single bar that was used to apply the rotational

torque (2 total gauges).

As described, on each bar, two biaxial strain gauges were applied such that one measured
the tension side of the bar, and the other measured the compression side of the bar in bending.
The pair of biaxial strain gauges was wired in a single full-wheatstone bridge configuration. The

bridge was then connected to a signal conditioning box, which in turn was connected to a
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computer dedicated to the collection of the strain signals. The signal was conditioned, and

amplified at 500X for data collection.

The individual linkage bars were machined from '2” 52100 stainless steel rods. In order
to produce enough bending of the bar during moment application for changes in strain detectable
by the gauges, the bars were modified. The bars satisfied two conditions: (1) strain was detected
at small applied moments; and (2) the bar had to be able to withstand the maximum applied
moment without plastic deformation. According to previous studies, and using a quadrangular
linkage, the maximum applied moment was an average of 42.5 Nm (19.0 Nm — 61.5 Nm).?#
Therefore, in a worst case scenario where the entirety of the applied moment was applied
through only one linkage bar, the bar would need to withstand an average of 42.5 Nm prior to

plastic deformation.

For the individual linkage bars, 52100 steel 2" rods were used. These bars had an elastic
modulus, E, of 210E9 N/m?. The published yield strength of this material is 427 MPa.
Consequently, the strain at yield, &yielq 1S approximately 2030 microstrain (pg). Accordingly, in
order to withstand the worst-case moment magnitude (~42.5 Nm), each bar was machined to a 9-
mm cross section, just distal to the triangular linkage. This ensured that the bar did not yield
under maximum moment. Further, with this cross section, 100 pe was detectable at
approximately 2.5 Nm, and thus was sensitive enough to capture small changes in applied

moment.

Each strain gauge was applied to the bar using a TT300 Adhesive Kit (OMEGA
Engineering, Inc, Stamford, CT). The 9-mm cross section of the bar was first cleaned using

acetone. Then, the surface was smoothed using several steps of sanding, beginning with coarse
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grain and transitioning to a finer grain paper, completing the process with 400-grade paper. The
surface was then cleaned with a conditioner, and neutralized. The strain gauges were then
applied to the cross section of the bar using a resin compound, and cured for 3 hours at 100° C.
The process was designed to ensure sensitivity of the gauge in detecting small strains, and to

ensure strong adhesion for the duration of the experiments.

Once installed and set, the strain gauges and corresponding lead wires were protected
using 3140 RTV coating, a room temperature curing silicone rubber (Dow Corning, Midland,

MI).

The strain gauges were wired to a circuit such that they measured maximum compression
and tension strains from bending loads on each bar. From these strains, the applied rotational

torque on the spine was both calculated and calibrated.

2.3.3.3 Load Frame

All loading was performed in the 8-dof MTS spine simulator. Unlike the protocols for
Single Plane Pure Moments and Multi-planar Loading, the upper gimbals were not attached to
the MTS machine for the Intraoperative Simulation. As the torsional moment was applied
through the custom-designed VDS, the upper gimbals were removed. The lower gimbals,

however, remained attached and active for specimen positioning (Figure 14).
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Figure 14. Representative photo of Simulated DVR experimental setup, with the upper gimbals removed,
the lower gimbals engaged, and the DVR simulator attached to the upper actuator.

A 2-dof axial-torsional load cell (MTS Systems, Eden Prairie, MN) mounted on the base
of the MTS load frame just below the bottom gimbals was used to control the main actuator and
in turn, the VDS simulator. The load cell had an axial capacity of 25,000N and a torsional

capacity of 250Nm.

2.3.3.4 Loading Protocol

Each specimen was mounted in the VDS simulator in an upright, vertical position, with
the inferior-potted vertebrae attached to the bottom gimbals. The specimen was aligned such that

the axes of the T10-T11 disc space coincided with the axes of the MTS load frame. Then, the
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MTS was programmed to apply a torsional moment through the VDS, simulating a typical
correction maneuver. The MTS was programmed to apply a ramping, step-wise moment.
Specifically, motion was applied at a rate of 0.5°/s to 4 Nm increments, until failure. At each 4
Nm increment, a 5 second hold was applied, allowing for viscoelastic effects. This process was
continued until failure occurred. Failure was defined as a quick, drastic drop in the moment-

rotation curve, creating an inflection point at the maximum moment.

The simulator measured the simulated surgical loads via strain gauges mounted on every
linkage throughout the DVR simulator. Specifically, and as discussed previously, biaxial
precision strain gauges (OMEGA Engineering, Inc., Stamford, CT) were applied to four bars
attached at each of the T7, T8, T9, and T10 vertebral pedicle screws, as well as to a bar through
which the torsional moment is transferred to the quadrangular linkages. The strain gauges were
calibrated to measure the compression and tension strains throughout simulated DVR, which

were then used to determine the applied load simulating a surgeon’s maneuvers.

2.3.3.5 Measurements

Range of Motion

All motions were recorded using the optical motion tracker, as described previously.

Local ROMrio.111 was recorded and measured continuously throughout the DVR simulation.

Intervertebral Disc Moment (T10-T11)

Throughout the VDS simulation, the moments of the T10-T11 disc were approximated by
the axial-torsional load cell mounted at the base of the MTS machine, just inferior to the potted

T11-T12 vertebrae.
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Strain in the VDS

The strain in the VDS was continuously measured throughout loading in each of the five

strain gauge locations.

2.3.3.6 Statistical Analyses

The primary input variable was applied moment. The primary outcome variables were
strain in the VDS, axial rotation local ROMrio-111 at failure, and moment at failure. Statistical
measures, including mean, median, minimum, and maximum were used to establish the failure
characteristics of the human thoracic spine at T10-T11 for each of the outcome variables.
Additionally, a correlation analysis was performed to quantify the relationship between torsional

failure strength and thoracic bone density.

For the intraoperative simulation, several statistical tests were performed. Paired-samples
t tests were performed to compare the increase in motion at 25%, 50%, 75%, and 100% torsional
strength to the increase in motion at the typical in-vitro loading magnitude of 4 Nm. Separate ¢

tests were performed for the raw-motion increases and the normalized motion increases.

In addition to the statistical tests described above, one-sample t-tests were performed to
compare the failure moments (applied moment and intervertebral disc moment) with the
purported clinical torque of 100 Nm, as well as the reported failure strengths of the spine in

torsion®** and the bone-screw interfaces under DVR-type loading.'4**%
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2.4 Supplemental Analyses

2.4.1 Overview

Aim 8 was achieved by evaluating the results derived from the above described
biomechanical tests as a function of intervertebral disc health. Aim 9 was achieved by
performing a systematic review of the previous literature reporting on the range of motion of

intact cadaveric thoracic spine specimens.

2.4.2 Radiographic Analysis of Degeneration

Each of the radiographs of the specimens in Group B and Group C were classified
according standard intervertebral disc degeneration grading criteria established by Mimura et
al."® and Lane et al.*** to evaluate the intervertebral disc health of each specimen. The
classification by Mimura et al. included a 1-4 grading system based on changes in disc height,
osteophytes formation, and endplate sclerosis (Table 4). The classification by Lane et al.

included a 0-3 grading system based on joint space narrowing, osteophytes, and sclerosis (Table

5).
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Table 4. X-Ray grading system proposed by Mimura et al.'*

Disc Height Changes
Score (% of adjacent discs) Osteophyte Formation* Endplate Sclerosis
0 None (Normal) 0 points None
1 > 75% (Mild) 1-4 points Either endplate
2 > 50% (Moderate) 5-8 points Both endplates
3 > 25% (Severe) 9-12 points
4 <25% (Very Severe) 13-16 points

*Sum of points (< 3mm = | point; > 3mm = 2 points) on 8 Edges: lateral left, lateral right,
anterior, posterior edge of superior and inferior vertebral bodies

Intervertebral disc grade determined by the sum of the scores for each of the three
categories (Disc Height Changes, Osteophyte Formation, and Sclerosis)

Grade 1:  Score =0-1.5

Grade 2:  Score =2-3.5

Grade 3:  Score =4-6

Grade4:  Score> 6

Table 5. X-Ray grading system proposed by Lane et al.?>*
Score Joint Space Narrowing Osteophytes Sclerosis
0 None None None
1 Definite (mild) narrowing Small Present
2 Moderate Moderate
3 Severe (complete loss of joint space) Large

Grade 0 Normal (0 for Joint Space Narrowing and Osteophytes)

Grade 1 Mild (1) Joint Space Narrowing or Mild (1) Osteophytes

Grade 2 Moderate-severe (2-3) Joint Space Narrowing and/or moderate-severe (2-3)
Osteophytes

In addition to the radiographic analyses, specimens in Group C were also graded
according to the MRI-based degeneration scoring system developed by Pfirrmann et al.*>* The

scoring system is based on an I-V scoring system.

Following radiographic analysis, outcome variables measured in Group B and Group C
for each experiment were correlated with intervertebral disc health, according to grade. The
Spearman correlation coefficient was determined, and coefficients greater than 0.5 associated

with a p-value of less than 0.05 were considered significant. For the outcome variables which
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were significantly correlated with x-ray graded degeneration, the above described t-tests and

ANOVAs were repeated following grouping the specimens on the basis of disc health.

2.4.3 Histological Analysis of Degeneration

Following biomechanical testing, histological analysis of intervertebral discs in Group B
and Group C was performed. The desired motion segment(s) from each specimen was extracted
by transversely sectioning the segment using a water-cooled band saw (EXAKT, Gottingen,
Germany), equipped with a 0.3 mm thick cutting band. For specimens in Group B and Group C,
the T10-T11 motion segments were extracted. Each motion segment was sectioned in the sagittal
plane to obtain two-3mm sagittal slices. The sagittal disc specimens were prepared and stained
with hematoxylin and eosin (H&E). All slides were evaluated under light microscopy and

polarized light.

Each of the stained sections were graded using a modified 0-10 point scoring system
developed by Rutges et al.'*” The scoring system was based on endplate changes, the
morphology of the annulus fibrosus and nucleus pulposus, the boundary between the annulus and

nucleus, cellularity of the nucleus, and the organization of the nucleus matrix (Table 6).
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Table 6. Modified histological (microscopic) grading system proposed by Rutges et al.'¥

Boundary Between

Annulus Fibrosus  Nucleus
Annulus Fibrosus and Nucleus Pulposus Nucleus Pulposus
Score Endplate Morphology Pulposus Cellularity Matrix
Well-organized,
Homogeneous half ring-shaped Clear boundary Normal Well-organized
structure; regular structure, collagen between AF and cellularity; no structure of nucleus
0 thickness lamellae NP tissue cell clusters matrix
Slight irregularity
with limited Mixed
number of Partly ruptured Boundary less cellularity;
microfractures and  annulus fibrosus;  clear; loss of normal pattern Partly disorganized
locally decreased loss of half ring- annular-nuclear with some cell structure of nucleus

thickness

Severe irregularity
with multiple
microfractures and
generalized
decreased thickness

shaped structure

Completely
ruptured annulus
fibrosus; no intact
half ring-shaped
collagen lamellae

demarcation

No distinguishable
boundary between
AF and NP tissue

clusters

Mainly
clustered
cellularity,
chondroid nests
present

matrix

Complete
disorganization and
loss of nucleus
matrix

Total score determined by the sum of the scores for each of the 5 categories: Endplate, Annulus Fibrosus
Morphology, Boundary Between Annulus Fibrosus and Nucleus Pulposus, Nucleus Pulposus Cellularity, and
Nucleus Pulposus Matrix

Similarly to the analysis for radiographic grading, following histological analysis,

outcome variables measured in Group B and Group C for each experiment were correlated with
intervertebral disc health, according to histological degeneration grade. The Spearman
correlation coefficient was determined, and coefficients greater than 0.5 associated with a p-
value of less than 0.05 were considered significant. For the outcome variables which were
significantly correlated with histologically graded degeneration, the above described t-tests and

ANOVAs were repeated following grouping the specimens on the basis of disc health.

2.4.4 Establishing Typical Thoracic Spine Range of Motion

2.4.4.1 Systematic Search

A systematic MEDLINE search was performed to identify in-vitro thoracic spine

biomechanics studies which evaluated thoracic spine ROM. Specifically, a MEDLINE search
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was performed using the search terms “thoracic spine”, “motion”, and “cadaver”. All of the
abstracts yielded from the above search terms were reviewed to identify articles of interest.
Articles which performed biomechanical testing on thoracic spine specimens were identified, and
the full manuscripts were reviewed. In order to ensure that no articles were missed using the
above search terms, the references cited by all of the identified articles were also reviewed.
Finally, once an article was identified and chosen for inclusion in this study, the ‘Related
Citations’ option of PubMed was used to identify any additional articles missed by the initial

search criteria and/or the references of the included articles.

Only studies which reported the ROM of intact human cadaveric thoracic spines were
included. Studies reporting thoracic ROM only after simulated injury or treatment were
excluded. Studies involving only cervical or lumbar motion segments were excluded.
Additionally, studies performing biomechanical testing on non-human specimens, e.g. canine
specimens, were also excluded. Clinical studies and computational studies were excluded as

well.

Within the potential articles, there were instances where a group of authors published
multiple articles, each of which reported the same intact motion data from the same groups of
specimens. In these cases, only the article with the most comprehensive reporting of the intact

ROM data was included.

2.4.4.2 Extracted Variables

Once the relevant articles were identified, each was reviewed, and the relevant
independent and dependent variables were extracted. Specifically, the independent variables

extracted included the tested motion segments (e.g. T1-T2 or T4-T7), number of specimens,
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specimen age, presence of ribcage (yes or no), type of loading (e.g. pure moment, cantilever
bending, or 4 point bending), preload, type of loading control (i.e. displacement or moment),
loading rate, and maximum bending moment (or load) in each direction, that is, flexion-
extension, lateral bending and axial rotation. These variables were extracted to assess the trends

in employed biomechanical testing methods.

The dependent variables extracted from each study were the ranges of motion in each
reported anatomical plane: flexion-extension, lateral bending, and/or axial rotation. All ROM
data extracted measured in degrees was included. For studies which only reported mean motions
in unilateral/unidirectional directions, e.g. mean flexion ROM and mean extension ROM, the
means were summed to provide average values for bilateral/bidirectional motions, e.g. flexion-
extension ROM. Means and standard deviations were extracted. In few cases, only medians were
reported, and this data was recorded separately. For those studies which reported raw motion
measurements for each individual specimen, means and standard deviations were calculated.
Only data which was clearly reported was used. Finally, in studies which report did not report the

motions in the text or in tables, the values were extracted from the corresponding graphs.

2.4.4.3 Segmental Motion Estimation

As the studies tested different levels of the spine, e.g. T1-T12, T2-T5, or T4-T12, and
many of them reported multi-segment motion, e.g. T1-T12 motion as opposed to the motion at
each segment, the reported motions were used to approximate single level motions. Specifically,

the reported motions were divided by the number of motion segments included in the
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measurement. Then, the single level values were used as approximations of motion for each of

the individual levels.

For example, if the reported T1-T12 ROM was 44°, the total motion was divided by 11
motion segments. In turn, the single level estimated motion would be 4° per level. In this case, an
entry was made for each of the 11 motion segments, e.g. T1-T2, T2-T3, ..., and T11-T12, each
with a motion of 4°. This approximation was necessary in order to maximize the number of

studies that were included.

Segmental motions were estimated for all studies which (1) applied loading to thoracic
spines without the ribcage intact, and (2) reported bilateral/bidirectional ROM (e.g. flexion-

extension) or both unilateral/unidirectional motions in a given plane (e.g. flexion and extension).

2.4.4.4 Statistical Analyses

All statistical analyses were performed using SPSS 19.0 statistical software (IBM,
Armonk, NY). The median, minimum, and maximum values of the estimated segmental motions
among the studies were reported. High-low plots were used to visually represent the spread in the
estimated segmental motions. Additionally, for studies which applied standard pure moment
testing to cadaveric thoracic specimens without the ribcage and reported ROM means and
standard deviations, pooled means and pooled standard deviations were calculated based on the
range of motion for each of the estimated motion segments (T1-T2, T2-T3..., and T11-T12) in

each of the three loading directions: flexion-extension, lateral bending, and axial rotation.

The above analysis served as a context of discussion for the results derived from the

biomechanical testing described in the proposed work.
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3 Results
3.1 Single Plane Pure Moments
3.1.1 Group A

3.1.1.1 Summary of Results

The results from the Single Plane Pure Moment testing of Group A specimens were
published previously (Appendix A),?® and reported as they pertain to the present work below.
Single Plane Pure Moments were applied to each of the n=7 hemi-thoracic spine specimens to
produce flexion-extension, lateral bending, and axial rotation, to a maximum of 6 Nm. During
testing, two specimens fractured during the intact testing. Consequently, these two fractured
specimens were excluded, and the analysis was based on the n=5 specimens which survived the
entirety of the testing protocol. Three of these specimens were lower hemi-thoracic segments, i.e.
T7-T12, and two were upper hemi-thoracic segments, i.e. T1-T6. As described in the Materials
and Methods section, for the specimens in Group A, ROMroraL was defined as the motion
across the hemi-thoracic segment, that is, T2-T5 ROM or T8-T11 ROM. For each loading
direction, i.e. flexion-extension, lateral bending, and axial rotation, a moment-rotation hysteresis

curve was produced (Figure 15).
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Figure 15. Representative moment-rotation hysteresis curve from the pure moment testing of the
cadaveric thoracic spine specimens. Range of motion (ROM) is calculated as the differences between the

endpoints of the hysteresis loop.

Overall, intact ROMroTar Was largest in axial rotation, with an average ROMrotar of
10.6°+7.2°, compared to either flexion-extension or lateral bending. Specifically, the average
intact ROMrorar was 5.7°+4.9° in flexion-extension and 7.9°+5.7° in lateral bending. The three
sequential posterior destabilizations, i.e. Ponte osteotomies, had a clear effect on thoracic ROM
in flexion-extension and axial rotation, producing additive increases following each sequential

release. In lateral bending, while each sequential release provided additive increases, the

magnitudes of these increases were negligible.
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3.1.1.2 Changes in Flexion-Extension

The changes in flexion-extension ROMroraL were calculated as a function of sequential
posterior releases, with the increases measured with respect to the intact condition. ROMroTaL
increased following each sequential release, i.e. each Ponte osteotomy, with increases ranging
from -0.2° to 2.6° for each individual release. As discussed, each osteotomy provided additive
increases in ROMrotar, with the ROMroraL increasing from 5.7° + 4.9° intact, to 6.5° + 5.6°
(p=0.08), 7.6° = 6.5° (p=0.07), and 8.5° + 7.3° (p=0.09) following one, two, and three
osteotomies, respectively (Table 7). Note that the p-values correspond to the comparison of the

ROMroraL following each sequential release with the ROMroraL in the intact condition.

Table 7. Flexion-Extension Range of Motion (Degrees) across Thoracic Spine Segment (T2-T5, or

T8-T11)%®
Flexion-Extension (Degrees)
Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 5.7 (4.9) 6.5 (5.6) 7.6 (6.5) 8.5(7.3)
Range 1.0-11.0 1.5-13.1 1.7-15.6 1.6-18.2

p=0.08 |
p=0.07

p=0.09

In addition to the raw increases in ROMroraL, reported in degrees, increases in motion
were also analyzed as a ratio. Specifically, ROMroraL increases were analyzed as a % increase
compared to the intact condition. Compared to the intact condition, flexion-extension ROMTtotaL
increased by 20% = 16% (p=0.05), 41% + 24% (p=0.02), and 54% + 33% (p=0.02), following
each osteotomy (Figure 16). The total increase following the three sequential osteotomies ranged

widely, ranging from 14% to 101%.
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Figure 16. Increase (%) in total hemi-thoracic flexion-extension range of motion as a function of
sequential Ponte osteotomies compared to the intact condition.

Coupled motions were small during flexion-extension loading, with intact coupled
motions of 0.7° + 0.5° in lateral bending and 0.9° + 1.3° in axial rotation. Following osteotomy,

average changes in coupled motions were less than 0.3°.

3.1.1.3 Changes in Flexion

In addition to analyzing the flexion-extension ROMroraL, flexion and extension were
evaluated separately due to the asymmetric anatomy in the anterior and posterior columns of the
spine. Specifically, in extension, the motion of the spine is resisted primarily by the anterior disc

space and the anterior longitudinal ligament. Alternatively, in flexion, the motion of the spine is

1
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resisted primarily by the posterior disc space, the posterior longitudinal ligament, and the
posterior column ligaments such as the ligamentum flavum, the facet capsular ligaments, and the

supraspinous and interspinous ligaments.

The changes in flexion ROMTtoTAL Were calculated as a function of sequential posterior
releases, with the increases measured with respect to the intact condition. ROMToTAL increased
following each sequential release, with increases ranging from -0.1° to 1.6° for each individual
release. Each osteotomy provided additive increases in ROMrotar, with the ROMroTtaL
increasing from 2.7 + 1.9° intact, to 3.2° + 2.3° (p=0.11), 3.9° + 2.8° (p=0.05), and 4.4° + 3.2°
(p=0.07) following one, two, and three osteotomies, respectively (Table 8). Note that, once
again, the p-values correspond to the comparison of the ROMroraL following each sequential

release with the ROMTortaL in the intact condition.

Table 8. Flexion Range of Motion (Degrees) across Thoracic Spine Segment (T2-T5, or T8-T11)*

Flexion (Degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 2.7(1.9) 32(2.3) 3.9(2.8) 4.4 (3.2)
Range 0.5-53 1.1-59 1.1-7.1 1.1-7.9
p=0.11 ‘
p =0.05
p=0.07

Similar to the raw motion increases, there was additive percentage increases in
ROMroraL with each posterior release, compared to the intact condition. Specifically, compared
to the intact condition, flexion ROMrotaL increased by 33% + 44% (p=0.17), 56% + 38%
(p=0.03), and 69% = 39% (p=0.02), following one, two, and three osteotomies, respectively
(Figure 17). The total percentage increase in ROMrtoraL following the completion of all three

osteotomies ranged from 24% to 115%.
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Figure 17. Increase (%) in total hemi-thoracic flexion range of motion as a function of sequential Ponte
osteotomies compared to the intact condition.

3.1.1.4 Changes in Extension

The changes in extension ROMTtotar were calculated as a function of sequential posterior
releases, with the increases measured with respect to the intact condition. Compared to the
changes in flexion ROMroraL, increases in extension ROMToTar Were smaller in magnitude.
Specifically, in extension, ROMrorar increased following each sequential release, with increases
ranging from -0.2° to 1.5° for each individual release. Each osteotomy provided additive
increases in extension ROMrorar, with the extension ROMrtotar increasing from 3.0 + 3.1°

intact, to 3.3° £ 3.4° (p=0.16), 3.7° + 3.7° (p=0.09), and 4.1° + 4.2° (p=0.13) following one, two,
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and three osteotomies, respectively (Table 9). Note that, once again, the p-values correspond to
the comparison of the extension ROMrtotaL following each sequential release with the extension

ROMrortaL in the intact condition.

Table 9. Extension Range of Motion (Degrees) across Thoracic Spine Segment (T2-T5, or T8-T11)?®

Extension (Degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 3.03.1) 3334 3.73.7) 4.1 (4.2)
Range 0.5-7.1 04-76 0.6-8.8 04-103
p=0.16 ‘
p=0.09
p=0.13

Similar to the raw motion increases, the percentage increases in extension ROMroraL
were smaller than those in flexion. Specifically, compared to intact specimens, extension
ROMroraL increased by 12% + 32% (p=0.44), 34% + 38% (p=0.12), and 56% =+ 95% (p=0.26)
following each of the three sequential osteotomies, respectively (Figure 18). While the mean
percentage increases in extension motion were smaller than those reported in flexion, the
maximum percentage increase was larger. Specifically, the maximum total percentage increase
in extension ROMroraL following the completion of all three osteotomies was 223%, compared

to only 115% in flexion.

140



300

250

b
=
(=]

—
N
(=]

(% Compared to Intact)

Increase in Extension ROM

50 -

Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte

Figure 18. Increase (%) in total hemi-thoracic extension range of motion as a function of sequential Ponte
osteotomies compared to the intact condition.

3.1.1.5 Changes in Lateral Bending

The changes in lateral bending ROMroraL were calculated as a function of sequential
posterior releases, with the increases measured with respect to the intact condition. Compared to
either the increases in flexion-extension ROMrtoraL or axial rotation ROMrTortAL, the increases in
lateral bending ROMroTaL were smaller. Therefore, the sequential posterior releases had little to

no effect on lateral bending ROMrorAaL.

Lateral bending ROMTotaL increases ranged from 0.1° to 0.5° following each individual

release. Average changes in lateral bending ROMrortar were small compared to the intact
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condition. Specifically, lateral bending ROMtotaL increased from 7.9° + 5.7° intact, to 8.1° +
5.9° (p=0.16) and 8.3° + 6.0° (p=0.07) following one and two osteotomies, respectively (Table
10). Average lateral bending ROMroraL remained the same following the 3™ osteotomy, as
compared to the average ROMroraL following the 2™ osteotomy. The reported p-values
correspond to the comparisons of the lateral bending ROMrotar following each osteotomy as

compared to the intact condition.

Table 10. Lateral Bending Range of Motion (Degrees) across Thoracic Spine Segment (T2-T5, or T8-
T11)*

Lateral Bending (Degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 7.9 (5.7) 8.1(5.9) 8.3 (6.0) 8.3 (6.0)
Range 1.6-14.8 1.5-153 1.5-15.5 1.5-154
p=0.16 ‘
p=0.07
p=0.07

Similar to the raw increases in lateral bending motion, the percentage increases in lateral
bending ROMToTAL Were small, as compared to the intact condition. Specifically, as compared to
intact, the lateral bending ROMroraL increased by 2% + 6% (p=0.43) following the three
osteotomies (Figure 19). The maximum percentage increase in lateral ROMrotaL following the

completion of the three osteotomies was only 8%.
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Figure 19. Increase (%) in total hemi-thoracic lateral bending range of motion as a function of sequential
Ponte osteotomies compared to the intact condition.

Similarly to flexion-extension loading, coupled motions were small during lateral
bending loading, with intact coupled motions of 1.0° + 0.7° in flexion-extension and 1.0° + 0.5°

in axial rotation. Following osteotomy, average changes in coupled motions were less than 0.3°.

3.1.1.6 Changes in Axial Rotation

The changes in axial rotation ROMroTar were calculated as a function of sequential
posterior releases, with the increases measured with respect to the intact condition. Overall,

increases in axial rotation ROMroTaL were smaller than those in flexion-extension, but
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substantially larger than those in lateral bending. Similar to flexion-extension, as well as the
individual analyses of flexion and extension, axial rotation ROMrotaL increased following each

sequential posterior release.

Specifically, axial rotation ROMrToraL increases ranged from 0.1° to 2.8° following each
individual release. The maximum increase in axial rotation ROMrotaL of 2.8° exceeded the
maximum increases in flexion, extension, and lateral bending. Similar to flexion-extension, there
was an additive effect of the sequential posterior releases on the axial rotation motion.
Specifically, average axial rotation ROMroraL increased from 10.6° + 7.2° in the intact
condition, to 11.7° + 8.2° (p=0.08), 12.8° + 9.0° (p=0.07), and 13.8° £ 9.1° (p=0.04) following
one, two, and three osteotomies, respectively (Table 11). The reported p-values correspond to the
comparisons of the axial rotation ROMrTotaL following each osteotomy as compared to the intact

condition.

Table 11. Axial Rotation Range of Motion (Degrees) across Thoracic Spine Segment (T2-TS5, or T8-
T11)*#

Axial Rotation (Degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 10.6 (7.2) 11.7 (8.2) 12.8 (9.0) 13.8 (9.1)
Range 34-19.7 39-222 4.1-23.6 43-239
p=0.08
p=0.07
p=0.04

Like the raw increases in axial rotation ROMroraL, the percentage increases in axial
rotation ROMrotaL were a function of each sequential osteotomy. Specifically, compared to the
intact condition, axial rotation ROMTotaL increased by 9% = 6% (p=0.02), 20% = 7% (p<0.01),

and 34% =+ 20% (p=0.02) following each of the three sequential osteotomies, respectively
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(Figure 20). The total percentage increase in axial rotation ROMroraL following the completion

of all three posterior releases ranged from 16% to 64%.
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Figure 20. Increase (%) in total hemi-thoracic axial rotation range of motion as a function of sequential
Ponte osteotomies compared to the intact condition.

Coupled motions during axial rotation loading were small in flexion-extension rotation,
with intact coupled flexion-extension of 0.8° = 0.6°. Coupled lateral bending rotation was larger,
with average coupled lateral bending of 2.0° & 2.4°. Following osteotomy, average changes in

coupled motions were less than 0.2°.
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3.1.2 Group B

3.1.2.1 Summary of Results

The Single Plane Pure Moment results of the specimens in Group B were published
previously (Appendix A),?*° and are reported as they pertain to the present work below. Single
Plane Pure Moments were applied to each of the n=10 full-length human cadaveric thoracic
spine specimens to produce flexion-extension, lateral bending, and axial rotation, to a maximum
of £4 Nm. The first specimen of Group B was tested on multiple non-consecutive days over
several hours, with several freeze-thaw cycles. Consequently, this specimen was excluded, and
the analysis was based on the remaining n=9 specimens. These n= 9 specimens were all tested
under the full protocol without incidence. As described in the Materials and Methods section, for
the specimens in Group B, ROMtoraL was defined as the motion of T2 with respect to T11. In

addition to ROMroraL, the T6-T10 motion was also analyzed, denoted by ROMre.T10.

Overall, the Single Plane Pure Moment testing of Group B produced similar increases in
flexibility following the sequential osteotomies as specimens in Group A. Despite Group B
including full-length specimens, and despite applying a smaller maximum moment, i.e. 4Nm
compared to 6Nm, the osteotomies had a similar effect. In addition, beyond the analysis provided
in Group A, for specimens in Group B, the effects of the osteotomies were compared to the
routinely used total facetectomies, a less invasive, more commonly used procedure. Overall, the
four supplemental osteotomies provided significant increases in ROMroraL beyond that provided
by the routinely performed total facetectomies in flexion-extension, lateral bending, and axial

rotation (Figure 21). Similar to the specimens in Group A, even in the most destabilized
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condition, i.e. after 9 total facetectomies and 4 supplemental osteotomies, the increases in

ROMroraL were smallest in lateral bending, with less than 10% overall increase in ROMToTAL.
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Figure 21. Summary of Group B Specimens. % Increase in total T2-T11 range of motion (ROM),
compared to the intact total ROM, following bilateral total facetectomies, and each of four sequential
Ponte osteotomies.?

1 Bilateral total facetectomies compared to intact (p<0.05) (Paired-samples t-tests)

i Ponte osteotomies compared to bilateral total facetectomies (p<0.05) (Paired-samples t-tests)

3.1.2.2 Changes in Flexion-Extension

Similar to Group A, changes in flexion-extension ROMroraL were calculated as a
function of the five sequential posterior release combinations, with the increases measured in two
ways. First, the increases were measured after each release with respect to the intact condition.
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Second, the increase following each supplemental osteotomy was calculated with respect to the

total facetectomy condition.

Following each posterior release, on average, flexion-extension ROMrtorar increased. Of

these, the largest increases were seen after the total facetectomies (Figure 22).
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Figure 22. Increase in Flexion-Extension following each posterior release, compared to Intact.

On average, the 9 bilateral total facetectomies produced an increase in flexion-extension
ROMrortAL, increasing from 21.5° £+ 11.5° intact to 23.6° + 12.8° following the total
facetectomies (p=0.02). Each sequential, supplemental osteotomy then provided additive

increases in flexion-extension ROMroraL, increasing to 24.9° + 13.5° (p<0.01), 25.8° + 14.0°
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(p<0.01), 26.9° + 14.8° (p<0.01), and 27.3° £+ 15.0° (p<0.01) following the supplemental
osteotomies at T7-T8, T8-T9, T6-T7, and T9-T10, respectively. It should be noted that the
standard deviations in extension were larger than those in flexion. Note that the p-values
correspond to the comparison of the ROMrorarL following each sequential posterior release with

the ROMrToraL 1n the intact condition.

Compared to the total facetectomies, each supplemental osteotomy provided significant

increases in flexion-extension ROMrorar (p<0.01) (Figure 23).
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Figure 23. Increase in Flexion-Extension ROM following each of 4 sequential Ponte osteotomies,
compared to Facetectomies.
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Additionally, each osteotomy provided significant increases in motion beyond that
provided by the preceding release. Specifically, the 2™ osteotomy provided significant increases
in flexion-extension ROMrotaL as compared to the 1%t osteotomy (p<0.01), the 3™ provided
significant increases compared to the 2" (p<0.01), and the 4™ provided significant increases

compared to the 3™ (p=0.02).

Similar to the raw motion results, there were additive percentage increases in flexion-
extension ROMrtotaL following the total facetectomies, as well as each of the supplemental
osteotomies, as compared to the intact condition (Table 12). Specifically, compared to the intact
condition, flexion-extension ROMroraL increased by 8% + 8% following facetectomies
(p=0.01). Each osteotomy then provided additive increases. Specifically, following the 4
supplemental osteotomies, flexion-extension ROMroraL increased by 14% + 7% (p<0.01), 18%
+ 8% (p<0.01), 22% = 10% (p<0.01), and 24% + 11% (p<0.01), respectively, and compared to
the intact condition. The total percentage increase in ROMroraL following the completion of the

total facetectomies and the four supplemental osteotomies ranged from 8%-39%.

In addition to the increases compared to the intact condition, each osteotomy provided
significant increases in normalized flexion-extension flexibility, as compared to the total
facetectomies (p<0.01). In addition, each additional osteotomy had a significant effect compared
to the previous. Specifically, the 2-level osteotomy provided significant percentage increase in
flexion-extension ROMTtoTaL compared to the 1-level osteotomy (p=0.01), the 3-level provided
significant increases beyond the 2-level osteotomy (p<0.01), and the 4-level osteotomy provided

significant increases beyond the 3-level (p=0.01).
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Table 12. Flexion-Extension - Ratio to Intact (T2-T11)

Flexion-Extension

Measure Intact TF 1-Level Ponte  2-Level Ponte  3-Level Ponte  4-Level Ponte
Mean (SD) 1.00 (0) 1.08 (0.08) 1.14 (0.07) 1.18 (0.08) 1.22 (0.10) 1.24 (0.11)
Range 1.00-1.00 0.97-1.22 1.06-1.26 1.06-1.31 1.06-1.38 1.08-1.39
Intact TF 1-Level Ponte  2-Level Ponte  3-Level Ponte  4-Level Ponte
Intact X p=0.01 p<0.01 p<0.01 p<0.01 p<0.01
Facetectomies p<0.01 p<0.01 p<0.01 p<0.01
1-Level Ponte X p=0.01 p<0.01 p<0.01
2-Level Ponte X p<0.01 p<0.01
3-Level Ponte X p<0.01
4-Level Ponte X

TF, Total Facetectomies; Ponte, Ponte Osteotomy; SD, Standard Deviation

In order to isolate the effects of the total facetectomies as compared to the osteotomies,

an additional analysis was performed. Specifically, the increases in ROMrTs.110 Were analyzed

before and after two four-level release: 4-level bilateral total facetectomies (first release), and

following 4-level Ponte osteotomies (fifth and final release). Overall, ROMr¢.T10 increased

following each release, with a larger effect due to the osteotomies as compared to the

facetectomies. Specifically, ROMre.T10 increased, on average, by 0.6°+0.7° following 4 bilateral

total facetectomies, compared to the intact condition (p=0.05). In comparison, following the 4

sequential Ponte osteotomies, larger increases were seen, with ROMre.110 increasing by an

additional 2.2°+1.7° (p<0.01).
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3.1.2.3 Changes in Flexion

Once again, due to the asymmetrical anatomy of the anterior and posterior columns of the
spine, flexion and extension were subsequently analyzed separately. Similarly to the specimens
in Group A, changes in flexion ROMrorar were calculated as a function of the five sequential
posterior release combinations, with the increases measured in two ways. First, the increases
were measured after each release with respect to the intact condition. Second, the increase
following each supplemental osteotomy was calculated with respect to the total facetectomy

condition.

Flexion ROMrortaL increased following each posterior release, with the largest increase
provided by the osteotomies. Specifically, the maximum increase following the total

facetectomies was 1.6°, while each osteotomy provided a maximum increase of 1.8° (Figure 24).
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Figure 24. Increase in Flexion following each posterior release, compared to Intact.

The 9-bilateral total facetectomies produced an increase in flexion ROMroraL, increasing
from 11.3° + 5.8° intact to 11.8° + 6.2° following the facetectomies (p=0.23). Each sequential
Ponte osteotomy provided additive increases in flexion ROMTotaL, increasing to 12.6° = 6.6°
(p=0.02), 13.2° £ 6.9° (p=0.01), 13.7° + 7.2° (p<0.01), and 14.1° + 7.5° (p<0.01) following the
supplemental osteotomies at T7-T8, T8-T9, T6-T7, and T9-T10, respectively. Note that the p-
values correspond to the comparison of the ROMroraL following each sequential posterior

release with the ROMrtoraL in the intact condition.
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As compared to the total facetectomies, each osteotomy provided significant increases in

flexion ROMrotaL (p<0.01) (Figure 25).
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Figure 25. Increase in Flexion following each sequential osteotomy, compared to Facetectomies.

In addition, the first 3 sequential osteotomies each provided significant supplemental
increase beyond the previous condition. Specifically, the 2" osteotomy provided significant
increase beyond that provided by the 1 osteotomy (p=0.01), and the 3™ provided significant
increases beyond that provided by the 2™ (p<0.01). The 4™ osteotomy, however, provided

smaller raw motion increases compared to the 3™ osteotomy (p=0.07).
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Similar to the raw increases in flexion ROMTotaL, there was additive percentage
increases in ROMrtortaL following the total facetectomies, as well as each of the supplemental
osteotomies, as compared to the intact condition (Table 13). Specifically, compared to the intact
condition, flexion ROMroTaL increased by 3% + 8% following facetectomies (p=0.23).
Following the 4 supplemental osteotomies, flexion ROMroraL increased by 13% +11% (p=0.01),
19% = 14% (p<0.01), 23% = 16% (p<0.01), and 26% + 19% (p<0.01), respectively, and
compared to the intact condition. The maximum total percentage increase in ROMrortaL
following the completion of the total facetectomies and the four supplemental osteotomies was

65%.

Compared to the total facetectomies, each supplemental osteotomy provided significant
increases in normalized flexion ROMrotaL (p<0.01). Additionally, the 2-level and 3-level
osteotomies provided significant increases beyond the previous condition (p<0.01). However, in
flexion, the 4-level osteotomy did not provide a significant increase in flexibility as compared to

the 3-level osteotomy (p=0.22).

155



Table 13. Flexion - Ratio to Intact (T2-T11)

Flexion

Measure Intact TF 1-Level Ponte  2-Level Ponte  3-Level Ponte  4-Level Ponte
Mean (SD) 1.00 (0) 1.03 (0.08) 1.13 (0.11) 1.19 (0.14) 1.23 (0.16) 1.26 (0.19)
Range 1.00-1.00 0.87-1.11 0.94-1.28 0.95-1.47 0.97-1.55 0.92-1.65
Intact TF 1-Level Ponte  2-Level Ponte  3-Level Ponte  4-Level Ponte
Intact X p=0.23 p=0.01 p<0.01 p<0.01 p<0.01
Facetectomies p<0.01 p<0.01 p<0.01 p<0.01
1-Level Ponte X p=0.01 p<0.01 p<0.01
2-Level Ponte X p<0.01 p=0.02
3-Level Ponte X p=0.22
4-Level Ponte X

TF, Total Facetectomies; Ponte, Ponte Osteotomy; SD, Standard Deviation

3.1.2.4 Changes in Extension

Changes in extension ROMrotaL were calculated as a function of the five sequential

posterior release combinations, with the increases measured in two ways. First, the increases

were measured after each release with respect to the intact condition. Second, the increase

following each supplemental osteotomy was calculated with respect to the total facetectomy

condition.

Similar to flexion ROMrotaL, extension ROMroraL increased following each posterior

release; however, the largest increase was provided by the total facetectomies. Specifically, the

maximum increase following the 9 bilateral total facetectomies was 8.3°, while each

supplemental osteotomy provided a maximum increase of 2.0° (Figure 26).
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Figure 26. Increase in Extension following each posterior release, compared to Intact.

On average, the bilateral total facetectomies produced an increase in extension
ROMroraL, increasing from an intact ROMroraL of 10.2° = 6.6° to a ROMrotaL of 11.9° £ 8.1°
following the facetectomies (p=0.10). Each sequential, supplemental osteotomy provided
additive increases in extension ROMrtoraL, increasing to 12.2° + 8.5° (p=0.06), 12.5° + 8.9°
(p=0.06), 13.1° +9.6° (p=0.05), and 13.2° £ 9.8° (p=0.06) following the supplemental
osteotomies at T7-T8, T8-T9, T6-T7, and T9-T10, respectively. It should be noted that the

standard deviations in extension were larger than those in flexion. Note that the p-values
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correspond to the comparison of the ROMroraL following each sequential posterior release with

the ROMrTortaL 1n the intact condition.

Compared to the total facetectomies, significant increases were provided by 2, 3, and 4-
levels of osteotomies (p<0.06); however, the first osteotomy provided only small increases

(p=0.15) (Figure 27).
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Figure 27. Increase in Extension following each of 4 sequential Ponte osteotomies, compared to
Facetectomies.

Additionally, on average, each level osteotomy had a different effect with respect to the

previous condition. For example, the 2™ osteotomy provided only incremental increases over the
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1%t osteotomy, and the 4™ provided negligible increases beyond the 3™ osteotomy; however, the

3 osteotomy provided significant increases above the 2™ (p=0.05).

There were additive percentage increases in extension ROMrorar following the total

facetectomies, as well as each of the supplemental osteotomies, as compared to the intact

condition (Table 14). Specifically, compared to the intact condition, extension ROMroTaL

increased by 14% + 18% following facetectomies (p=0.05). Following the 4 supplemental

osteotomies, flexion ROMrtoraL increased by 16% = 20% (p=0.05), 17% + 23% (p=0.06), 21% +

27% (p=0.05), and 22% + 26% (p=0.03), respectively, and compared to the intact condition. The

maximum total percentage increase in ROMroraL following the completion of the total

facetectomies and the four supplemental osteotomies was 72%.

Table 14. Extension - Ratio to Intact (T2-T11)

Extension
Measure Intact TF 1-Level Ponte 2-Level Ponte 3-Level Ponte 4-Level Ponte
Mean (SD) 1.00 (0) 1.14 (0.18) 1.16 (0.20) 1.17 (0.23) 1.21 (0.27) 1.22 (0.26)
Range 1.00-1.00 0.96-1.46 0.91-1.46 0.85-1.56 0.83-1.67 0.93-1.72
Intact TF 1-Level Ponte 2-Level Ponte 3-Level Ponte 4-Level Ponte
Intact X p=0.05 p=0.05 p=0.06 p=0.05 p=0.03
Facetectomies p=0.26 p=0.18 p=0.08 p=0.04
1-Level Ponte X p=0.29 p=0.09 p=0.06
2-Level Ponte X p=0.07 p=0.06

3-Level Ponte

4-Level Ponte

TF, Total Facetectomies; Ponte, Ponte Osteotomy; SD, Standard Deviation
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Unlike normalized flexion ROMroraL, significant increases in normalized extension
ROMroraL beyond the facetectomies were not realized until all four Ponte osteotomies were
completed (p=0.04). Additionally, the 3-level osteotomy provided increases in normalized
extension ROMrortarL compared to the 2-level osteotomy (p=0.07); however, the 4-level
osteotomy did not significantly add to the percentage increase in total flexibility (p=0.45),

compared to the 3-level osteotomy.

3.1.2.5 Changes in Lateral Bending

Similar to flexion-extension, the increases in lateral bending ROMTotar were calculated
as a function of the sequential posterior releases, that is, the facetectomies and sequential
osteotomies. The increases were measured with respect to the intact condition. Similar to Group
A, the increases in lateral bending ROMrotaL in Group B were the smallest in magnitude
amongst the bending directions. Smaller increases were seen in lateral bending compared with
flexion-extension, flexion, extension, or axial rotation. Additionally, the 2", 3™, and 4™

supplemental osteotomy had little effect on lateral bending ROMToTAL.

In lateral bending, the total facetectomies had the largest effect of the posterior releases
on ROMroraL. Specifically, lateral bending ROMroraL increases ranged from 0-3.2° following
the total facetectomies. Meanwhile, following each osteotomy ROMrotaL increased by a

maximum of only 1.4° (Figure 28).
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Figure 28. Increase in Lateral Bending ROM following each posterior release, compared to Intact.

On average, lateral bending ROMrotaL increased from 28.5° + 13.4° intact to 30.2° £
14.3° following the 9 bilateral total facetectomies (p<<0.01). Lateral bending ROMroraL further
increased to 30.7° £ 14.6° (p<0.01) and 31.1° £+ 14.9° (p<0.01) following the first two
osteotomies, respectively; however, following the 3™ and 4™ osteotomies, ROMroraL remained
the same or showed negligible changes. The reported p-values correspond to the comparisons of

the lateral bending ROMrtotaL following each osteotomy as compared to the intact condition.

Compared to the total facetectomies, each supplemental osteotomy provided increases in
lateral bending ROMroraL (Figure 29).
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Figure 29. Increase in Lateral Bending ROM following each of 4 sequential Ponte osteotomies, compared
to Facetectomies.

Specifically, increases were demonstrated following 1-level (p=0.01), 2-levels (p<0.01),
3-levels (p=0.05), and 4-levels of osteotomies (p=0.06). In addition, the second osteotomy
provided significant increase in motion compared to the 1% osteotomy (p=0.03). The 3™ and 4"

osteotomies, however, did not provided increases beyond the 2-level osteotomy (p>0.29).

Normalized increases showed similar trends (Table 15). Specifically, compare to the
intact condition, lateral bending ROMroraL increased by 5% + 2% following total facetectomies
(p<0.01). Following the four supplemental osteotomies, normalized motion increased by 7% =+

2% (p<0.01), 8% = 2% (p<0.01), 8% £ 4% (p<0.01), and 9% =+ 4% (p<0.01), respectively, and
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compared to the intact condition. In the most destabilized condition, i.e. following the total

facetectomies and the four osteotomies, ROMroraL increases ranged from 1% to 15%.

Compared to the total facetectomies, in lateral bending, the normalized ROMroTtaL
significantly increased following each of the four supplemental osteotomies (p<0.03).
Additionally, the 2-level osteotomy provided significant increases in normalized flexibility
beyond the 1-level osteotomy (p=0.05). However, the 3-level and 4-level osteotomies did not

have a significant effect on total flexibility (p>0.27).

Table 15. Lateral Bending - Ratio to Intact (T2-T11)

Lateral Bending
Measure Intact TF 1-Level Ponte  2-Level Ponte  3-Level Ponte  4-Level Ponte
Mean (SD) 1.00 (0) 1.05 (0.02) 1.07 (1.02) 1.08 (0.02) 1.08 (0.04) 1.09 (0.04)
Range 1.00-1.00 1.02-1.08 1.05-1.11 1.05-1.13 1.01-1.13 1.01-1.15
Intact TF 1-Level Ponte 2-Level Ponte 3-Level Ponte 4-Level Ponte
Intact X p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
Facetectomies p<0.01 p<0.01 p=0.02 p=0.02

1-Level Ponte X

p=0.05 p=0.29 p=0.20

2-Level Ponte X p=0.93 p=0.56

3-Level Ponte X p=0.28

4-Level Ponte X

TF, Total Facetectomies; Ponte, Ponte Osteotomy; SD, Standard Deviation

Similar to previous analyses, in addition to the analysis comparing the effects of the four

supplemental osteotomies to the 9 bilateral total facetectomies, a surgically relevant condition,
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the lateral bending ROMrs.110 Was analyzed to compare equal-level releases. Similar to the

analysis of ROMroralL, the posterior releases had little effect on ROMre.-t10.

Specifically, increases in lateral bending ROMrs.110 following posterior releases were
smaller than those in flexion-extension or axial rotation. On average, lateral bending ROMre-T10
increased by 0.2°+0.5° following the 4-level total facetectomies (p=0.22), and by an additional

0.2°40.6° following the four sequential Ponte osteotomies (p=0.32).

3.1.2.6 Changes in Axial Rotation

Changes in axial rotation ROMtotaL were calculated as a function of the five sequential
posterior release combinations, with the increases measured in two ways. First, the increases
were measured after each release with respect to the intact condition. Second, the increase
following each supplemental osteotomy was calculated with respect to the total facetectomy
condition. Overall, the sequential releases provided additive effects to the flexibility of the full

length thoracic spines, with increases larger in magnitude than those in lateral bending.

As discussed, axial rotation ROMroraL increased following each posterior release. The
largest increases were provided by the total facetectomies, with increases ranging from 0-8.1°.

Meanwhile, increases following each supplemental osteotomy ranged from 0-3.1° (Figure 30).
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Figure 30. Increase in Axial Rotation ROM following each posterior release, compared to Intact

On average, the bilateral total facetectomies produced an increase in axial rotation
ROMroraL, with ROMrotaL increasing from 36.4° + 15.3° intact to 39.9° + 17.1° following the
facetectomies (p<0.01). Similarly to the other bending directions, each sequential Ponte
osteotomy provided additive increases in axial rotation ROMTotaL, increasing to 40.7° + 17.4°
(p<0.01), 41.5° £+ 17.9° (p<0.01), 42.3° £ 18.4° (p<0.01), and 42.8° + 18.6° (p<0.01) following
the four supplemental osteotomies from T6-T10, respectively. Note that the p-values correspond
to the comparison of the ROMrotaL following each sequential posterior release with the

ROMroTtaL in the intact condition.
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As compared to the total facetectomies, each Ponte osteotomy provided significant

increases in axial rotation ROMrorar (p<0.02) (Figure 31).

10—
A
s < )
O g 8-
(14 E %
S w
=.2
S
s D_
o9
xs
- @
e @
< S .
g 4
@ 2
L=
TR
_ | .
QB o4
c Qo I
o
© I
0 1
| ] T ]
1st Ponte 2nd Ponte ard Ponte 4th Ponte

Figure 31. Increase in Axial Rotation ROM following each of 4 sequential Ponte osteotomies, compared
to Facetectomies

Additionally, each osteotomy provided significant increases in motion beyond that
provided by the preceding release. Specifically, the 2-level osteotomy provided significant
increases in axial rotation ROMTotaL as compared to the 1-level osteotomy (p<0.01), the 3-level
osteotomy provided significant increases beyond the 2-level osteotomy (p=0.06), and the 4-level

osteotomy provided increases beyond the 3-level osteotomy (p=0.02).
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There was also an additive percentage increase in axial rotation ROMrorar following the
series of posterior releases (Table 16). Specifically, axial rotation ROMTotar increased by 9% =+
5% following total facetectomies (p<0.01), compared to the intact condition. Additive increases
were then produced following each supplemental osteotomies, with percent increases in axial
rotation ROMrotar compared to the intact condition of 12% + 5% (p<0.01), 13% + 6% (p<0.01),
16% = 8% (p<0.01), and 17% + 8% (p<0.01) following the four osteotomies, respectively.
Overall, following the entire sequence of posterior releases, that is, following the total
facetectomies and the four osteotomies, axial rotation ROMToTaL increases ranged from 9%-

37%.

In addition to the increases compared to the intact condition, each osteotomy provided
significant increases in normalized axial rotation flexibility, as compared to the total
facetectomies (p<0.01). In addition, each additional osteotomy had a significant effect compared
to the previous (p<0.04). Specifically, the 2-level osteotomy provided significant percentage
increase in axial rotation ROMTotaL compared to the 1-level osteotomy (p<0.01), the 3-level
provided significant increases beyond the 2-level osteotomy (p=0.03), and the 4-level osteotomy

provided significant increases beyond the 3-level (p<0.01).
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Table 16. Axial Rotation - Ratio to Intact (T2-T11)

Axial Rotation

Measure Intact TF 1-Level Ponte 2-Level Ponte 3-Level Ponte 4-Level Ponte
Mean (SD) 1.00 (0) 1.09 (0.05) 1.12 (0.05) 1.13 (0.06) 1.16 (0.08) 1.17 (0.08)
Range 1.00-1.00 1.05-1.18 1.07-1.23 1.08-1.27 1.09-1.34 1.09-1.37
Intact TF 1-Level Ponte 2-Level Ponte 3-Level Ponte 4-Level Ponte
Intact X p<0.01 p<0.01 p<0.01 p<0.01 p<0.01

Facetectomies p=0.01 p<0.01 p<0.01 p<0.01

1-Level Ponte X p<0.01 p<0.01 p<0.01

2-Level Ponte X

p=0.03 p<0.01

3-Level Ponte X p<0.01

4-Level Ponte X

TF, Total Facetectomies; Ponte, Ponte Osteotomy; SD, Standard Deviation

It should also be noted that, in some cases, the standard deviations suggest the possibility
of a decrease in flexibility. However, this is due to the inherent assumptions in the calculations of
the standard deviations around the mean. More specifically, it is assumed that there is a
symmetric distribution on either side of the mean, that is, above and below the mean. However,
in this case, like many other cases in the scientific literature, this is not the case. For example,
negative energy cannot be produced; however, in electrical engineering, standard deviations
around a mean may suggest that it could. Similarly, in this case, negative flexibility cannot be

produced.

In addition to the above analysis which compares the additive effects of the four
supplemental osteotomies to the 9 bilateral total facetectomies, a surgically relevant condition,

the axial rotation ROMrs.110 Was analyzed to compare equal-level releases. Specifically, the
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ROMr6.110 was analyzed to compare the effect of 4 total facetectomies to 4 osteotomies, at the
same levels. Overall, increases in axial rotation ROMrs.10 were similar in trend to the increases

in ROMrorAL.

Specifically, axial rotation ROMrTe.T10 increased, on average, by 1.0°+1.3° following 4
bilateral total facetectomies, increasing from 14.2°+£9.6° in the intact condition to 15.2°+10.5°
following the facetectomies (p=0.06). Following the 4 sequential Ponte osteotomies, axial
rotation ROMre-T10 increased to 17.3°+11.3°. Therefore, axial rotation ROMrs.110 increased by

an additional 1.5°£1.7° (p=0.03), beyond the total facetectomies.

3.1.3 Group C

3.1.3.1 Summary of Results

Single Plane Pure Moments were applied to each of the n=11 full-length human
cadaveric thoracic spine specimens to produce flexion-extension, lateral bending, and axial
rotation, to a maximum of +4 Nm. As described in the Materials and Methods section,
ROMrotAL Was defined as the relative motion of T2 with respect to T11. In addition, local ROM
was measured at the T10-T11 disc space, with ROMri0-111 defined as the relative motion of T10
with respect to T11. Unlike Group A and Group B, specimens in Group C were tested in the
intact condition, following facetectomy at T10-T11, and again following Ponte osteotomy at

T10-T11.

Similar to the Single Plane Pure Moment testing results of Group A and Group B,
significant increases in total (T2-T11) ROM in flexion-extension and axial rotation were
produced following both total facetectomy and Ponte osteotomy at T10-T11 (Table 17). Once

again, changes in lateral bending were small.
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Overall, ROMrotaL across T2-T11 was largest in axial rotation, and smallest in flexion-
extension. Specifically, intact flexion-extension was ROMrtotar 11.7+£9.4°, intact lateral bending
ROMrotaL was 25.5+15.3°, and intact axial rotation ROMroraL was 40.5+19.3°. Sequential
increases in ROMToTaL Were seen following both posterior releases in flexion-extension and

axial rotation; changes in lateral bending were small.

Table 17. Total (T2-T11) ROM Paired Statistics

Flexion-Extension (Degrees) Lateral Bending (Degrees) Axial Rotation (Degrees)
Intact Facet Ponte Intact Facet Ponte Intact Facet Ponte
Mean 11.7 13.4 14.5 25.5 24.8 24.5 40.5 41.0 42.0
Std Dev 9.4 10.4 12.2 15.3 15.5 15.8 19.3 19.4 19.6
Intact Facet Ponte Intact Facet Ponte Intact Facet Ponte

Intact p=0.013 p=0.042

p=0.178

p=0.410  p=0.356

p=0.445

p=0.003

p=0.009

Facet p=0.016

Ponte

3.1.3.2 Changes in Flexion-Extension

On average, flexion-extension ROMroraL increased following both posterior releases
(Table 17). Specifically, following facetectomy, flexion-extension ROMrorar increased from
11.7° + 9.4° intact to 13.4° + 10.4° following the facetectomy (p=0.013). Compared to the total
facetectomy, the ROMroraL increased further following the osteotomy, with an average motion
of 14.5° + 12.2° (p=0.178). Compared to the intact condition, ROMroTtaL increases ranged from

0.1-5.1° following the facetectomy and from -0.3-10.9° following the Ponte osteotomy.

170



Similar to the raw motion results, there were additive percentage increases in flexion-
extension following both posterior releases (Table 18). Specifically, compared to intact, flexion-

extension motion increased by 35%+66% following Ponte osteotomy (p=0.147).

Table 18. Flexion-Extension - Ratio to Intact (T2-T11 ROMrtoraL)

Total Facetectomy Ponte Osteotomy
Intact (T10-T11) (T10-T11)
Mean (SD) 1.00 (0) 1.31 (0.50) 1.35 (0.66)
Range 1.00-1.00 1.01-2.63 0.93-3.07
Intact X p=0.103 p=0.147
Total Facetectomy (T10-T11) X p=0.121

Ponte Osteotomy (T10-T11) X

3.1.3.3 Changes in Lateral Bending

Compared to the changes in motion in flexion-extension and axial rotation, changes in
lateral bending were small (Table 17). Specifically, intact lateral bending ROMroraL was
25.5+15.3°. Following the facetectomy at T10-T11, motion changed by less than one degree
(p=0.410). Similarly, following Ponte osteotomy, change in ROMroraL Was less than one degree,
compared to the total facetectomy (p=0.445). In terms of normalized increases in ROMrotAL,
changes were also small (p>0.200) (Table 19). Maximum increases in lateral bending ROMTtoTaL
were 2.5° following the facetectomy and 3.8° following the osteotomy, compared to the intact

condition.
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Table 19. Lateral Bending - Ratio to Intact (T2-T11 ROMrtotaL)

Total Facetectomy

Ponte Osteotomy

Intact (T10-T11) (T10-T11)
Mean (SD) 1.00 (0) 0.96 (0.07) 0.95 (0.10)
Range 1.00-1.00 0.83-1.05 0.76-1.07
Intact X p=0.203 p=0.205
Total Facetectomy (T10-T11) X p=0.439
Ponte Osteotomy (T10-T11) X

3.1.3.4 Changes in Axial Rotation

Similar to flexion-extension, ROMroraL increased following both posterior releases

(Table 17). Specifically, following facetectomy, axial rotation ROMrotaL increased from 40.5° +
19.3° intact to 41.0° = 19.4° following the facetectomy (p=0.003). Compared to the total
facetectomy, the ROMroraL increased further following the osteotomy, with an average axial
rotation motion of 42.0° + 19.6° (p=0.016). Compared to the intact condition, increases ranged

from 0-1.3° following the facetectomy and from -0.1-3.9° following the osteotomy.

Similar to the raw motion results, there were additive percentage increases in axial

4%=+3% following Ponte osteotomy (p=0.006).

Table 20. Axial Rotation - Ratio to Intact (T2-T11 ROMrTtotaL)

rotation ROMrtotaL following both posterior releases (Table 20). Specifically, compared to

intact, axial rotation ROMrotaL increased by 2%+1% following total facetectomy (p=0.002), and

Total Facetectomy

Ponte Osteotomy

Intact (T10-T11) (T10-T11)
Mean (SD) 1.00 (0) 1.02 (0.01) 1.04 (0.03)
Range 1.00-1.00 1.00-1.03 1.00-1.10
Intact X p=0.002 p=0.006
Total Facetectomy (T10-T11) X p=0.250
Ponte Osteotomy (T10-T11) X
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In axial rotation, the local ROM at T10-T11 (ROMrio-111) was also evaluated for a

comparison to the simulated DVR and DVR-to-Failure results presented later in this work. Local

bidirectional axial rotation ROMrio.111 increased from 4.5+2.3° intact to 5.243.0° following the

osteotomy (p=0.058) (Table 21).

Unidirectional axial rotation right, which was the motion evaluated in simulated DVR

and DVR-to-Failure, increased from 1.8°+0.7° intact to 2.1°+1.0° following the osteotomy

(p=0.055). Increases following the Ponte osteotomy ranged from 0-0.9°, compared to the intact

condition. In other words, unidirectional increases in right axial rotation ROMrio.T11 were small

under pure moment loads (4 Nm).

Table 21. Local (T10-T11) ROM under Pure Moment Loading

Axial Rotation Right (Degrees)

Bidirectional Axial Rotation (Degrees)

Ponte Total Ponte
Total Facetectomy Osteotomy Facetectomy Osteotomy
Intact (T10-T11) (T10-T11) Intact (T10-T11) (T10-T11)
Mean 1.8 2.0 2.1 4.5 5.5 52
Std Dev 0.7 0.8 1.0 23 2.9 3.0
00,148 | p=0319 |
p=0.055 p=0.058
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3.2 Multi-Planar Loading
3.2.1 GroupB

3.2.1.1 Summary of Results

The results of the Multi-Planar Loading of specimens in Group B were published

previously (Appendix A),?%

and are reported as they pertain to the present work below. In
addition to Single Plane Pure Moment loading, specimens in Group B also underwent testing
according to the novel Multi-Planar Loading protocol. Under the two Multi-Planar Loading
schemes, that is, axial rotation with combined lateral bending and axial rotation combined with
flexion-extension, increases in 3-dimensional motion were seen following each of the sequential
posterior releases. The maximum increases in ROM were largest following the 9-level bilateral
total facetectomies. However, despite the smaller increases, the supplemental osteotomies

provide additive increases in 3-dimensional motion, similar to the Single Plane Pure Moment

results.

3.2.1.2 Flexion-Extension with Combined Axial Rotation

Under the first Multi-Planar Loading direction, that is, flexion-extension with combined
axial rotation, the largest increases in three-dimensional motion were produced following the
total facetectomies. Specifically, intact motion was 10.8°+6.9° in flexion-extension, 10.6°+6.1°
in lateral bending, and 33.4°£14.2° in axial rotation, increasing to 12.7°+8.3° in flexion-
extension, 11.6°+6.6° in lateral bending, and 36.2°+15.6° in axial rotation following the
facetectomies (Table 22). Additional increases were provided in all three directions following

each sequential osteotomy, with three-dimensional motion increasing to 13.8°£8.8° in flexion-
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extension, 12.6°+£7.2° in lateral bending, and 38.3°+16.8° in axial rotation following the 4-level

Ponte osteotomy.

Table 22. Multi-Planar Motions - Axial Rotation with Flexion-Extension: Difference in ROM
Following Each Sequential Release (T2-T11)*
Flexion-Extension
(Deg) Lateral Bending (Deg)  Axial Rotation (Deg)

Mean (SD) Range Mean(SD) Range Mean (SD) Range

Facetectomies - Intact 1.8 (1.6) 0.1-5.2 1.0 (0.7) -0.1-2.4 2.7 (1.9) 0.1-54
Ponte 1 - Facetectomies 0.4 (0.4) -0.2-0.9 0.3(0.3) -0.2-1.0 0.7 (0.4) 0.1-1.1
Ponte 2 - Ponte 1 0404 -03-09 0304 0.0-1.2 0.6(0.5) -0.1-14
Ponte 3 - Ponte 2 03(0.5 -03-14 0304 0.0-1.3 0.6(0.8) -0.1-2.2
Ponte 4 - Ponte 3 0.1(04) -05-07 0.1(0.3) -0.1-06 02(0.2) -0.1-0.7

In addition to the mean increases in three-dimensional motion, the maximum increases in
three-dimensional motion were largest under combined flexion-extension with axial rotation
following the total facetectomies, as compared each supplemental osteotomy. Specifically, total
facetectomies increased ROMroraL in each bending plane simultaneously up to 5.2° in flexion-
extension, 2.4° in lateral bending, and 5.4° in axial rotation. Each osteotomy, on the other hand,
provided a maximum simultaneous increase in ROMrortaL of 1.4° in flexion-extension, 1.3° in

lateral bending, and 2.2° in axial rotation.

Similar to the raw three-dimensional motions, changes in three-dimensional normalized
ROMrotaL were produced following each posterior-release. Specifically, as compared to the
intact condition, the total facetectomies produced simultaneous increases in all three directions,
with increases of 16%+7% in flexion-extension, 10%+7% in lateral bending, and 8%+4% in
axial rotation. Each supplemental osteotomy provided additive increases in flexibility in the

coronal and transverse planes, i.e. lateral bending and axial rotation; however, the increases were
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unpredictable in flexion-extension. Specifically, lateral bending and axial rotation ROMroraL
increased incrementally to 20%+14% in lateral bending and 14%+6% in axial rotation following
the 4-level osteotomies. In contrast, in flexion-extension, ROMrorar increased to 30%=+31%

following the first osteotomy, but decreased to 17%+35% following the 4™ osteotomy.

3.2.1.3 Lateral Bending with Combined Axial Rotation

Under the second Multi-Planar Loading protocol, that is, lateral bending with combined
axial rotation, similar results were found, with the largest increases produced by total
facetectomies as compared to the supplemental osteotomies. However, the magnitudes of
increase were smaller than the first Multi-Planar Loading protocol, i.e. flexion-extension with

combined axial rotation.

Specifically, the three-dimensional ROMroraL increased from 3.8°+2.5° in flexion-
extension, 21.5°+10.6° in lateral bending, and 28.7°+14.2° in axial rotation, to 4.3°+3.2° in
flexion-extension, 22.3°+10.9° in lateral bending, and 30.0°£15.2° in axial rotation between the
intact and total facetectomies conditions (Table 23). On average, however, the changes following
each supplemental osteotomy were small. Specifically, the motions following 4-levels of
osteotomies resulted in three-dimensional ROMrorar of only 4.0°+£3.3° in flexion-extension,

23.2°+11.9° in lateral bending, and 30.9°+15.6° in axial rotation.
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Table 23. Multi-Planar Motions - Axial Rotation with Lateral Bending: Difference in ROM
Following Each Sequential Release (T2-T11)%°
Flexion-Extension
(Deg) Lateral Bending (Deg)  Axial Rotation (Deg)

Mean (SD) Range Mean(SD) Range Mean (SD) Range

Facetectomies - Intact 0.5 (1.1) -0.6-2.7 0.9 (0.9) -0.2-2.7 1.3 (1.7) -0.7-4.5
Ponte 1 - Facetectomies -0.2(0.4) -1.0-04 0.3(0.7) -1.1-1.2 0.5(0.7) -0.2-2.1

Ponte 2 - Ponte 1 0.1(0.1) -0.1-04  03(0.6) -03-1.6 03(0.5) -0.4-1.2
-1.0

Ponte 3 - Ponte 2 0.1(03) -0.9-02 0.0(0.5) -080.6 0.0(0.5) (0.5)
0.3

Ponte 4 - Ponte 3 0.1(03) -08-04 02(0.6) -04-1.5  0.1(0.5) (1.1)

Similarly, the maximum increases in three-dimensional motion under lateral bending
with combined axial rotation were larger following the total facetectomies compared with the
Ponte osteotomies. Specifically, total facetectomies provided simultaneous increases in
ROMroraL of up to 2.7° in flexion-extension, 2.7° in lateral bending, and 4.5° in axial rotation.
In comparison, a single osteotomy provided simultaneous increases in total ROM of up to 0.4° in

flexion-extension, 1.6° in lateral bending, and 2.1° in axial rotation.

In contrast to the first Multi-Planar Loading protocol, under combined lateral bending
with axial rotation, the three-dimensional flexibility increases were near-universally smaller than
10%, even following the maximally destabilized condition, i.e. following the facetectomies and
4-level osteotomies. Specifically, as compared to the intact condition, the total facetectomies
produced simultaneous increases in normalized ROMroraL in all three directions, with increases
of 12%=+28% in flexion-extension, 4%+4% in lateral bending, and 3%+6% in axial rotation, all

smaller than the first Multi-Planar Loading protocol.

Similar to the first Multi-Planar Loading protocol, each supplemental osteotomy

provided additive increases simultaneously in lateral bending and axial rotation; however, the
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changes were small in magnitude. Specifically, following the 4™ osteotomy, normalized
ROMroraL increased simultaneously by 8%=+5% in lateral bending and 7%=7% in axial rotation,
compared to the intact condition. In flexion-extension on the other hand, changes were

negligible, with changes of less than 2%.
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3.3 Intraoperative Simulation and DVR-to-Failure

3.3.1 DVR-to-Failure

On average, under simulated DVR, the intervertebral disc moment at failure was
33.3+£12.1 Nm (Table 24). The applied force to produce failure was 138.6+52.0 N. At failure,
unidirectional right axial rotation at T10-T11 was 11.6°+5.6°. The load was applied at an average

distance away from the spine of 350.9 mm.

179



Table 24. DVR-to-Failure Results and Observations

Disc
Moment Applied
Exp (Nm) Force (N) Observations
1 43.2 190.6 Loosening (s)
Fracture(s)
Disc Instability
2 21.7 109.6 Loosening (s) R-T7; L-T9; R-T10; L-T10
Fracture at left lamina of T10, just inferior to screw
and superior to osteotomy site; Fracture at T10 just
Fracture(s) posterior to ALL
Disc Instability ~ Yes
3 30.7 135.2 Loosening (s) R-T10; L-T10
Fracture(s) Fracture at left T10 inferior to screw insertion site
Disc Instability ~ None noted
4 13.7 20.3 Loosening (s)
Fracture(s)
Disc Instability
5 36.9 160.1 Loosening (s)
Fracture(s)
Disc Instability
6 35.8 154.6 Loosening (s) L-T10
Fracture(s) Osteophyte fracture
Disc Instability ~ Yes. Disc bulging when bending.
7 47.4 172.8 Loosening (s) L-T7; R-T9; L-T9; Rt-T10
Fracture(s)
Disc Instability
8 54.7 202.7 Loosening (s)
Fracture(s)
Disc Instability
9 233 Loosening (s) R-T10; L-T10
Fracture(s)
Disc Instability
10 25.5 114.4 Loosening (s) L-T7; R-T10; L-T10
Fracture(s)
Disc Instability
11 33.2 125.5 Loosening (s) R-T8; L-T8; R-T10; L-T10

Fracture(s)
Disc Instability
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On average, strain was largest at the T10 linkage, where strain at failure was 3.30E-04
(Table 25). Strain decreased across the linkages, moving away from the T10-T11 disc space. In
other words, strain was largest at T10, decreasing to a minimum strain at failure of 1.18E-04 at

the T7 linkage.

Table 25. DVR-to-Failure Strength, Force, and Strain Results

Applied Force
Disc Moment (Surgical) Strain (T7) Strain (T8) Strain (T9) Strain (T10)
Nm N
Mean 333 138.6 1.18E-04 1.47E-04 2.70E-04 3.30E-04
Std Dev 12.1 52.0 1.26E-04 9.04E-05 1.42E-04 1.65E-04
Min 13.7 20.3 4.59E-07 2.34E-05 3.45E-05 1.52E-04
Max 54.7 202.7 4.46E-04 3.11E-04 4.75E-04 6.45E-04

For the specimens in Group C, BMD ranged from 0.616-0.992 g/cm? at T7, 0.625-0.992
g/cm? at T8, 0.643-1.035 g/cm2 at T9, and 0.652-1.151 g/cm? at T10 (Table 26). Average BMD

across the linked vertebrae, i.e. T7-T10, ranged from 0.640-1.042 g/cm?.

Table 26. Group C Specimen BMD Results across Linked Vertebrae

T7 BMD T8 BMD T9 BMD T10 BMD Avg BMD
g/cm2 g/cm2 g/cm2 g/cm2 g/cm2
Mean 0.788 0.815 0.85 0.878 0.833
Std Dev 0.124 0.13 0.138 0.161 0.134
Min 0.616 0.625 0.643 0.652 0.640
Max 0.992 0.991 1.035 1.151 1.042

The failure moment was significantly correlated with average BMD across the
quadrangular linkage, with a Pearson correlation coefficient of r=0.609 (p=0.047) (Table 27,

Figure 32).
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Figure 32. Correlation between the intervertebral disc moment at failure and the average BMD across the
instrumented T7-T10 vertebral bodies.

Table 27. Correlation with Avg BMD

Disc Moment Applied Force
Pearson 0.609 0.514
p value 0.047 0.129
Spearman 0.664 0.636
p value 0.026 0.048

Similarly, the applied force to produce failure was correlated with average BMD, with a

Pearson correlation coefficient of r=0.514 (p=0.129) (Figure 33).
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Figure 33. Correlation between the intervertebral disc moment at failure and the average BMD across the
instrumented T7-T10 vertebral bodies.

There were also strong correlations between failure moment and intervertebral disc
health. Specifically, failure moment was positively correlated with radiographic degeneration
grade (Spearman’s rho>0.662, p<0.04) and MRI degeneration grade (Spearman’s rtho=0.742,

p=0.014). Note that full disc health results are presented later in this work.

3.3.2 Intraoperative Simulation

As discussed previously in this work, the average disc moment at failure was 33.3+12.1
Nm. Subsequently, average moments at 75%, 50%, and 25% of the failure moment were

calculated (Table 28).
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Table 28. Intervertebral Disc Failure Moment Calculations
Failure 75% Failure 50% Failure 25% Failure

Nm Nm Nm Nm

Mean 333 25.0 16.6 8.3
Std Dev 12.1 9.1 6.0 3.0
Min 13.7 10.3 6.9 34
Max 54.7 41.1 27.4 13.7

In order to compare the simulated DVR results with those obtained from traditional pure
moment testing, the unidirectional right axial rotation ROMrio-111 under simulated DVR were
compared to the right axial rotation ROMri0.111 under pure moments. As presented earlier for
Group C specimens, under pure moment loading (4 Nm), right axial rotation (ARR) at T10-T11
was 1.8+0.7° intact, increasing to 2.1+1.0° following the osteotomy. Increases in ARR at T10-

T11 were 0.25+0.31°, with a maximum increase in ARR at T10-T11 was 0.9°.

In contrast to the increases produced under 4Nm pure moments, the increases produced
under simulated DVR were significantly larger (Figure 34). Compared to the T10-T11 right axial
rotation ROM under simulated DVR at 4 Nm (nominally equivalent load as that applied during
pure moments), significant increases in motion were produced at 25%, 50%, 75%, and 100% of
the failure moment (p<0.001) (Table 29). Specifically, T10-T11 ARR ROM increased from

2.7£1.5° under 4 Nm simulated DVR to 11.6+5.6° at failure (p<0.001).
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Figure 34. Increases in axial rotation right ROM under simulated DVR compared to ROM under pure
moment testing. All increases significant compared to ROM under pure moments (p<0.001).

Table 29. Local (T10-T11) Right Axial Rotation ROM Under Simulated DVR

4 Nm Percentage of Failure Moment

Pure

Moments DVR 25% 50% 75% 100%

(deg) (deg) (deg) (deg) (deg) (deg)

Mean 2.1 2.7 3.7 5.8 7.7 11.6

Std Dev 1.0 1.5 1.8 2.6 33 5.6
p=0.001
p<0.001
p<0.001
p<0.001
p<0.001
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When considering the maximum increases in motion, similar trends were found (Table
30). Specifically, compared to maximum increase in ARR ROM at T10-T11 of 0.9° following
posterior release under pure moments, maximum increases of 19.3° were produced under
simulated DVR-to-Failure. Even at 50% of the failure moment (16.6+6.0 Nm), maximum
increases in ARR ROM at T10-T11 were more than four times those achieved under pure

moments.

Table 30. Increase in T10-T11 Right Axial Rotation ROM (Compared to Previous)

4 Nm Percentage of Failure Moment
Pure Moments DVR 25% 50% 75% 100%
(deg) (deg) (deg) (deg) (deg) (deg)
Range 0.0-0.9 -0.4-1.3 -0.2-2.0 0.8-4.3 0.9-3.7 1.4-8.9
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3.4 Supplemental Analyses
3.4.1 Biomechanics as a Function of Disc Degeneration
3.4.1.1 Group B

3.4.1.1.1 Overview of Biomechanical Data

As discussed earlier, n=9 specimens from Group B were included in the biomechanical
analysis presented above. For the secondary analysis presented here, that is, analyzing the
biomechanics pre- and post- destabilization as a function of intervertebral disc health, n=7
specimens were available for grading. Consequently, this secondary analysis is based on those
n=7 specimens. As such, the kinematic data, in terms of means and standard deviations, changed
slightly for this subgroup of 7 specimens compared to the full group of 9 specimens. As such, a

brief overview of these kinematic results is presented below.

In summary, during Single Plane Pure Moment loading, intact ROMtoraL was 21.7+7.2°
in flexion-extension, 30.1+10.0° in lateral bending, and 39.94+11.3° in axial rotation. Local T10-
T11 ROM, i.e. ROMri0-111, was 2.44+1.3°, 2.5£1.6°, and 3.2+1.8° in flexion-extension, lateral

bending, and axial rotation, respectively.

Overall, total ROMroraL significantly increased in all directions following both bilateral

total facetectomies and 4-sequential Ponte osteotomies (Table 31).
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Table 31. T2-T11 Range of Motion Results (All Specimens)
Flexion-Extension

(degrees) Lateral Bending (degrees) Axial Rotation (degrees)

Intact BTF 4 PO Intact BTF 4 PO Intact BTF 4 PO

Mean 21.7 242 27.9 30.1 31.7 32.6 39.9 44.0 47.2
Std. Dev. 7.2 9.0 10.5 10.0 10.6 11.3 11.3 12.9 14.6
Min 10.7 11.2 11.9 14.3 14.8 15.1 19.0 20.2 20.7
Max 30.7 373 42.7 43.2 45.5 47.6 53.0 57.4 62.4
P-Value* 0.026  0.004 0.001  0.007 0.004  0.007

*Compared to intact

Std. Dev., standard deviation; Min, minimum; Max, maximum; BTF, bilateral total facetectomies; 4 PO, 4-
level Ponte osteotomies

On average, following the bilateral total facetectomies, ROMrorar increased by 2.5+2.3°
in flexion-extension, 1.6+0.8° in lateral bending, and 4.14+2.4° in axial rotation. Following 4-
sequential Ponte osteotomies, ROM increased by 6.2+3.6° in flexion-extension, 2.5£1.7° in

lateral bending, and 7.3+4.7° in axial rotation.

Following each osteotomy, flexion-extension ROMroraL increased by 0.9+0.7°, lateral
bending ROMrotaL increased by 1.1+0.5°, and axial rotation ROMtotaL increased by 3.1+0.8°.
Maximum increases in ROMrotaL following a single osteotomy were 2.2°, 1.1°, and 3.1° in

flexion-extension, lateral bending, and axial rotation, respectively.

3.4.1.1.2 Summary of Degeneration Results

Overall, thoracic ROM was negatively correlated with radiographic disc degeneration
grade. Increases in ROM for healthier spines were at least two-fold larger than increases for

degenerated spines, following destabilizations. Maximum increases in ROM for healthier spines
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were also two-fold larger than degenerated spines. There were no correlations between age of the

specimens and thoracic spine ROM.

3.4.1.1.3 Radiographic Analysis

According to Lane et al.’s*>* radiographic criteria (0-3), three specimens had mild degeneration
(Lane Grade 1) and four specimens had moderate degeneration (Lane Grade 2). According to
Mimura et al.’s'”® radiographic criteria (0-4), one specimen had mild degeneration (Mimura
Grade 1), three specimens had moderate degeneration (Mimura Grade 2), and three specimens
had severe degeneration (Mimura Grade 3). The two scoring systems were moderately
correlated, with a Spearman’s rho of 0.468; however, this correlation was not significant

(p=0.290).

Overall, there was a negative correlation between the radiographic degeneration scores

and intact thoracic spine ROMrorar (Table 32).

Table 32. Correlation Between Intact Total (T2-T11) Range of Motion and Intervertebral Disc Health

Intact Total (T2-T11) Range of Motion

Flexion-Extension Lateral Bending Axial Rotation
Lane ef al. 25 Spearman's tho -0.577 -0.289 -0.433
P-Value 0.175 0.530 0.332
Mimura ef al.1% Spearman's rho -0.501 -0.849 -0.772
P-Value 0.252 0.016 0.042
Rutges ef a7 Spearman's tho -0.438 -0.438 -0.319
P-Value 0.325 0.325 0.486

The strongest negative correlations were produced between Mimura radiographic

degeneration grades and lateral bending and axial rotation ROMroraL, with Spearman’s rho
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magnitudes of -0.849 and -0.772, respectively. On the other hand, flexion-extension ROMroraL
was most strongly negatively correlated with Lane radiographic degeneration grades; however,

this correlation was not significant (p=0.18).

Similarly, negative correlations were found between radiographic degeneration grades

and local ROMrio-111, the disc space at which the spines were graded (Table 33).

Table 33. Correlation Between Intact Local (T10-T11) Range of Motion and Intervertebral Disc Health

Intact Local (T10-T11) Range of Motion

Flexion-Extension Lateral Bending Axial Rotation
Lane ef a2 Spearman's rho -0.577 -0.866 -0.577
P-Value 0.175 0.012 0.175
Mimura ef al. 1% Spearman's tho -0.849 -0.617 -0.849
P-Value 0.016 0.140 0.016
Rutges et al.'¥ Spearman's tho -0.438 -0.438 -0.438
P-Value 0.325 0.325 0.325

For intact ROMr10.111, Strong negative correlations were found between Mimura
degeneration grades and flexion-extension and axial rotation ROMrio.111, with Spearman’s rho
0f -0.849 (p=0.02). Lateral bending ROMr10.T11 Was most strongly negatively correlated with

Lane degeneration grade, with a Spearman’s rho of -0.866, the strongest of all the correlations

(p=0.01).

Based on the strong correlations between intact ROMrtorar and Mimura degeneration
grades in lateral bending and axial rotation (p<0.05), a second analysis was performed.
Specifically, specimens of Mimura grade 2 (n=3) and Mimura grade 3 (n=3) were compared. As

only one specimen was graded with a Mimura grade 1, this specimen was not included in the

second analysis.
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The mean intact thoracic ROMroraL for the healthier grade 2 specimens was more than

12° larger than the more degenerated, grade 3 specimens in each bending direction (Figure 35).
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Figure 35. Total (T2-T11) intact range of motion in flexion extension, lateral bending, and axial rotation,
according to the Mimura et al.'*® x-ray classification system.

Specifically, intact ROMtoTaL Was 28.3°+2.1° in flexion-extension for grade 2
specimens, compared to only 16.1°+5.9° for grade 3 specimens. In lateral bending, intact
ROMrotaL was 36.9°+°5.6 for grade 2 specimens, compared to only 21.4°+8.4° for grade 3
specimens. Similarly, in axial rotation, intact ROMrotaL was 47.7°+4.6° for grade 2 specimens,

compared to only 30.4°+11.1° for grade 3 specimens.
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Following bilateral total facetectomies, mean increases in motion for the healthier, grade
2 spines were more than twice as large as mean increases in motion for the more degenerated,

grade 3 spines (Figure 36).
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Figure 36. Increase in total (T2-T11) range of motion following en bloc bilateral total facetectomies, as
compared to the intact condition, for Mimura et al.'*° grades.

Specifically, flexion-extension motion increased by 4.4°+2.4° for grade 2 compared to
only 1.2°+0.7° for grade 3 (p = 0.10), lateral bending motion increased by 2.4°+0.4° for grade 2
compared to only 1.0°+0.4° for grade 3 (p = 0.01), and axial rotation motion increased by

5.9°+2.0° for grade 2 compared to only 3.0°+2.2° for grade 3 (p =0.17).
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Following four Ponte osteotomies, similar trends were seen (Figure 37). Specifically,
flexion-extension motion increased by 9.3°+2.8° for grade 2 compared to only 3.1°+1.6° for
grade 3 (p = 0.03), lateral bending motion increased by 3.6°+1.1° for grade 2 compared to only
0.9°40.8° for grade 3 (p = 0.03), and axial rotation motion increased by 10.2°+5.8° for grade 2

compared to only 4.4°+2.9° for grade 3 (p = 0.20).
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Figure 37. Increase in total (T2-T11) range of motion following four sequential Ponte osteotomies, as
compared to the intact condition, for Mimura et al.'*° grades.

In addition to the increase in motion following the entirety of the posterior releases, the
increases provided by each single osteotomy were significantly larger for healthier grade 2

specimens compared to the more degenerated grade 3 specimens. Specifically, in flexion-
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extension, increases in ROMrtorarL were 1.2°+0.8° for grade 2 specimens, compared to only
0.5°+0.5° for grade 3 specimens (p<0.01). In lateral bending, increases in ROMrortarL were

0.3°+0.5° in grade 2 specimens, and 0°+0.4° in grade 3 specimens. Finally, in axial rotation,
increases in ROMtotar were 1.1°£1.0° in grade 2 specimens, compared to only 0.4°+£0.3° in

grade 3 specimens.

Moreover, maximum increases in ROM following a single Ponte osteotomy were 2.2° in
flexion-extension, 1.1° in lateral bending, and 3.1° in axial rotation for grade 2 specimens,
compared to maximum increases of only 1.4° in flexion-extension, 0.5° in lateral bending, and

1.2° in axial rotation for grade 3 specimens.

A similar analysis was performed to compare the specimens according to Lane
degeneration grade. Specifically, specimens with Lane grade 1 (n=3) and Lane grade 2 (n=4)
were compared. However, the magnitude of the results was not as evident as those from the
Mimura analysis, presented above. This is likely due to, overall, the weaker correlations between
the biomechanics and the Lane degeneration grades. For example, despite larger magnitudes of
intact ROMroTaL in each bending direction for grade 1 specimens compared to grade 2
specimens, the differences were not significant (p>0.10). This was likely due to the large
standard deviations in ROMroTaL amongst the grade 2 specimens. Following each individual
osteotomy, larger increases in flexion-extension ROMroraL were produced in grade 1 specimens
compared with grade 2 specimens (p=0.09). Specifically, in grade 1 specimens, increases in
flexion-extension ROMtorar were 1.1°+£0.7°, compared to only 0.7°+0.7° in grade 2 specimens.
In lateral bending and axial rotation, there were no significant differences between the increases

in ROMroraL following each osteotomy for specimens of grade 1 or grade 2.
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3.4.1.1.4 Macroscopic Analysis

According to the Thompson et al.>>®

macroscopic grading system (1-5), one specimen
was grade 2, five specimens were grade 3, and one specimen was grade 4. There were no

significant correlations between macroscopic grade and either total ROM (0 >r > -0.310, p >

0.500) or local ROM (r =-0.134, p = 0.775).

3.4.1.1.5 Histological Analysis

According to the modified Rutges scoring system (0-10), specimens were graded with
mild to moderate degeneration (Figure 38). Specifically, two specimens had a total score of 3,
four specimens had a total score of 4, and 1 specimen had a total score of 5. For all specimens,
the endplates and nucleus pulposus matrix demonstrated mild degeneration (score=1); however,
the scores for the annulus fibrosus morphology, the boundary between the annulus and nucleus,
and the nucleus cellularity had variation (Figure 38). The total histological scores were positively
correlated with both the scores according to Lane (r=0.644, p=0.118) and Mimura (r=0.732,

p=0.062).
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Figure 38. Representative histology images of the features graded in our subset of cadaveric thoracic
spine specimens, including a.) Endplate (grade 1); b.) AF Morphology (Grade 0); c.) AF Morphology
(Grade 1); d.) Boundary (Grade 0); e.) Boundary (Grade 1); f.) Cellularity (Grade 1); g.) Cellularity
(Grade 2); h.) Matrix (Grade 1). Note that in our sample of specimens, some of the feature grades were
not represented, e.g. Endplate Grade 0, and therefore, images of these features are not presented (“No
Specimens”).
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Similar to the radiographic and macroscopic analyses, there was a negative correlation
between histological degeneration scores and thoracic spine ROM; however, these correlations

were not significant (p>0.30).

3.4.1.2 Group C

3.4.1.2.1 Overview of Biomechanical Data

As discussed, specimens in Group C were first tested under pure moments in the intact
condition, following T10-T11 facetectomy, and following T10-T11 Ponte osteotomy. Following
this testing, each specimen underwent simulated DVR and DVR-to-Failure loading. Of the n=11
specimens tested from Group C, radiographic and MRI disc degeneration analyses were
performed on n=10 specimens. As such, and similar to the analysis for Group B, the kinematic
and biomechanical data, in terms of means and standard deviations, changed slightly for the
subgroup of 10 specimens. A brief overview of the results of those 10 specimens is presented

below.

In summary, during Single Plane Pure Moment testing, intact ROMrotaL (T2-T11) was
12.4°£9.8° in flexion-extension, 25.2°+£16.5° in lateral bending, and 38.7°+19.9° in axial
rotation. Unidirectional right axial rotation at T10-T11 was 1.8°+0.8°. Overall, total ROMroTAL
significantly increased in flexion-extension and axial rotation following Ponte osteotomy,
compared to the intact condition (Table 34) (p<0.05). Maximum increases following osteotomy

were 10.9° in flexion-extension, 3.8° in lateral bending, and 3.9° in axial rotation.
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Table 34. T2-T11 Range of Motion (Group C Specimens)

Flexion-Extension Lateral Bending Axial Rotation
(deg) (deg) (deg)
Intact Ponte Intact Ponte Intact Ponte
Mean 12.4 15.5 25.2 24.5 38.7 40.3
Std 9.8 12.7 16.5 17.0 19.9 20.3
Min 1.6 23 6.4 6.6 13.2 13.6
Max 27.1 38.0 50.7 54.5 65.3 69.2
p-value 0.042 0.523 0.015

Local T10-T11 unidirectional right axial rotation ROM increased from 1.8+0.8° intact to
2.1+1.1° following osteotomy. Under simulated DVR, at 4 Nm, local T10-T11 ARR ROM was
2.9+2.0° (Table 35). The ARR ROM continuously increased throughout simulated DVR loading,
increasing to 11.5+5.4° at failure. The moment at failure for this subgroup of specimens was

32.3+£12.3Nm, with an average applied load of 132.8+51.6 N.

Table 35. Local (T10-T11) Right Axial Rotation ROM Under Simulated DVR
(n=10 Group C Specimens for Degeneration Analysis)

4 Nm Percentage of Failure Moment
Pure
Moments DVR 25% 50% 75% 100%
(deg) (deg)  (deg)  (deg)  (deg)  (deg)
Mean 2.1 2.9 3.9 6.0 8.0 11.5
Std Dev 1.1 2.0 2.2 3.2 3.9 5.4
p=0.041
p=0.001
p<0.001
p<0.001
p=0.001

3.4.1.2.2 Radiographic and MRI Analysis

According to Lane et al.’s*>* radiographic criteria (0-3), two specimens had no

degeneration (Lane grade 0), four specimens had mild degeneration (Lane grade 1), and four
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specimens had moderate degeneration (Lane grade 3). According to Mimura et al.’s'”®

radiographic criteria (0-4), two specimens had mild degeneration (Mimura grade 1), three
specimens had moderate degeneration (Mimura grade 2), three specimens had moderate-severe
degeneration (Mimura grade 3), and two specimens had severe degeneration (Mimura grade 4).

The two scoring systems were strongly correlated, with a Spearman’s rho of 0.910 (p<0.001).

Overall, there was a negative correlation between x-ray degeneration scores and intact
thoracic spine ROMToTaL in flexion-extension and lateral bending (r<0.68, p<0.065) (Table 36);
however, there were no significant correlations between x-ray degeneration scores and global

axial rotation ROM.

Table 36. Correlation Between Intact Total (T2-T11) Range of Motion and Intervertebral Disc Health

Intact Total (T2-T11) Range of Motion

Flexion-Extension Lateral Bending Axial Rotation
Lane ef a2 Spearman's rho -0.756 -0.850 0.283
P-Value 0.030 0.015 0.538
Mimura ef al.1% Spearman's rho -0.683 -0.844 0.055
P-Value 0.062 0.017 0.907
Pfirrmann et Spearman's rho -0.866 -0.668 0.408
al P-Value 0.005 0.101 0.363

Compared to the x-ray degeneration grades, the MRI degeneration grades demonstrated
less diversity among the specimens. Specifically, according to Pfirrmann et al.?*>, one specimen
was Grade 2, seven specimens were Grade 3, and two specimens were Grade 4. Similar trends
were seen when evaluating the relationship between MRI degeneration grade, according to
Pfirrmann, and ROMrotaL, with negative correlations between degeneration grade and flexion-
extension and lateral bending.
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Unlike the global ROM results, there were no significant correlations between the
degeneration grades (x-ray or MRI) with local T10-T11 ROM under pure moments or under

simulated DVR (-0.33< r <0.408, p>0.363).

3.4.1.2.3 Histological Analyses

According to the modified Rutges scoring system (0-10), Group C specimens were
graded with mild to moderate degeneration (Grades 2-7). Specifically, one specimen was Grade

2, one specimen was Grade 7, with the remaining specimens being graded 3, 4, or 5.

Similar to the analyses of Group B specimens, there was a negative correlation between
histological degeneration scores and thoracic spine ROM; however, these correlations were once
again not significant (p>0.42). Additionally, unlike the radiographic degeneration scores, there
was no correlation between histological degeneration grade and thoracic spine strength (r=0.150,

p=0.680).
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3.4.2 Typical Thoracic Spine Range of Motion

3.4.2.1 Search Results

The original MEDLINE search yielded 161 abstracts. Of the 161 abstracts, 27 articles
were identified which included cadaver thoracic spine ROM measurements, in
degrees, 125263135, 4143.47.48,58,129,131,135.136,158252.257-266 A frer reviewing the references cited of each
of the identified articles, as well as reviewing the abstracts of 9,223 ‘Related Citations’,
including repeats, 14 additional articles were identified.%!3-7-28:133,134.174.251.267-272 Thig resulted in
a total of 41 identified articles. Five articles reported redundant data, i.e. data from the same
group of specimens and same author group, and thus were excluded.?7-2>%.262:268.269 Ty studies
which averaged lower thoracic motion with upper lumbar motion were excluded.?!*% Finally,
one of the identified articles was the original thesis written by Dr. Augustus A. White II1.° As the
original table of typical ROMs reported by White and Panjabi was largely based on this work,
the motions were not included in the present analysis. Instead, the results of the present analysis
were compared to the previously reported motions, discussed later. Following the exclusion of

these eight articles, 33 unique articles remained for the present analysis.!!:!325-28.3541-

43,47,48,58,129,131,133-136,158,174,251,252,259-261,263-265,267,270-272

3.4.2.2 Overall Trends

Within the 33 included articles, a wide range of methods were applied, including
differences in tested levels, intact specimen condition (i.e. with or without ribcage), type of
loading, loading rate, and loading magnitude. Five studies tested full-length human thoracic
spines,?> 27129158 three studies tested individual FSUs, 131" and the remaining studies tested

multi-segment thoracic spine specimens. Mean specimen ages ranged from 43 to 83 years.
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Of the included articles, 23 articles generally applied standard pure moments to thoracic
spine specimens without the ribcage intact (Table 37, Table 38). There was a wide variation of
reported means amongst these studies in each of the three loading directions. In these studies,
moments ranging from 1.5 Nm to 8 Nm were applied to a variety of thoracic regions and
specimen lengths. Displacement-controlled rotation rates ranged from 0.5°/s to 2°s, while load-
controlled moment rates ranged from 0.3Nm/s to INm/s; however, many of the articles did not
report loading rate. Additionally, as many of the studies used weight-pulley loading systems, the
loads were applied incrementally, e.g. steps of 2.25 Nm. Similar variations existed among the
five studies which evaluated thoracic spine motion without the ribcage using 4 point bending

loads, cantilever bending, or unknown loading types (Table 39).

Large variations were also observed in the seven articles reporting thoracic ROM in
specimens with the ribcage intact (Table 40). Specifically, reported full length thoracic ROM
(T1-T12) ranged from 7.93° to 33.9° in flexion-extension, 10.4° to 47.4° in lateral bending, and

23.0° to 44.9° in axial rotation.
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Table 37. Reported Mean Thoracic Spine Range of Motion (Without Ribcage) from Pure Moment Testing

Mean (SD) Range of Motion (degrees)

Applied Reported Thoracic
Author n Moment Motion Segment Flex-Ext Lat Bend Ax Rot
Brasiliense
et al3'y 8 7.5 Nm T3-T4/T4-T5/T5-T6 5.7(1.9) 4.2(1.1) 43 (1.1
T7-T8 4.1(1.1) 3.2(0.3) 3.8 (0.7)
Deniz et al’% 7 7.5 Nm T8-T9 44 (1) 3.2(0.6) 3.7(1.2)
T9-T10 4.2 (0.75) 3.48 (0.8) 35(1.2)
Kuklo et al® 8 6 Nm T4-T10 14.01 (4.9) 20.01(7.04) 34.75(9.38)
Chou et al?® 21 3 Nm T4-T6/T5-T7/T6-T8 4.6 (1.6) 8.9 (2.6) 11.7 (2.4)
7 5 Nm T10-T12 7.4 (1.77) 7.11 (1.59) 6.38 (1.08)
Chang et al*?
7 5 Nm T10-T12 5.85(1.06) 6.89 (1.71) 7.39 (1.55)
Deviren et al”’ 8 4 Nm T5-T11 17.5(2) 30 (2) 39.5(2)
8 4 Nm T5-T6 1.49 (1.39)
Sran et al**? 8 4 Nm T6-T7 2.56 (1.68)
8 4 Nm T7-T8 1.82(1.4)
Schultheiss
et al’® 6 3.75 Nm T11-L1 10 (1.8) 11.2 (1.6) 5.3 (2.25)
Schultheiss
et al”$ 6 3.75 Nm T11-L1 6.3 (2.75) 7.3 (2.25) 4.2 (2.6)
6 7.6 Nm T6-T8 5.12.4) 39@3.1) 5.6 (4.1)
Balabaud et al*
6 7.6 Nm T6-T8 3.8 (1.8) 2.5(1.5) 5.72.7)
Hitchon et al’® 20 6 Nm T10-T12 8.1(2.3) 9.2 (6.3) 7.1 (3.3)
Panjabi et al*% 10 7.5 Nm T11-L1 12.7 (3.3) 12.6 (4.1) 4.7(2.9)
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Table 37 (cont.). Reported Mean Thoracic Spine Range of Motion (Without Ribcage) from Pure Moment

Testing
T4-T5 16(1.1) 3.9(23) 4727
T5-T6 1.7 (0.9) 3.4 (2.3) 44(2.3)
T6-T7 1.4 (0.6) 4.0 (2.3) 5.1(1.3)
T7-T8 1.4 (0.9) 3.6 (1.1) 46(1.1)
Broc et al’! 5 4 Nm
T8-T9 1.3 (0.3) 23(0.9) 47(0.4)
T9-T10 1.4(0.3) 2.9(0.7) 43(0.6)
T10-T11 1.1 (0.6) 2.0 (1.0) 2.4(1.0)
T11-T12 1.7 (0.7) 23(0.7) 1.6 (1.1)
Sangiorgio et al’ 7 6 Nm T2-T5/T8-T11 5.7 (4.9) 7.9 (5.7) 10.6 (7.2)
4 5 Nm T5-T9/T6-T10 6.2 (1.4) 106(3.2) 12124
Kothe et al’3*
4 5 Nm T8-T12/T9-L1 5.7 (2.1) 6.7 (1.2) 48(1.4)
Oxland etal’® 11 7.5Nm TI1-T12 5.1 (2.6) 722) 3.6 (1.4)
6 5.7-6.5 Nm FSUs (T7-T10) 2.95
Markolf et al'’
13 5.7-6.5 Nm FSUs (T10-L1) 3.15
Lazaro et al’! 7 6 Nm T4-T6 or T5-T7 525(1.8)  42(12)  6.1(1.56)
Amesera” 7 1.5Nm TI-T2 338(1.07)  2.07(0.58)  2.42(0.54)
Taneral”? 12 5Nm T10-T12 43(12) 5.7 (1.7) 6.6 (2)
Watkins et al”f; 10 2-5 Nm T1-T12 13.17 16.04 33.6

n, number of specimens tested; SD, standard deviation; Flex-Ext, flexion-extension; Lat Bend, lateral bending;
Ax Rot, axial rotation

1 Values from "Stage 4" condition, resection of 75% of the ribs

1 Values from specimens following removal of sternum and ribcage
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Table 38. Reported Median Thoracic Spine ROM (Without Ribcage) from Pure Moment Testing

Median (SD) Range of Motion (Degrees)

Applied Reported Thoracic
Author n Moment Motion Segment Flex-Ext Lat Bend Ax Rot
6 3.75 Nm T11-L1 10.3(4.85)  10.8 (4.65) 5.6 (4.4)
S":t“it;}fjss 6  3.75Nm T11-L1 59825  6.8(5.39) 3 (6.9)
6 3.75 Nm T11-L1 6.6 (6.7) 5.7 (5.85) 3.5(3.8)
Morgenstern
et al®® 12 & Nm T5-T8 11.5 18 20
14 5 Nm T2-T3 7
Wollowick et al’® 14 5Nm T6-T7 5
14 5 Nm T10-T11 3.15
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Table 39. Thoracic Spine (Without Ribcage) ROM in 4Pt Bend, Cantilever Bending, or Unknown Loading

Mean (SD) Range of Motion

(Degrees)
Applied .
Author Load Moment Repor:ted Thoracic Flex-Ext Lat Bend Ax Rot
Type (Load) Motion Segment
6  4ptbend 4 Nm T2-T3 6 (2.6) 6.1(1.3) 7.2(1.4)
6  4ptbend 4 Nm T6-T7 2.5(D) 3.1(1.3) 4.7 (L.5)
Busscher 6  4ptbend 4 Nm T10-T11 2.5(L.1) 2.8 (1) 3.2(0.7)
et al'36268
6  4ptbend 2 Nm T2-T3 4.8 (2.3) 5(1.5) 6.4 (1.5)
6  4ptbend 2 Nm T6-T7 1.9 (0.7) 2.4 (1.4) 3.3(0.9)
6  4ptbend 2 Nm T10-T11 2.1(D) 2(0.8) 2.3(0.6)
T2-T11 25.3 (10) - -
Stanley et al’”! 7 6-8 Nm
T11-L1 8.2(3.4) - -
8 CB 43% BW FSU§ * -
Panjabi et al’?
9 CB 43% BW FSUs§§ ok -
4 5.6 Nm FSUst - ok oAk
Panjabi et al'’”* 2 5.6 Nm FSUstt - ook ok
2 5.6 Nm FSUst+ _ sk kok ok sk gk ok
Yu et al*’ 8 4 Nm T1-T3 6.7 (1.5) 2.2(0.6) 2.3(0.75)

§Functional Spine Units (FSUs) tested: T1-T2 (n=1), T4-T5 (n=2), T5-T6 (n=1), T6-T7 (n=1), T8-T9 (n=1) T9-
T10 (n=1), T11-T12 (n=1)

§§FSUs tested: T2-T3 (n=1), T3-T4 (n=1), T4-T5 (n=1), T6-T7 (n=1), T7-T8 (n=1), T8-T9 (n=2), T10-T11

(n=2)

+FSUs tested: T6-T7 (n=1), T7-T8 (n=1), T10-T11 (n=2); +1FSUs tested: T4-T5 (n=1), T10-T11 (n=1);
+11FSUs tested: T6-T7 (n=1), T8-T9 (n=1)

*Flexion only reported: 1.35 (1); **Extension only: 1.07 (0.42)

***One side lateral bending: 1.46; One side axial rotation: 2.24

*#**One side lateral bending: 1.66; One side axial rotation: 1.7

*#4%%One side lateral bending: 1.79; One side axial rotation: 1.68
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Table 40. Reported Mean Thoracic Spine Range of Motion (with Ribcage Intact)

Mean (SD) Range of Motion (Degrees)

Applied
Load Moment Reported Thoracic
Author n Type (Load) Motion Segment Flex-Ext Lat Bend Ax Rot
42.06 43.69
Healy et al’® 9 PM 5 Nm T1-T12 26.9 (10) (19.04) (16.87)
Brasiliense
et al’®! 8§ PM 75Nm  T2-T5/T3-T6/T4-T7 1.3 (0.7) 22(1.1) 0.5(0.3)
Little et @’ 10 PM 6 Nm T3-T4 5.0(1.8) 3.8(1.1) 4.0 (0.9)
6 CB 25N T1-T12 28.4(17.4) - -
Horton et al® 6 CB 25N T1-T12 33.9 (28.7) - -
6 CB 25N T1-T12 28.5(12.1) - -
Feiertag 11.34
et al”’ 6 89N T2-T10 (11.37) 13.6 (5.9) -
Watkins et al”” 10 PM 2-5Nm T1-T12 7.93 10.36 23.03
Lubelski 23.72 47.44 4491
et al'$ 10 PM 5 Nm T1-T12 (11.36) 14.77) (18.79)

3.4.2.3 Estimated Segmental Thoracic Motions

From the 24 studies which reported mean thoracic ROM (either bilateral/bidirectional or
both unilateral/bilateral directions) in cadaveric specimens without the ribcage intact, estimated
segmental motions were calculated.!:27283541-4347,131,133-136,251,252259,260.263-265.267.270-272 Egtimated
segmental motions ranged from 1.1° to 6.4° in flexion-extension, 1.1° to 7° in lateral bending,

and 1.2° to 7.2° in axial rotation (Table 41).
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Table 41. Estimated Segmental Thoracic Spine ROM (Without Ribcage)

Estimated Segmental Motion (Degrees)

Flexion-Extension Lateral Bending Axial Rotation
Thoracic ~ Motion
Segment Median Range Median Minimum Median Minimum
T1-T2 34 1.2-3.4 1.5 1.1-2.1 24 1.2-3.1
T2-T3 2.8 1.2-6.0 2.2 1.1-6.1 33 1.2-7.2
T3-T4 1.9 1.2-2.8 1.8 1.5-2.6 3.1 1.5-3.5
T4-T5 2.3 1.2-2.8 3 1.5-4.5 4.1 3.1-5.9
T5-T6 2.1 1.2-2.9 3 1.5-5.0 3.7 1.5-6.6
T6-T7 2.3 1.2-2.9 2.7 1.3-5.0 33 2.8-6.6
T7-T8 2.3 1.2-4.1 32 1.3-5.0 3.8 2.8-6.6
T8-T9 2.1 1.2-4.4 2.6 1.5-5.0 3.6 1.2-6.6
T9-T10 2.1 1.2-4.2 2.8 1.5-5.0 3.5 1.2-6.6
T10-T11 2.5 1.1-4.1 2.8 1.5-5.0 32 1.2-6.6
T11-T12 3.2 1.2-6.4 3.6 1.5-7.0 3.1 1.2-3.7

3.4.2.4 Pooled ROM Statistics from Pure Moment Testing

In order to comprehensively describe the ROM results from pure moment testing of
thoracic spines without the ribcage, estimated segmental thoracic ROM pooled means and
standard deviations were calculated. Only studies which reported mean and standard deviations
were included. Pooled means ranged from 1.9° at T2-T3 and T3-T4 to 3.8° at T11-T12 in
flexion-extension (Figure 39), 2.1° at T1-T2 to 4.4° at T11-T12 in lateral bending (Figure 40),
and 2.4° at T1-T2 to 5.2° at T5-T6 in axial rotation (Figure 41). It should be noted that only one
study was used for each the T1-T2 segment,?®” T2-T3 segment,?® and the T3-T4 segment,*® as

only that particular study reported mean motions of specimens including those segments.
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Figure 39. Pooled estimated segmental flexion-extension motion (pooled mean + pooled standard
deviation) for each level of the thoracic spine. Motions from articles measuring motions during standard
Pure Moment testing of intact thoracic spines without ribcages were included in the pooled ROM
calculations.
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Figure 40. Pooled estimated segmental lateral bending motion (pooled mean + pooled standard deviation)
for each level of the thoracic spine. Motions from articles measuring motions during standard Pure
Moment testing of intact thoracic spines without ribcages were included in the pooled ROM calculations.
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Figure 41. Pooled estimated segmental axial rotation motion (pooled mean + pooled standard deviation)
for each level of the thoracic spine. Motions from articles measuring motions during standard Pure
Moment testing of intact thoracic spines without ribcages were included in the pooled ROM calculations.

Given the estimated segmental motions at each thoracic motion segment, an
approximation for the total thoracic spine motion (T1-T12) was made based on the sum of the
individual segments. Therefore, estimated total thoracic spine motion (T1-T12) was

approximately 27.9° in flexion-extension, 36.3° in lateral bending, and 44.9° in axial rotation.
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4 Discussion
4.1 Single Plane Pure Moments

4.1.1 Overview of Results

In the present work, under single plane pure moments, posterior release produced increases
in motion in flexion-extension and axial rotation. The increases were produced following
conservative posterior releases, i.e. total facetectomies, as well as more aggressive posterior
releases, i.e. sequential Ponte osteotomies. Additionally, these releases provided significant
increases in total ROM, both in flexion-extension and axial rotation, compared to using the
conservative total facetectomies alone. The increases in flexion-extension motion are consistent
with the indications for these procedures, which were originally used to correct sagittal plane
deformities, such as Scheuermann’s Kyphosis. Meanwhile, the increases in axial rotation suggest
the potential use of these releases in correcting AIS deformities, where axial rotation-type
maneuvers are used to achieve correction, such as DVR. Finally, and contrary to popular

thought, even the osteotomies failed to significantly affect total ROM in lateral bending.

4.1.2 Comparison to Clinical Studies

Compared to clinical results of scoliosis and deformity correction, the increases following
posterior release under single plane pure moments were substantially smaller. Throughout the
clinical literature, studies have reported increases in sagittal correction ranging from
approximately 5-15° with each Ponte osteotomy.!?-1%%:166 I the present work, maximum
increases in flexion-extension moment for a single osteotomy were 2.6°, substantially smaller
than those previous clinical reports. Following the en bloc total facetectomies, increases in
flexion-extension were, on average, only 2.1°, with a maximum increase of 6.6°. This maximum,

212



however, was following 9-levels of conservative release, compared to the 5-15° increases
reported following a single-level surgery.!%:!% Finally, following the most substantial release,
that is 9 releases (5 level facetectomy, 4 level osteotomy), the average increase was 5.8°, with a

maximum of 12.0°.

It must be noted that the cited clinical studies report correction following both the
application of large correctional forces and torques, and the insertion of instrumentation during
surgery. In contrast, the present study applied pure moment loading, which may be lower than
forces applied during surgery.”?* In addition, no rod instrumentation was utilized in the present

work. This may help explain the discrepancies in the findings.

The wide posterior release evaluated in the present work, the Ponte osteotomy,
historically was described as a technique to reduce kyphotic deformity.!®> However, some
surgeons have utilized the procedure as an effective means of improving apical lordosis in cases
of idiopathic scoliosis. In the present study, increases in flexion of up to 1.6° per level of
osteotomy were measured. These increases are consistent with the theory and justification of

clinical observations of sagittal plane corrections; however, the magnitudes are still small.

Compared to coronal plane clinical corrections, and similar the sagittal plane corrections,
the increases following posterior release under pure moments were smaller. While the coronal
plane corrections are not as clear with respect to each individual release, conservative estimates
in the literature range from 2.4-6° following wide release.!!:127:162.163 Tn contrast, in the present
study, following a single osteotomy, increases in lateral bending ROM under pure moments were
less than 1°. Following the most substantial releases (9-level release: 5-level total facetectomy

and 4-level osteotomy), the average increase in lateral bending ROM was 2.7°, with a maximum
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of 6.3°. The comparison is similar to that of the sagittal plane corrections, where the most

destabilized in-vitro condition produced results similar to single-release clinical corrections.

Finally, in the axial plane, smaller motions were again observed in the present in-vitro
studies compared to clinical reports. Specifically, and while estimated based on clinical reports,
clinical axial corrections have ranged from approximately 5.1-17°.%16%170:172 [y comparison,
increases in excess of 3° were produced following each osteotomy, smaller than clinical reports.
In contrast, as much as nearly 17° following the entirety of the posterior releases were produced
in the present work, closer to those clinically reported corrections. However, as the clinical
values are difficult to discern in terms of number of levels contributing towards the correction,

comparisons are inconclusive.

In addition to evaluating the increases in ROM, the present work was the first to evaluate
routinely performed en bloc facetectomies with supplemental Ponte osteotomies. Despite the
various clinical reports, the effectiveness of Ponte osteotomies in comparison to the routinely
performed total facetectomies remains controversially debated throughout the
literature, ! 1-112:127.163 For example, Halanski et al.'?” evaluated the effectiveness of Ponte
osteotomies and facetectomies in two groups of patients, concluding that both procedures
performed equivalently. On the other hand, Pizones et al.'!! reported significantly improved
correction outcomes following wide posterior release (e.g. Ponte osteotomy) compared to a
standard release (e.g. facetectomy). Despite the controversy, the present work demonstrated that
while en bloc total facetectomies can increase thoracic spine flexibility, significantly improved

flexibility increases may be achieved with the use of supplemental osteotomies.

214



4.1.3 Comparison to Biomechanical Literature

Throughout the literature, several studies have evaluated the effects of posterior
destabilization techniques and posterior surgical releases on thoracic spine range of
motion,2>?8129:130.164 However, and as discussed extensively in the Background section of this
work, despite the presence of a ‘standard’, i.e. pure moment testing,!”** the results throughout
the literature are difficult to compare due to differences in testing methodologies. In the context
of posterior release literature, differences lie primarily in specimen type, loading protocol, and
data presentation and analysis.?>?*-12%:130.164 Iy addition, unlike the majority of the literature, the
present study evaluated primarily multi-level releases, closely simulating an intraoperative

environment.

Compared to single-level release studies, the most comparable investigations in the
literature were performed by the Oda et al.'*°, Oda et al.*®, and Anderson et al.'**. Oda et al.'*°
performed the most comparable study, in which pure moment loading was applied in a thoracic
canine model to evaluate the increase in ROM following ablation of the posterior elements.
Specifically, the destabilization involved the removal of all of the posterior elements, a
procedure similar to a Ponte osteotomy, utilized in the present study. The authors reported higher
increases in flexion-extension ROM; however, the normal ROM for canine specimens remains
unknown. Moreover, how these ROMs compare to human thoracic spine ROM is unknown,

making it difficult to draw comparisons to this study.

Later, the same group performed an evaluation of posterior destabilization procedures on

1‘29 1.29

a human thoracic spine model.”” Specifically, Oda ef al.*” applied pure moments to functional
spinal units following similar surgical procedures to the Ponte osteotomy. They reported higher
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increases in ROM compared to the current study. Specifically, normalized increases in ROM
(compared to intact) ranged from 38% to 45% in each of the three anatomical planes of bending,
following release of the posterior structures. However, the authors did not report the raw
magnitude of the motion increases. Instead, increases were only presented as a ratio of the intact

1.2% evaluated the increase in ROM as a ratio of an individual FSU motion

motion. Oda et a
measurement, whereas in the present study, the increases in ROM were calculated as a ratio of
the total thoracic ROM. Consequently, it is impossible to put into context the impact of their
results as they pertain to the results presented herein. For example, in an FSU which had only 1°
of motion in a given direction, a 50% increase would mean only 0.5°, which would have little
clinical impact. Alternatively, if a given FSU had 10° of motion in a given direction, a 50%
increase would be clinically significant, with a 5° increase at that level attributable to the
posterior release. Similarly, Anderson et al.'® evaluated the increase in motion of thoracic spine
FSUs following posterior destabilization. They too reported higher increases in motion; however
again, only ratios were presented. This highlights the need throughout the literature to present
comprehensive motion results, both as ratios of intact motion and as raw magnitudes of change,
as presented in the present work. This would enable stronger comparisons amongst the existing

literature, as well as facilitate clinically relevant conclusions, and in turn, translation to clinical

practice.

Additionally, studies of posterior techniques have been limited to single-level surgeries,
with the exception of Horton et al.? In their study, four en bloc total facetectomies were
performed before and after cantilever flexion-extension loading. Increases were observed in both
flexion, where ROM increased by 1.7°, and extension, where ROM increased by 0.8°.

Contrarily, in the present study, the en bloc facetectomies provided average increases in motion
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of 0.4° and 1.7° in flexion and extension, respectively. The total percent increases in ROM were

comparable. However, Horton et al.?

applied cantilever bending type loading. Additionally, the
ribcage and sternum were intact during loading. These differences may have, in part, contributed
to the differences in the results of the two studies. Regardless of the differences, the increases

were still substantially smaller across the studies than those reported clinically.!%16¢

Compared to the number of in-vitro studies which have evaluated the effects of posterior
release on sagittal plane ROM, few have evaluated the effects on axial plane ROM. As
discussed, posterior-only axial plane correction maneuvers have recently become popular for

3 and

treating scoliosis deformities.®%*102:107:109.110 The axial plane techniques include derotation'!
DVR.® The techniques rely on axially directed forces manually applied to the spine, which in the
present work, corresponds to torsional loading and resulting axial rotation. In the present work,
the sequential releases provided significant increases in ROM, with maximum increases of 3.1°
following a single osteotomy, and up to 16.9° following the combination of releases
(facetectomies combined with supplemental osteotomies). These increases were the largest in

any anatomical direction, speaking towards the potential effectiveness of torsional loading-type

maneuvers for correcting abnormally rotated spines.

Compared to a recent study by Wollowick et al.,’® who evaluated the increase in thoracic
torsional ROM under pure moment torsional loading, the single osteotomy results are similar.
Specifically, Wollowick et al.® reported single level increases ranging from 0.8-1.9° following
wide posterior release. However, despite the similar single level results, once again, the

magnitudes of increase are less than clinical reports.
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4.1.4 Lack of Increase in Lateral Bending

Unlike the increases in the sagittal and axial planes, the increases in lateral bending were
negligible in comparison. Similarly, Feiertag et al.'* and Oda et al.?’ reported negligible
changes in lateral bending following posterior releases. Specifically, in the present study,
following a single osteotomy, changes in lateral bending were on average less than 1°. This
result is contrary to popular belief, which suggests effectiveness of the releases intraoperatively,

112,127

measured by Cobb correction, in correcting coronal plane deformities, and in turn, lateral

bending ROM. However, as discussed, scoliosis is largely a deformity comprised of abnormal

6

rotations in the transverse and sagittal planes,” creating a perceived coronal plane deformity.

With this in mind, the ability to affect flexibility in the coronal plane becomes less important.

Furthermore, from a more fundamental biomechanical perspective, the results make
intuitive sense. Specifically, the lack of increase in lateral bending ROM following posterior
release are consistent with the anatomical positions of the posterior elements and ligaments

relative to the neutral plane of bending (Figure 42).%
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Figure 42. a.) Schematic diagram of a rectangular beam under bending loads depicting the neutral plane
of bending and the maximum compression/tension forces experienced; b.) Schematic diagram of a spine
under extension bending loads depicting the compression on the posterior aspects of the spine (posterior
shortening) and tension on the anterior aspect of the spine (anterior lengthening); c.) Schematic diagram
of a spine under lateral bending loads depicting neither lengthening nor shortening of the posterior
elements, as the posterior structures lie along the neutral plane of bending.?®

Specifically, under bending loads, one side of the spine lengthens, whereas the opposite
side shortens. The neutral plane, which lies at the center of the structure, neither lengthens nor
shortens. For example, under extension, the anterior longitudinal ligament and anterior disc
fibers lengthen, whereas the posterior elements and posterior ligaments tend to compress and
shorten. The neutral plane, which in this case would be the center of the discs, neither shortens
nor lengthens. Based on this theory, if the posterior elements were removed, e.g. a wide posterior
release, the resistance to shortening would be reduced. Hence, increases in extension ROM
would occur, as demonstrated by the reported results. Contrarily, in lateral bending, the releases
are being performed primarily in and around the neutral plane. Specifically, both the removed
ligaments (interspinous and supraspinous) and the spinous processes lie largely along the neutral

plane. Hence, the release should have a smaller effect compared to the other planes. This was in
219



fact the case, with negligible changes observed in lateral bending ROM following posterior

release.
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4.2 Multi-Planar Loading

While the single plane pure moment model enabled relative comparisons of the effects of
posterior releases, e.g. the relative comparison of the effects of en bloc total facetectomies to the
effects of supplemental osteotomies on total ROM, the magnitude of the increases in ROM did
not agree with clinical reports. The noted discrepancies demonstrate the inability to
comprehensively characterize the effects of posterior releases on thoracic ROM with pure
moment testing alone. However, despite the evident need to expand testing, the majority of
previous biomechanical studies have followed this typical protocol, that is, applying single plane

pure moment type loading to thoracic spines before and after posterior release.??->7->8:164

One primary assumption in applying the pure moment model to deformity correction
problems is that the increase in total ROM following a given posterior destabilization (e.g. wide
posterior release) correlates to the increase in deformity correction achievable by surgeons
intraoperatively.'*®?”® Based on a relative comparison, the assumption was valid in predicting the
relative performance of one release compared to another. For example, on the basis of the single
plane analysis, the results of the present work suggest that sequential Ponte osteotomies provide
significant increases in thoracic spine flexibility in axial rotation compared to en bloc total
facetectomies. Similarly, throughout the literature, relative comparisons of different
destabilization procedures could be performed. However, and as the discrepancies between the
biomechanical and clinical results indicate, the assumption may fall short in assessing the
magnitude of increase in thoracic ROM. This may be due to the fact that the process of assuming
equivalence between biomechanical increases and deformity correction increases assumes that

both the deformity and the correction of that deformity occur in one single plane; however, in
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cases of scoliosis, the deformity presents with abnormal rotations and translations in all three

anatomical planes.>%

In the present study, a novel multi-planar loading protocol was applied to thoracic spines
to expand upon the results provided using the single-plane pure moment model in an attempt to
further elucidate the effects of posterior release in applications of three-dimensional deformities.
Based on the results, both en bloc total facetectomies and supplemental sequential Ponte
osteotomies provided simultaneous increases in ROM in all three planes. Specifically,
simultaneous increases in ROM of up to 5.2°, 2.7°, and 5.4° in flexion-extension, lateral bending
and axial rotation were produced under multi-planar loading following en bloc facetectomies.
Additional simultaneous increases of 1.4°, 1.6°, and 2.2° were produced following each
supplemental osteotomy. These simultaneous increases coincide with the single plane results.
Specifically, the independent single plane increases under pure moments were 6.6°, 3.2°, and
8.1° following the total facetectomies in flexion-extension, lateral bending, and axial rotation,
respectively. Following each osteotomy, additional increases of up to 2.6°, 1.4°, and 3.1° were
produced in the three respective planes. The agreement between the results suggest the ability to
maintain corrective power under three-dimensional moments, more representative of a typical
clinical case where three-dimensional maneuvers are employed to correct three-dimensional

deformities.!'!-101-102

These multi-planar testing results provide more evidence towards the current controversy
surround the use of Ponte osteotomies in cases of AIS. Due to conflicting reports, there is a lack
111,112,127 For

of consensus in the literature regarding the use of such wide posterior releases.

example, while Pizones et al.!'! reported significant improvements in deformity correction using

222



wide-posterior releases compared to standard releases, Halanski et al.'?’

reported no difference.
According to the multi-planar results, and similar to the single plane testing results, the

supplemental osteotomies provided added flexibility in three-dimensions beyond what was

achieved using total facetectomies alone.

Additionally, beyond evaluating the effectiveness of supplemental osteotomies in
comparison to standard releases, the multi-planar results demonstrate the effectiveness of the
releases in three-dimensions. Without prospective clinical studies, it has been difficult to assess
the validity and effectiveness of using Ponte osteotomy and similar wide posterior releases in
cases of three-dimensional deformity, e.g. AIS. Consequently, some retrospective studies have
suggested ineffectiveness. For example, Zhang et al.?** concluded that while osteotomies may be
effective in correcting sagittal deformity, they may be ineffective in correcting coronal plane
deformities. In the present study where the variables are largely controlled, the multi-planar
results suggested the effectiveness in three-dimensions. This result demonstrates the advantages
of performing highly controlled biomechanical studies, as opposed to solely relying on

retrospective clinical data for decision making and clinical conclusions.

These results demonstrated that to comprehensively predict the ability of various releases
to produce three-dimensional corrections, multi-planar loading may be necessary. Together with
the single plane pure moment results, assessments were made to evaluate (1) the relative
performance of one release compared to another, and (2) the ability of the releases to maintain
corrective power under three-dimensional loads. However, despite the fact that multi-planar
loads were applied, the magnitudes of correction were still smaller than the clinical reports,

which have suggested per-release increases of 5-15° in the sagittal plane,!°7198:166 2 4.6° in the

223



coronal plane,!'!:127:162163 and 5.1-17° in the transverse plane.®!%%!17%172 These inconsistencies
indicate the necessity to expand the testing model even further in order to fully characterize the

potential of these releases in cases of AIS.

While the novel multi-planar loading protocol expanded the testing results to provide
evaluation of the three-dimensional effectiveness of posterior releases, the loads were still
applied at conservative, in-vitro magnitudes.?®?*° Once again, and similar to the majority of the
biomechanical literature, the magnitudes were based on established limits designed to prevent
soft-tissue damage during testing.!>"17-?* In addition to preventing damage, the loading
magnitudes were intended to produce physiological motion.*> However, based on clinical

comparisons of preoperative bending films and postoperative films,!%>1%

physiological motions
are exceeded intraoperatively. Furthermore, in order to exceed physiological motions, high-
magnitude intraoperative forces must be applied. Specifically, it has been suggested that torque
in excess of 100-120 Nm has been applied intraoperatively.” Therefore, to further expand upon

the characterization of the posterior-releases, an intraoperative simulation with high-magnitude

forces was necessary.
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4.3 Intraoperative Simulation and DVR-to-Failure

4.3.1 Strength of the Thoracic Spine under Simulated DVR

The pure moment model was designed to evaluate general thoracic spine properties, and
to evaluate the effectiveness of various fusion devices. However, and as discussed thoroughly,
the model was then applied to answer all questions surrounding preclinical testing of spine
disorders, and namely, the effectiveness of correction releases and techniques. As demonstrated,
the model was effective in helping to provide relative comparisons of one release versus another.
For example, in the present study, when comparing the relative effect of utilizing Ponte
osteotomies to supplement routinely performed en bloc facetectomies, the pure moment model
offered a valid platform for analysis. However, due to the discrepancies between the in-vitro

results and the clinical results, expansion upon this model was necessary.

One of the primary flaws in preclinical studies to date evaluating the effect of techniques
and releases used intraoperatively for the correction of spine deformity is the loading magnitudes
and maneuvers employed. Specifically, all of the studies to date which have evaluated the
effectiveness of posterior release have done so at low torque magnitude, ranging from
approximately 2-5 Nm.**® Similarly, in the pure moment model applied herein, moments were
applied at the 4Nm and 6Nm levels. Contrarily, with the advancement in surgical techniques,
surgeons are capable of applying larger moments than previously achievable.” Specifically, the
recent trend is to employ pedicle screw fixation at all levels along the length of the deformity,
providing high fixation strength through three-column fixation.”®!%""1% This in turn allows the
application of three-dimensional correction maneuvers to be applied, resulting in improved

correction.”*102:105:106 Tp the present study, DVR,® one such correction maneuver, was studied and
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simulated. With this maneuver, surgeons have purportedly applied torques in excess of 100Nm
directly to the spine.” These purported torques far exceed those applied in previous in-vitro
studies, potentially accounting for the disparity in the results between clinical and in-vitro

studies.

Unfortunately, despite the evident large torque magnitudes applied intraoperatively, both
from the purported forces (e.g. 100 Nm)’ and the intraoperative failures (e.g. screw plow, aortic
abutment, pedicle fracture),!!%128:179.228 the strength limits of the thoracic spine under such
torques are unknown. Moreover, the rotational response of the thoracic spine under these large
torques after posterior release are also unknown. Therefore, with our simulated DVR model, we
sought to expand the testing limitations of previous studies to provide more comprehensive
analyses and understanding of the thoracic spine as they pertain to deformity correction. The
first step in this process, then, was to evaluate the strength of the thoracic spine under simulated

DVR to failure.

Unlike surgical reports, which have purported safe application of DVR moments in
excess of 100Nm,’ in the present study, thoracic spine torsional failure occurred at intervertebral
disc moments ranging from 13.7 Nm to 54.7 Nm, with an average disc moment at failure of 33.3
Nm. The corresponding applied force was, on average, 138.6 N. These values are substantially
lower than the purported 100 Nm intraoperative torque, as was expected based on previous in-

vitro evaluations of the lumbar spine.43244

Only two previous studies have evaluated the safety of applying derotational-type torques
through pedicle screws in the thoracic spine;'*>?*> however, neither study allowed motion of the

spine. Consequently, the clinical relevance of the results is unknown, as intraoperatively, motion
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would be allowed at the level of correction. Regardless, the studies provide an indication of the
bone-screw interface strength in thoracic pedicles. According to the two studies, single screw-
bone interface failure occurred at average values ranging from 4-12 Nm.!#>**> Meanwhile, using
a quadrangular linkage, similar to the present study, failure occurred at an average of 42.5Nm,*’

comparable to the failures produced in the present study.

Ji 142 / 245

While these previous studies by Parent ef a and Cheng et a provide insight into
the thoracic pedicle screw-bone interface strength, the failures were isolated to this location as no
motion was allowed. When motion is allowed, torque is transferred through the intervertebral
disc as well, which could affect the results. However, prior to this work, no previous thoracic
spine studies have evaluated the strength of the thoracic spine under torsional loading and axial
rotation motion, with or without pedicle screw fixation. In the lumbar spine, more work has been
performed. Miller et al.*** applied torsional loads to lumbar FSUs, allowing motion at the disc.
In their study, lumbar torsional failure occurred at moments less than 59Nm. Similarly, Bisschop
et al.** performed a similar study, and reported an average torsional failure moment of 58.9 Nm
in specimens with high BMD. In specimens with low BMD, lumbar spine failures were observed

at as low as 23.7Nm. In the present study, similar torsional strengths were observed in the

thoracic spine.

Moreover, and similar to Bisschop et al.,*** thoracic spine BMD had a significant effect
on the resulting failure moments. Thoracic spine BMD was significantly correlated with both the
applied force at failure (r=0.932, p<0.001) and the intervertebral disc moment at failure (r=0.609,
p=0.047). This may have substantial impact on future in-vitro studies for AIS and other pediatric

and adolescent issues, as specimen selection may become of the utmost importance. The
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majority of in-vitro studies are performed using elderly cadaveric spines, as adolescent
specimens are virtually unattainable. Consequently, BMD must be considered in specimen
selection. Additionally, the result may have an impact in cases of adult scoliosis, where effects of

BMD may be paramount to intraoperative success.

Throughout these studies, spine failures have been observed at substantially smaller
torque magnitudes than those purported clinically, both for the thoracic and the lumbar spines.
This may explain the intraoperative failures which have been occurring clinically. Despite the

10.128.179 including pedicle screw plow, aortic abutment, and pedicle

intraoperative failures,
fracture, prior to this work, the safety limits had yet to be defined. This is the first study of its

kind to evaluate the safety of a specific scoliosis correction maneuver in the thoracic spine.

4.3.2 Simulated DVR versus Conventional Biomechanical Methods (Pure Moments)

Despite the glaring controversies and gaps in the literature surrounding the effectiveness
of posterior releases in correcting scoliosis deformities, the majority of the previous in-vitro
studies applied the traditional Pure Moment model >***1%* Accordingly, low-magnitude torques
ranging from 2-6Nm have largely been applied. However, and as discussed extensively, these
torques do not begin to simulate the typical torques applied intraoperatively. Consequently, in-
vitro studies to date have produced results which have not coincided with either clinical reports

or clinical belief.

In order to expand upon the typical low-magnitude model, the torsional limit of the
thoracic spine had to first be established. As discussed, and reported above, the present study

demonstrated an average thoracic spine failure moment of 33.3Nm, at an applied force of 138.6
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N. With this failure limit established, the increase in ROM following posterior release at this
limit could then be evaluated. Furthermore, the increase in ROM at fractional proportions of this
failure load could also be evaluated to determine the effectiveness of the posterior releases at

‘safe’ torsional torque magnitudes.

Under failure-producing torque magnitudes, and compared to the typical pure moment
load, e.g. 4Nm, unidirectional T10-T11 ROM increased from 2.1° to 11.6° following Ponte
osteotomy. Moreover, the increases in unidirectional ROM at failure ranged from 4.6° to 19.3°,
substantially larger than the increases in ROM reported previously in in-vitro studies of the
thoracic spine.?>2%%230 Moreover, compared to the typical in-vitro loading magnitude of 4Nm,
increases of up to 2° were observed at 25% failure, and an additional 4.3° when increasing the
magnitude to 50% of the failure torque. Using the Pure Moment model, maximum increases in
bilateral axial rotation ROM were approximately 3°.2%2° Clearly, increased torque magnitudes
produced larger increases in axial rotation ROM, providing a more accurate representation of the

clinical environment.

As discussed, the improvement in axial plane deformity attributable to specific releases is
difficult to ascertain from the literature, but approximate improvements range from 5.1-
17°.6:169.170.172 Iy comparison, the unidirectional T10-T11 ROM in the present study increased by
as much as 19.3°. The simulated DVR model provided the most clinically comparable data to
date in the biomechanical community. The increases alone demonstrate the importance of

exploring high-magnitude loading scenarios in in-vitro prediction of clinical performance.
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4.3.3 Risk-Benefit Analysis: Increase in Motion versus Increased Risk

With the DVR-to-failure and DVR simulation, the ultimate goal was to determine (1) safe
limits of torque application during intraoperative correction of spine deformity and (2) evaluate
the increased motion following posterior release under these safe limits. In the present study, the
results indicated that the increase in ROM continues throughout loading, with a maximum
increase in ROM occurring at the failure moment. However, clinically, the goal would be to
achieve a desired correction prior to risking catastrophic failure. Specifically, surgeons would
ideally apply magnitudes that achieved correction without producing pedicle screw plow, aortic
abutment, vascular injury, or bony fracture, to name a few. Consequently, the results must be

evaluated in the context of a risk-benefit analysis.

In the present study, the lowest failure moment observed was 13.7 Nm, corresponding to
an applied load of 20.3 N. Meanwhile, the average moment at 25% failure was 8.3+3.0 Nm, the
range of which falls below the minimum ultimate torsional failure moment. Irrespective of
BMD, 25% failure moment may be an appropriate moment to achieve inherent confidence in the
safety of the applied moment, as well as effectiveness in the produced results. Specifically, at
25% failure, increases in ROM were as much as 2°, increases which are above and beyond those
provided at the 4Nm in-vitro loading magnitude. Consequently, at the increased loads, and

compared to the Pure Moment results, the increases may be nearly doubled.

Moreover, when considering BMD, the true safety may be elucidated. In specimens where
the BMD was greater than 0.9 (4 specimens, BMD ranging from 0.933-1.042), the intervertebral
disc moments at failure were, on average, 42.7Nm. With sufficient thoracic spine BMD, stronger
pedicle screw-bone interfaces may be achieved, and in turn, stronger thoracic spine strength
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under DVR. With such considerations, the safe torque magnitudes may be increased, which
would in turn improve the ROM increase following posterior release. In preclinical prediction of
the deformity correction potential of various procedures, the relationship between BMD and
strength should govern the safe limits, and in turn, the effectiveness in a given sample. This may

serve to improve the preclinical deformity correction predictions for cases of AIS.
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4.4 Supplemental Analyses

4.4.1 Biomechanics as a Function of Disc Degeneration

Despite the evident effects of disc degeneration and specimen health on the resulting
spine biomechanics, as demonstrated by the wealth of studies performed on the lumbar and
cervical spines,!8%196:201-205 the effects on thoracic spine biomechanics are unknown. Moreover,
despite the majority of surgical release studies being aimed towards the adolescent and pediatric
communities where disc degeneration is likely not present, all previous in-vitro studies of the
thoracic spine have used adult cadaveric specimens without regard for specimen
health,!0-27:29:38.129.164 Consequently, several supplemental analyses were performed in the present

work to evaluate the effects of specimen health on the resulting thoracic spine biomechanics.

In the present work, thoracic spine ROM was negatively correlated with radiographic
disc degeneration grade and MRI degeneration grade. Specifically, radiographic scoring was
performed according to two grading systems proposed by Mimura et al.'*° and Lane et al.*>*
Both x-ray scoring systems were significantly correlated with one another, demonstrating the
similar ability of each to score the intervertebral discs. Similarly, both x-ray scoring systems
were negatively correlated with total thoracic spine intact ROM in each of the three directions.
The largest negative correlations were in axial rotation, where the Spearman’s rho values were
greater than 0.74. This coincides with many of the previous studies in the lumbar spine, which

suggested consistent decreases in lumbar spine ROM with increasing degeneration,!83:196.203

Despite the comprehensive negative correlations between x-ray degeneration grade and
thoracic spine ROM, the MRI results were less clear. While negative correlations were observed

between MRI degeneration grade and thoracic spine ROM in flexion-extension and lateral
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bending, insignificant positive correlations were observed in axial rotation; however, the spread
of MRI degeneration grades may have contributed to this finding. Specifically, 7 of the MRI
graded specimens had a Pfirrmann grade I1I, whereas two had a Pfirrmann grade IV, and only
one a Pfirrmann grade of II. Future work is needed to continue to evaluate the relationship
between MRI degeneration grade and thoracic spine ROM, particularly as MRI-based grading

may be the most clinically applicable in cases of spine disorders.

While thoracic spine degeneration has been reported,?’4>"® the pathology is much less
common than in the cervical or lumbar spines.?’®?%" In our random sample of cadaveric thoracic
spines, a mild to severe degree of degeneration was observed. The results of suggest a decrease
in motion from moderate to severe degeneration, consistent with many previous studies of the
lumbar spine.'#*1962%3 In addition, and similar to some previous studies of the lumbar
spine,21:202294 the results from Group B specimens suggest an increase in thoracic motion
between mild and moderate degeneration; however, due to the limited sample size, and in
particular only one spine with mild degeneration, this conclusion cannot be firmly established

before a further study is conducted.

While there were negative correlations between histological degeneration grade and
ROM in all directions, the correlations were not significant. Unlike the present study, Quint et
al.**! evaluated lumbar motion as a function of disc health, and found that histological grading
was more associated with changes in ROM than radiographic criteria; however, thoracic motion
was not evaluated. The lack of significant correlations in the present study may have been a
result of the limited sample size. Moreover, nearly all of the specimens in the present study were

given histological scores ranging from 3-5, i.e. mild to moderate degeneration. Despite the lack
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of extreme scores, i.e. healthy or severely degenerated grades, the histological scoring system
employed provided a simple and effective way to evaluate the discs. However, there was
variation within each specimen. For example, the posterior half of the sagittal sections
demonstrated clearer half circles in the AF, and in turn, the boundary between the AF and NP
was clearer. The anterior half, on the other hand, showed much less clear organization. This
observation was particularly noticeable under polarized light, which may be a useful tool in
future investigations of the AF and AF/NP boundary. Typically, scores were equivalent for the
AF, the AF/NP boundary, and the NP matrix; the cellularity, however, tended to differ, and may
be a distinguishing factor between specimens. It should be noted that in such specimens with
large variability between the anterior and posterior portions, the grade was based on the more
degenerated regions. This was done because, in these specimens, there were few focal areas of

healthy tissue, with the majority of the tissue having more severe degeneration.

Based on the strong negative correlations between thoracic spine ROM and radiographic-
based disc health in the Group B specimens, cadaveric thoracic spine flexibility was further
evaluated as a function of intervertebral disc health both before and after the sequential posterior
destabilizations. Based on the results of Group B, increases in ROM for healthier spines were at
least two-fold larger than increases for degenerated spines, following destabilizations. Maximum

increases in ROM for healthier spines were also two-fold larger than degenerated spines.

As discussed, while several studies have evaluated one-level destabilizations in the
thoracic spine,!®!32*16% few studies to date have reported the effects of multi-level
destabilizations, more closely representing a surgical environment. Horton et al.?* evaluated total

thoracic ROM increases following four total facetectomies, and found a mean increase of 2.5° in
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flexion-extension, approximately half the magnitude of increase reported in the present study;
however, in the present study, approximately twice the number of total facetectomies were
performed. Similarly, under single plane pure moments, the present study demonstrated increases
of approximately 3° in flexion-extension and axial rotation following three sequential Ponte
osteotomies in hemi-thoracic spine segments. Following stratification by disc health, healthier
spines showed increases of more than 4° in both flexion-extension and axial rotation following
total facetectomies, and more than 9° following the osteotomies, far exceeding the increases
reported in the previous studies. Clinically, surgical releases are typically performed during
deformity correction surgery on pediatric patients, where disc degeneration likely does not exist.
Therefore, by qualifying biomechanical results according to disc health, as done in the present
study, more applicable data may be obtained for pediatric deformities, such as adolescent

idiopathic scoliosis.

Unlike the total thoracic ROM results, specimen disc health had little effect on the
increase in local ROM following posterior destabilization, particularly under the simulated DVR.
Under simulated DVR, unidirectional axial rotation was applied locally at T10-T11, producing
small motions compared to those produced under bidirectional axial rotation in Group B
specimens. This may have contributed to the weak correlations between T10-T11 unidirectional
axial rotation right ROM and disc health. Following osteotomy under low-magnitude in-vitro
torques (i.e. 4Nm), the increases in motion compared to intact were, on average, less than 1°.
Similar to the previous reasoning, the small magnitudes of increase may have been too small to

decipher between degeneration grades.
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Surprisingly, there were no correlations between the increase in motion under high-
magnitude torque loading and intervertebral disc health. In this case, where the applied torque
magnitudes exceed the typical elastic properties of the intervertebral disc, the degeneration
seemed to have less of an effect. This makes sense as the degeneration likely affects the elastic
response of the discs. However, again, as the sample size was limited, and the spread of

degeneration grades was thin, it is difficult to make comprehensive conclusions to this point.

4.4.2 Typical Thoracic ROM

Intact thoracic spine range of motion was extracted from the literature to determine the
spread of estimated segmental motions reported in previous studies and to calculate estimated
segmental ROM pooled means and standard deviations in each anatomical plane. Overall,
estimated segmental motions were smallest in magnitude in flexion-extension and largest in axial
rotation. According to the pooled segmental ROM means and standard deviations, large
variability in ROM existed at each thoracic motion segment in each of the three loading
directions. Additionally, pooled estimated segmental motion in flexion-extension was largest at
the superior- and inferior-most motion segments, whereas pooled estimated segmental motions in

lateral bending and axial rotation were largest in the middle regions of the thoracic spine.

As discussed, previous literature frequently references the motions reported by White and
Panjabi to evaluate the results of their respective research studies.?%#1:4250.130.154.155.159.160 However,
in contrast to the motions reported by White and Panjabi,?® when considering all of the more
recent studies conducted over the last three decades reviewed in the present study, estimated

segmental motions were substantially smaller for nearly every thoracic motion segment in
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flexion-extension (Figure 43), lateral bending (Figure 44), and axial rotation (Figure 45). The

results are strikingly different, and both indicate a large variability amongst motions at each

thoracic level.

White and Panjabi (1978)

Flexion-Extension Range of Motion (Degrees)
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Figure 43. Left: flexion-extension ROM reported by White and Panjabi®® shown in green (range of

motion and ranges). Right: flexion-extension ROM reported by the 24 identified articles in the present

study which tested specimens without ribcages. The median, minimum, and maximum values of the

estimated segmental motions among the studies are shown.
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White and Panjabi (1978) Identified Articles in Present Review
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Figure 44. Left: lateral bending ROM reported by White and Panjabi?® shown in green (range of motion
and ranges). Right: lateral bending ROM reported by the 24 identified articles in the present study which
tested specimens without ribcages. The median, minimum, and maximum values of the estimated
segmental motions among the studies are shown.
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White and Panjabi (1978) Identified Articles in Present Review
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Figure 45. Left: axial rotation ROM reported by White and Panjabi?* shown in green (range of motion
and ranges). Right: axial rotation ROM reported by the 24 identified articles in the present study which
tested specimens without ribcages. The median, minimum, and maximum values of the estimated
segmental motions among the studies are shown.

Based on the reported ranges by White and Panjabi,* total thoracic ROM (T1-T12)
would range from approximately 34°-90° in flexion-extension. In contrast, the sum of the pooled
means in the present study (T1-T12) was approximately 28° in flexion-extension, substantially
smaller than the previously reported range. Similarly, White and Panjabi reported an estimated
total ROM of 94°-164° in lateral bending, compared to only 36° calculated in the present review,
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also much smaller. Finally, White and Panjabi reported an estimated ROM of 108°-198° in axial

rotation, whereas in the present review, estimated total ROM was only 45° in axial rotation.

The disparities may be attributed to differences in the loading mechanisms as well as the
motion measurement methods. As discussed, the pooled means reported in the present study
were based on the results of studies which generally employed pure moment testing
standards.!”** In contrast, White’s work was performed using off-axis compression loading
modes for bending,” prior to the advent of pure moment testing standards. It should be noted
however that despite this difference, motions in other studies using alternative types of loading,

1325 and 4-point bending,'*® have also reported motions substantially

including cantilever bending
smaller than those reported by White and Panjabi,?* suggesting an alternative reason for the
differences. Another potential factor may be the method of motion measurement. Specifically,
more recent techniques for motion measurements, such as optical motion tracking, may be more

accurate than the methods employed by White’s work, which included measurements using

extensometers, displacement gauges, and radiographs.’

The biomechanical standards were specifically designed to allow comparisons of results
across studies;!” however, variability among the results clearly exists. As the standard should
theoretically produce similar results, perhaps the variability in the results can be attributed to the
inherent variability in cadaveric specimen flexibilities. As discussed, disc degeneration has been
shown to affect the motions of the lumbar spine.'#*196:201-204 The present work demonstrates that
the same is true in the thoracic spine. Additionally, experimental factors may play a role in the
resultant motions, including, for example, loading magnitude, loading rate, and measurement

apparatus. With improved reporting of the biomechanical methods, as well as improved
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identification and reporting of specimen conditions, i.e. disc degeneration grade, presence of
osteophytes, etc., the wide variance reported throughout the thoracic spine literature may be

reduced.

Several studies have estimated and measured thoracic spine ROM in-vivo."*!!57 Reported
full thoracic motion (T1-T12) in flexion-extension has ranged from approximately 25.6° to
71°,153-156 Jateral bending ROM has ranged from approximately 31.2° to 75°,152155156 and axial
rotation ROM has ranged from approximately 41.8° to 95.5°.15155-157 [n comparison, the sum of
the pooled motions in the present study (T1-T12) was 28°, 36°, and 45° in flexion-extension,
lateral bending, and axial rotation, respectively. Each of these values fell within the lower ranges
of reported in-vivo motion suggesting that, as intended, pure moment testing may produce
physiological ranges of motion. In comparison to the values reported by White and Panjabi,>* the
clinical flexion-extension motions demonstrated similar ranges; however, the in-vivo measured
lateral bending and axial rotation ROMs were substantially smaller, similar to those motions

calculated in the present study.

The results of the present study may be limited by the method used to estimate the
thoracic segmental ROM in each plane. With increased use of optical motion measurements and
the increased capabilities of measuring motions at each spine segment, future studies should
report both global and segmental motions. Once this data becomes routinely available, more
accurate estimations may potentially be developed. Additionally, the analysis in the present study
was limited to the details provided by the published literature. With more detailed explanations
of experimental details, including loading rates, loading setups, etc., more thorough analyses

may be performed.
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Overall, estimated segmental thoracic ROM was established for each level of the thoracic
spine in flexion-extension, lateral bending, and axial rotation. The estimated motions fell within
the lower ranges of reported in-vivo motions, but were substantially smaller than the frequently
referenced values of cadaveric motions previously established. The wide variation in the results
suggests the need for improved characterization of experimental specimens, such as specimen
health or intervertebral disc degeneration. Such improved specimen characterization, as well as
improved reporting of experimental details and setups, may enable more accurate and
comprehensive estimations to be developed in the future, ultimately establishing a set of normal
motions at each level of the thoracic spine which could be beneficial for the diagnosis and

treatment of thoracic spine disorders.
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4.5 Limitations

As it is neither feasible nor possible to procure adolescent cadaveric specimens for
preclinical testing, let alone those with untreated deformities, cadaveric specimens from adult
donors were used in the present work. Therefore, the specimens employed in each of the models
presented in this work may not be as flexible as those pediatric spines operated on during AIS
surgeries, as adult spines suffer from poor bone quality, as well as disc and soft tissue
degeneration. Additionally, the assumption was made that any increase in ROM observed during
in-vitro testing would correlate to the increases observed intraoperatively. The assumptions
associated with both the specimens, as well as the in-vitro to intraoperative correlation, may have

affected the results.

In addition to these assumptions, in the present study, thoracic spines were tested with the
ribcage and sternum removed, similar to previous work'**1%% This too could have affected the
magnitudes of increase observed following the releases, as the anterior structures could provide

1.27

stability in the thoracic spine.?”-!3!132 Specifically, Watkins et al.?’ reported increases in ROM as

much as 66% following removal of these anterior structures. Similarly, Brasiliense et al.'*!

demonstrated substantial stability provided by the ribcage and sternum.

Clearly, this model introduces errors into the study’s approximations and estimates, and
this limitation needs to be taken into account. On the other hand, there are good reasons to

consider adult, non-scoliotic spines. These limitations and strengths are discussed below.

Adult spines are readily available, and there are simply no other available models that

come as close as adult spines to the mechanical properties of adolescent spines. For example,
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though the stiffness may be different, adult and adolescent ligament structures both have

viscoelastic behavior which is extremely difficult to replicate with any other type of model.

A frequently discussed error involves the underlying assumption that the force required to
bend (or torque) a straight spine into a deformed position is well approximated by the force
required to bend a deformed spine into a straight position.'*® While there is no quantitative data
to support its validity, this assumption does follow basic principles of mechanics, unless there is

a significant asymmetry in mechanical properties of soft tissues in the scoliotic spine.

Even if scoliotic spines were readily available, these would not easily provide a good
alternative model for this study, since each deformity is completely different in shape and
stiffness. In contrast, a straight spine provides the most reproducible starting point for

measurement of changes in flexibility.

Alternative methods of studying surgical biomechanical issues for scoliosis have included
clinical reports and computational models (i.e. finite element models). Given the costs of spine
deformity corrective surgeries and the amount of follow-up time and effort required to follow-up
patients, clinical studies suffer from major limitations. On the other hand, computational models
require input of material properties of the soft tissues.?®! These material properties for pediatric
or scoliotic spines, however, are unknown. Therefore, computational models typically use
mechanical properties of adult cadaveric soft tissues for scoliosis models, effectively introducing

the same limitation as in cadaveric models.

In addition to the lack of deformity, adult cadaveric specimens possess varying disc
degeneration, bone quality, and overall health, together resulting in a wide range of flexibility. It

should be noted that a wide range of flexibility, in and of itself, is not unique to adult spines and
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not a result of degeneration alone; rather, it is an inherent characteristic of the distribution of
flexibilities of all human spines, young and old, healthy and deformed. For example, in one
cohort of 76 AIS patients, standing Cobb angles ranged from 41.3°-95° and bending Cobb angles
ranged from 9.1°-60.8°.1* Similarly, in a cohort of 66 AIS patients, standing Cobb angles

ranged from 48°-78° and bending Cobb angles ranged from 22°-47° ,10°

Recognizing the limitations of using adult spines, the present study explores and takes into
account the error introduced by the differences among adult spines due to aging and degenerative
changes. This study used the correlation between disc degeneration and spine flexibility to
stratify the results. Taking this variable into account facilitates relating the data to adolescent

scoliosis patients in a more quantitative and objective way.

Another limitation in the present study was the limited number of specimens for the
supplemental analysis, particularly with MRI grading and histological grading. Consequently, a
full range of degeneration grades was not represented, which may have affected the magnitude
and statistical significance of the correlations. Additionally, only the T10-T11 disc space was
graded. As this was a reanalysis of an already completed study, we were limited to evaluating
this disc space; however, future studies should analyze the effects of disc degeneration on the

kinematic response at each level of the spine.

Cadaveric models for the study of different methods to correct AIS deformities have clear
advantages over clinical outcome studies, including shorter time, lower cost to the community
and patients, and better control of numerous variables. Therefore, the results of the present study

may serve to avoid the risk of suboptimal procedures that would otherwise be performed on
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some of the youngest, and most clinically demanding orthopaedic patients, who require decades

of clinical success from their surgeries.
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4.6 Conclusions

The present work demonstrated results which will have immediate impacts in both the
clinical and biomechanical communities. The overall goes of the present work was to expand
upon the current in-vitro testing method to produce a more comprehensive model to evaluate
spine deformity. Using the traditional Pure Moment model, it was demonstrated that
supplemental wide posterior releases provided additional increases in thoracic spine flexibility,
compared to the routinely performed total facetectomies. The result supports the use of wide
releases as a supplement to provide added correction intraoperatively, helping to provide

foundational data to alleviate the controversies in the clinical literature.

The traditional Pure Moment model was then expanded to include novel testing methods
and supplemental analyses on the basis of intervertebral disc and bone health. Building upon the
Pure Moment results, multi-planar loading and simulated DVR-to-failure models were
employed. Under multi-planar loading, the surgical releases provided simultaneous three-
dimensional increases in thoracic ROM, with the most pronounced effects in ROM occurring
under combined transverse and sagittal plane loading. As these are the typical loading directions
intraoperatively, the result suggests the potential of using similar releases intraoperatively in
cases of three-dimensional deformity, such as AIS. Despite the recent popularization of these

releases in cases of AIS, to date, no definitive data was available in this regard.

Further expanding the model, a novel apparatus was designed to develop a model which
could evaluate the safety and efficacy of intraoperative techniques using in-vitro testing.
Specifically, DVR, a popular posterior-only correction maneuver, was simulated in thoracic

spines. Using the simulation, both the safety of the maneuver, as well as the added benefit of
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increased ROM using the maneuver were evaluated. The thoracic spine strength under simulated
DVR was measured to be 33.3 Nm, substantially smaller than purported clinical torques in
excess of 100Nm. The result may explain the intraoperative failures which have occurred using

such techniques, such as pedicle screw plow, pedicle fracture, and aortic abutment.

The safety of using such maneuvers must also be evaluated against the strength of the
bone-screw interfaces along the length of the spine. Based on the strong correlations between
thoracic spine BMD and thoracic spine strength, safety zones can be established. For example, in
specimens where the BMD was greater than 0.9, the strength of the spine exceeded 40 Nm.
Similar analyses may be made as future work continues to add to the database of knowledge

surrounding this relationship.

While the strength limits of the thoracic spine have clearly been broached
intraoperatively, the question of safety must be paralleled by the question of effectiveness at
given applied loads. In the present work, following release, axial rotation ROM continually
increased until failure was reached. At 25% failure load, the ROM increases were nearly twice as
large as those achieved under typical in-vitro loading magnitudes, and were closer to those
reported clinically. Using the information presented in the current work, more realistic and
clinically relevant predictions may be performed, accounting for both the safety of the maneuver

as well as the effectiveness of reducing the deformity.

Beyond the specific clinical questions at hand, the present work provides a platform for
growth in the field of spine biomechanics. Based on the significant effects of intervertebral disc
and vertebral bone health on the resulting biomechanics, inclusion criteria should be employed in

specimen selection, just as surgeons would employ for their patients. This may maximize the
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applicability of using elderly specimens for evaluating problems in the adolescent and pediatric
communities, a limitation which, until now, was not addressed. Moreover, as demonstrated by
the wide range of results throughout the thoracic spine literature in assessing the motion of the

thoracic spine, the methods employed for testing should be purposeful.

In the present work, the traditional model was not sufficient to evaluate the problem at
hand. Consequently, the model was expanded to include new testing methods, e.g. multi-planar
loading and intraoperative simulation, as well as new analysis techniques, e¢.g. ROM as a
function of disc degeneration. With purposeful experimental design and parameter selection, the
questions of safety and efficacy could be addressed, producing the most clinically relevant
biomechanical data to date in the evaluation of AIS correction techniques. With future work, and
continued efforts towards problem-based biomechanical solutions, the field of spine
biomechanics will begin to have a much greater impact on the clinical community, and in turn,

on the treatment of orthopaedic patients.

In its entirety, this study established the safety and efficacy of commonly used
intraoperative techniques for the treatment of scoliosis deformities. It provided quantitative
information essential for the prediction of achievable correction under safe loading limits. The
novel model provides a platform for the evaluation of other surgical releases and correction
maneuvers, as well as future biomechanical models in evaluating spine disorders. With such well
controlled and quantitative in-vitro models, we may ultimately improve the outcomes of our
spine patients, including those from the pediatric and adolescent communities who require long-

term permanency in their treatments.
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5 Appendix A

5.1 Quantification of Increase in Three-Dimensional Spine Flexibility Following
Sequential Ponte Osteotomies in a Cadaveric Model?®
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Abstract
Background

Posterior-only procedures are becoming more popular for treatment of rigid adolescent idiopathic
scoliosis, but little is known about the quantitative correction potential for Ponte osteotomies. The
objective of this study was to quantify and compare the range of motion of intact multilevel thoracic spine

segments with the same segments after each of 3 sequential Ponte osteotomies.

Methods
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We tested 5 human cadaveric thoracic spine segments, spanning T-T6, or T7-T12, in an 8-degree-of-
freedom servo-hydraulic load frame, monitoring motion of each vertebra with an optical motion tracker.
We measured range of motion while we applied cyclic, pure moment loading to produce flexion-
extension, lateral bending, and axial rotation at a rate of 0.5°/second, to a maximum of + 6 Nm. Each

specimen was tested intact and after each of 3 sequential Ponte osteotomies.

Results

Total range of motion for the segments (either T2—T5 or T8-T11) increased by as much as 1.6° in flexion,
1.5° in extension, 0.5° in lateral bending, and 2.8° in axial rotation with each osteotomy. Because of the
variation in initial specimen stiffness, we normalized motions to the intact values. In flexion, average
range of motion increased after each osteotomy compared with intact, by 33%, 56%, and 69%. In
extension, slightly smaller increases were seen, increasing by as much as 56% after the third osteotomy.
In lateral bending, Ponte osteotomies had little effect on range of motion. In axial rotation, range of

motion increased by 16%, 29%, and 65% after 3 osteotomies.

Conclusions

Sequential Ponte osteotomies increased range of motion in flexion, extension, and axial rotation, but not
in lateral bending. These results suggest that the Ponte osteotomy may be appropriate when using
derotational correction maneuvers, or to improve apical lordosis at the apex of curvature during posterior
spinal fusion procedures. Although these techniques are effective in gaining correction for kyphotic

deformities and rigid curvatures, they add time and blood loss to the procedure.

Keywords:

Scoliosis, Spine, Cadaver model, Biomechanics, Sequential destabilization, Deformity correction
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INTRODUCTION

Adolescent idiopathic scoliosis affects approximately 2%—4% of adolescents [1], or 1.5-3 million
children in the United States alone [2]. Surgical treatment traditionally consists of anterior releases, either
alone or combined with a posterior release. More recently, because of the morbidity associated with
anterior approaches and technological advances in pedicle-based instrumentation and implants, there have
been advocates for posterior-only approaches [[3], [4], [5], [6], [7],[8]]. Although posterior-only
approaches have been used to treat degenerative kyphosis, they have only recently been proposed for

treatment of adolescent idiopathic scoliosis [4].

The Smith-Petersen osteotomy, sometimes referred to as a Ponte osteotomy [[3], [9], [10]], was
introduced in 1945 [11]and was originally indicated for correction of kyphosis. Both the Smith-Petersen
and Ponte osteotomies are posterior column shortening osteotomies originally described for the correction
of rigid kyphosis. The Smith-Petersen osteotomy, first described by Smith-Petersen in 1945 in patients
with ankylosing spondylitis and rigid kyphosis, involves resecting portions of the spinous processes,
ossified interspinous ligament, and ankylosed facet joints. Closing the osteotomy allowed for correction
of fixed kyphosis in these patients. Ponte originally described his osteotomy in the early 1980s as a
posterior-only approach in patients with Scheuermann's kyphosis. His technique involves a wide posterior
chevron osteotomy coupled with posterior instrumentation. The amount and location of bone resection are
similar to those of the Smith-Petersen osteotomy, except that it occurs in the non-ankylosed spine. The
clinical corrective potential for sagittal plane deformities using Ponte osteotomies has been reported to be
approximately 5°—15° of correction per osteotomy [[3], [12]]; however, this is limited to the sagittal plane
and has not been quantified in a well-controlled biomechanical model. Even less is known regarding the
corrective potential of Ponte osteotomies in treating complex 3-dimensional deformities, such as

scoliosis.

252


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

Previous biomechanical studies have investigated the role of different stabilizing structures in the thoracic

spine [[13],[14], [15], [16], [17], [18], [19], [20], [21], [22]]; however, few have included posterior-only

procedures, and none have isolated and quantified Ponte osteotomies. For example, Feiertag et al.

[21] performed a unilateral facetectomy on a single level in a full thoracic cadaveric spine model and
reported no significant increase in range of motion (ROM). Oda et al. [19] performed a total facetectomy
and laminectomy; however the study only evaluated the effects of a single-level surgery on a single
functional spinal unit. More recently, Anderson et al. [22] studied stiffness in flexion after a posterior
procedure similar to the Ponte osteotomy; however, the authors did not evaluate extension, lateral
bending, and axial rotation. In short, no studies to date have quantified the increase in 3-dimensional
flexibility after sequential Ponte osteotomies in a multi-segment thoracic spine model. Consequently, it

has been difficult to assess the potential of using Ponte osteotomies in treating 3-dimensional deformities.

The purpose of this study was to measure the 3-dimensional changes in thoracic spine mobility in a multi-

segment human cadaveric thoracic spine model after sequential Ponte osteotomies.

METHODS

Specimen preparation

We used 7 fresh-frozen, 6-level thoracic spine segments in this study, dissected from 4 fresh-frozen
human cadaveric thoracic spines (C7-L1) obtained from the International Institute for the Advancement
of Medicine (Jessup, PA). There were 1 female and 3 male donors (mean, 72 + 10 years). Before testing,
we removed all attached soft tissues, leaving intact the vertebrae, discs, stabilizing ligaments, and
posterior 5 cm of rib and associated costovertebral articulations [[23], [24]]. We took radiographs using
an HP Faxitron Series X-ray system (43805N; Hewlett Packard Company, Palo Alto, CA) and assessed
bone quality using dual-energy X-ray absorptiometry scans (Hologic, Inc., Bedford, MA) to determine

general bone and disc health and exclude any gross abnormalities or previous surgeries.
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We dissected the 4 cadaveric thoracic spines to obtain 8, 6-level (hemi-thoracic) spine segments, spanning
T1-T6 or T7-T12. We excluded 1 T7-T12 lower hemi-thoracic specimen before testing because of
severe calcification of the disc spaces, which left a total of 7 hemi-thoracic specimens for testing: 4 T1—
T6 segments and 3 T7-T12 segments. The 7 experimental hemi-thoracic specimens (n = 7) underwent

mechanical testing.

We potted the inferior (caudal) and superior (cranial) end vertebrae of each segment in low-temperature
setting epoxy resin, then placed them in a custom-designed, 15-cm-diameter aluminum mounting ring.
We used 2 triplanar laser levels to align the pot within the rings such that the vertebra was properly

aligned with the axis of the load frame.

Loading and measurement protocol

In total, we applied the following loading and measurement protocol to each of the 7 hemi-thoracic
specimens. We used an MTS 858 mini-bionix servo-hydraulic load frame equipped with the Flextest
System (MTS Systems, Eden Prairie, MN) to conduct all experiments, as previously employed by the
authors (Fig. 1) [25]. We mounted specimens in an inverted position. The caudal end was attached to the
upper gimbals of the load frame, which in turn were attached to the axial-torsional actuator. The cranial
end was attached to the lower gimbals and the lower gimbals were in turn mounted on a custom table with
2 perpendicular linear bearings, allowing free translation in the transverse plane to virtually minimize

shear loading.
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Fig. 1

Experimental setup. The hemi-thoracic spine specimen is in an inverted orientation, held by gimbals at
each end, with square flags attached for optical motion tracking.

We applied loads as pure moments in position control with torque-controlled end points, at a rate of
0.5°/second [26] to a maximum of 6 Nm. Loads were applied in sequence as follows: flexion-extension (+
6 Nm), right and left lateral bending (+ 6 Nm), and right and left axial rotation (= 6 Nm). For flexion-
extension, we applied bending moments through both upper and lower gimbals, thus keeping the spinal
segment aligned with the axis of the load frame. We carried out a similar process for the application of the

lateral bending moments. For axial rotation, we applied rotational moments through the caudal aspect
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with no axial preload. Each loading sequence was repeated for 5 cycles to minimize viscoelastic effects
[[19], [26]]. The first 3 cycles served as preconditioning and the fourth cycle was used for analysis. We
monitored and recorded loads throughout testing by a 6-degree-of-freedom load cell (ATI Industrial

Automation, Apex, NC).

We recorded motion continuously throughout testing using an Optotrak 3020 3-dimensional motion
tracking system (Northern Digital, Inc., Waterloo, Ontario, Canada). The motion tracking system has an
accuracy of 0.1 mm and 0.1°. The resolution of the machine is 0.01 mm. Custom motion flags, equipped
with 4 non-collinear, light-emitting diode markers, were attached to each vertebra in each spine segment
(T2—-T5 or T8-T11). In addition, we mounted 1 flag on the MTS load frame post to establish a fixed
coordinate axis. The motion of each functional spinal unit and motion of the entire mobile segment (eg,
T2-T5) were recorded continuously. We used a digitizing probe to establish planes of motion for each
vertebra [27]. Total ROM across the segment (T2—T5 or T8-T11) was recorded as the motion of the

superior vertebra with respect to the inferior vertebra.

We repeated the loading and measurement protocol described here for each specimen under the following
conditions: 1) intact; 2) Ponte osteotomy at T2—T3 (or T7-T8); 3) Ponte osteotomy at T3—-T4 (or T8-T9);

and 4) Ponte osteotomy at T4-T5 (or T10-T11).

Destabilization procedures

After intact testing, we performed sequential Ponte osteotomies. Each Ponte osteotomy included a
bilateral total facetectomy and resection of the following: the inferior half of the spinous process of the
vertebra superior to the osteotomy site, interspinous ligament, and the ligamentum flavum (Fig. 2). We
performed the osteotomies starting at the most superior level and then in sequence inferiorly until 3

sequential Ponte osteotomies were completed.
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Fig. 2

Schematic diagram showing the resection for Ponte osteotomies in (a) the sagittal plane and (b) the
coronal plane.

Statistical analysis

We used SPSS 15.0 statistical analysis software (Chicago, IL) to perform paired-samples ¢ tests for the
following pairs: intact versus 1-level Ponte, intact versus 2-level Ponte, and intact versus 3-level Ponte.
We repeated each paired-samples ¢ test for measurements in flexion, extension, lateral bending, and axial

rotation.

We performed 2 separate ¢ test analyses. A set of paired # tests was performed for the analysis of raw

measurements in degrees of rotation (Table 1, Table 2, Table 3, Table 4, Table 5). The p values are

presented in the Results section with the corresponding raw measurements (degrees).
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Table 1Flexion-extension range of motion (degrees) across thoracic spine segment (T2—T5, or T8-T11).

Flexion-extension (degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 5.7(4.9) 6.5 (5.6) 7.6 (6.5) 8.5(7.3)
Range 1.0-11.0 1.5-13.1 1.7-15.6 1.6-18.2
p=0.08
p=0.07
p=0.09

p-values are for comparison to intact.

Table 2Flexion range of motion (degrees) across thoracic spine segment (T2-T5, or T8-T11).

Flexion (degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 2.7 (1.9) 3.2(2.3) 3.9(2.8) 443.2)
Range 0.5-5.3 1.1-5.9 1.1-7.1 1.1-7.9
p=0.11
p=0.05
p=0.07

p-values are for comparison to intact.
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Table 3Extension range of motion (degrees) across thoracic spine segment (T2—T5, or T8-T11).

Extension (degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 3.0(3.1) 33(3.4) 3.7(3.7) 4.1(4.2)
Range 0.5-7.1 0.4-7.6 0.6-8.8 0.4-10.3
p=0.16
p=0.09
p=0.13

p-values are for comparison to intact.

Table 4Lateral bending range of motion (degrees) across thoracic spine segment (T2—T5, or T8-T11).

Lateral bending (degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 7.9 (5.7) 8.1(5.9) 8.3 (6.0) 8.3 (6.0)
Range 1.6-14.8 1.5-15.3 1.5-15.5 1.5-15.4
p=0.16
p=0.07
p=0.07

p-values are for comparison to intact.
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Table SAxial rotation range of motion (degrees) across thoracic spine segment (T2-T5, or T8-T11).

Axial rotation (degrees)

Measure Intact 1-Level Ponte 2-Level Ponte 3-Level Ponte
Mean (SD) 10.6 (7.2) 11.7 (8.2) 12.8 (9.0) 13.8 (9.1)
Range 3.4-19.7 3.9-222 4.1-23.6 4.3-23.9
p=0.08
p=0.07
p=0.04

p-values are for comparison to intact.

Next, we divided the ROM after each osteotomy by the corresponding intact ROM to determine the
normalized percent increase in flexibility. We performed a separate set of ¢ tests for this normalized
flexibility (Fig. 3). The p values are presented in the Results section with the corresponding normalized

flexibility outcomes (percent increases).
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Fig. 3

Change in range of motion as a result of 1-level, 2-level, and 3-level Ponte osteotomies, shown as the
percent increase compared with the range of motion of the intact spine. This increase is shown separately
for flexion, extension, combined arc of flexion-extension, lateral bending, and axial rotation.

RESULTS
Changes in flexion-extension

We first measured total ROM across the entire segment, specifically either T2—T5 or T8-T11, in flexion-
extension. Flexion-extension ROM increased after each osteotomy. Intact ROM was 5.7° + 4.9° and
increased to 6.5° + 5.6°, 7.6° £ 6.5°, and 8.5° £ 7.3°, respectively after each of the 3 sequential Ponte
osteotomies (Table 1). Each osteotomy increased flexion-extension by —0.2° to 2.6°. Compared with
intact specimens, flexion-extension increased by 20% + 16%, 41% + 24%, and 54% =+ 33% after each

osteotomy (Fig. 3).
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Coupled motions were small during flexion-extension loading, with intact coupled motions of 0.7° £ 0.5°
in lateral bending and 0.9° &+ 1.3° in axial rotation. After osteotomy, average changes in coupled motions

were less than 0.3°.

Changes in flexion

Because flexion and extension are not symmetric, owing to different anterior and posterior anatomy, we
also analyzed the 2 motions independently. Range of motion across the entire segment steadily increased
in flexion after each osteotomy. Motion increased from 2.7° + 1.9° in intact specimens to 4.4° + 3.2° after
the third osteotomy (p = .07) (Table 2). Each osteotomy increased flexion by —0.1° to 1.6°. Compared
with intact specimens, flexion increased by 33% + 44% (p = .17), 56% + 38% (p = .03), and 69% + 39%

(p = .02) after each osteotomy (Fig. 3).

Changes in extension

The ROM of the complete hemi-spine increased in extension after each osteotomy, but to a lesser extent
than in flexion. Specifically, extension increased from 3.0° & 3.1° in intact specimens to 4.1° & 4.2° after
3 osteotomies (p = .13) (Table 3). The mean increase resulting from individual osteotomies was —0.2° to
1.5°, similar to that observed in flexion. Compared with intact specimens, extension increased by 12% =+

32%, 34% + 38%, and 56% + 95%, respectively, after sequential osteotomies (Fig. 3).

Changes in lateral bending

Sequential Ponte osteotomies had little effect on lateral bending motion. Mean ROM in lateral bending
changed from 7.9° + 5.7° in intact specimens to 8.1° & 5.9° after 1 osteotomy, and 8.3° £ 6.0° after the
third osteotomy (Table 4). The increase in ROM after a single osteotomy ranged from —0.1° to 0.5°.
Compared with intact specimens, lateral bending ROM increased by 2% + 6% after 3 osteotomies

(Fig. 3).
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Similar to flexion-extension loading, coupled motions were small during lateral bending loading, with
intact coupled motions of 1.0° = 0.7° in flexion-extension and 1.0° + 0.5° in axial rotation. After

osteotomy, average changes in coupled motions were less than 0.3°.

Changes in axial rotation

Axial rotation ROM increased after each osteotomy: from 10.6° + 7.2° in intact specimens to 13.8° +9.1°
after the third sequential osteotomy (p = .04) (Table 5). Each osteotomy increased axial rotation by 0.1° to

2.8°. Compared with intact specimens, axial rotation increased by 34% =+ 20% after the third osteotomy (p

= .02) (Fig. 3).

Coupled motions during axial rotation loading were small in flexion-extension rotation, with intact
coupled flexion-extension of 0.8° = 0.6°. Coupled lateral bending rotation was larger, with average
coupled lateral bending of 2.0° + 2.4°. After osteotomy, average changes in coupled motions were less

than 0.2°.

DISCUSSION

In this study, we quantified increases in thoracic ROM in each plane after sequential Ponte osteotomies.
Motion increased in flexion and extension, consistent with original indications for the use of the Ponte
osteotomy in patients with kyphotic deformities. Similarly, axial rotation motion increased with each
osteotomy; however, sequential osteotomies did not increase lateral bending. Normal cadaveric ROMs in
the thoracic spine have been reported for the motion segments evaluated in the present study (T2-T11),
with per-level motions ranging from 2° to 14° in flexion-extension, 6° to 20° in lateral bending, and 4° to
24° in axial rotation [28]. Compared with these typical motions, maximum increases in flexion-extension

and axial rotation resulting from a single osteotomy in this study provide large increases in motion.
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These observations are consistent with positions of the posterior elements and ligaments relative to the
neutral plane of the bending moment (Fig. 4). Under bending loads, 1 aspect of the structure lengthens,
whereas the opposite shortens (Fig. 4a). The neutral plane, generally at the center, neither lengthens nor
shortens; therefore, structures in this plane have no major role in resisting bending. Under extension, the
anterior aspect of the spine lengthens, whereas the posterior aspect shortens (Fig. 4b). Under this type of
bending, the spinous processes tend to compress toward each other, thereby resisting compression—that
is, extension. A Ponte osteotomy profoundly reduces this type of resistance, increasing ROM in
extension. On the other hand, in lateral bending, the spinous processes and interspinous and supraspinous
ligaments are in the neutral plane, and therefore do not resist lateral bending (Fig. 4c). Consequently, a
Ponte osteotomy should have a smaller effect on ROM in lateral bending, consistent with the results of

the present study.

a b

Meutral Plane Meutral Plane

Max Compressian [Shartens)

Pl Tensian [Lengthens)

Latem| Bending

Fig. 4

Schematic diagram of (a) beam under bending depicting the surface of maximum tension, which
lengthens under bending, surface of maximum compression, which shortens under bending, and the
neutral plane in the center, which neither lengthens or shortens under bending in this plane; (b) a spine
segment under bending to produce extension, showing that the spinous processes are undergoing
maximum compression as the anterior column experiences maximum tension; and (¢) a spine segment
under bending to produce lateral bending, showing that the spinous processes and interspinous ligament
are positioned within the neutral plane, and therefore do not have a major role in resisting bending.
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Clinical studies have reported 5° to 15° of sagittal correction (ie, flexion-extension) per level of Ponte
osteotomy [[3], [12]]. The maximum increase in flexion-extension motion for a given osteotomy in this
study was 2.6°, lower than the clinical reports. Separating flexion and extension, a single osteotomy
resulted in maximum increases of 1.6° in flexion and 1.5° in extension. The cited clinical studies report
correction after both the application of large correctional forces and torques and the insertion of
instrumentation during surgery. In contrast, the present study applied pure moment loading, which may be
lower than forces applied during surgery. In addition, we used no instrumentation, which may explain the

discrepancies in the findings.

Previous studies have investigated posterior destabilization techniques; however, results are difficult to
compare because of differences in specimen type, loading protocol, and data presentation (Table 6)

[[18], [19], [20], [21], [22]]. In addition, studies of posterior techniques have been limited to single-level

surgeries, with the exception of the article by Horton et al. [20]. Those authors performed 4 non-
sequential, total facetectomies, and reported findings similar to the present study in flexion-extension;
however, they did not measure lateral bending and axial rotation. The most comparable investigation to
the current study was that performed by Oda et al. [18], which entailed removal of all posterior elements
in a canine thoracic model. Those authors reported higher increases in flexion-extension ROM;
nevertheless, the normal ROM for canine specimens, as well as compared with human thoracic spines,

remains unknown.
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Table 6Comparison of Results to the Literature.

Author,
Year

Present
Study

Present
Study

Feiertag,
1995

Oda, 1996

Oda, 2002

Horron,
2005

Anderson,
2009

Segment

T2-T5;
T8-T11

Single
Level

T2-T10

T6-T7

Thoracic
FSUs

C7-L1

Thoracic
FSUs

Surgical
Release (# of
Levels)

Ponte
Osteotomy (3)

Ponte
Osteotomy

Unilateral Total
Facetectomy (1)

Removal of
Posterior
Elements

Laminectomy +
Total
Facetectomy

Total
Facetectomy (4)

Removal of
Posterior
Structures

Increase in ROM

Applied Load or Motion (degrees)

AR
FE LB (Preload) FE LB AR
+6 +6 +6 Nm 2.8 0.3 33
Nm Nm
+6 +6 +6 Nm 0.9 0.1 1.1
Nm Nm
89N 89N 0.22°  0.45°
+045 +045 +045Nm 3.8° 0.6° 0.8°
Nm Nm
+2 +2 +2 Nm
Nm Nm (100 N)
25N 2.5°
+2.8°

Abbreviations: FE (Flexion-Extension); LB (Lateral Bending); AR (Axial Rotation).

Increase in ROM
(%)

FE LB AR
54% 2% 34%
1% 0%

38% 37% 45%
13%

68%

*Supraspinous and interspinous ligament, bilateral facet joints, ligamentum flavum resected.

**Bilateral supratransverse process hook and bilateral supralaminar hook site preparations, bilateral

pedicle screw placement and removal, supraspinous and interspinous ligament resection, and removal of
all remaining posterior structures.
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Oda et al. [19] and Anderson et al. [22] performed similar surgical procedures on functional human spinal
units, and reported higher increases in ROM compared with the current study. However, neither study
reported motion in degrees, which makes it difficult to put the percent-increase values into a context for
comparison. Throughout the literature, there is a need to report not only percent increase in ROM
compared with the intact condition, but also the raw data in degrees. This would provide a more

consistent measure across different studies.

The Ponte osteotomy was originally described as a means to improve kyphotic deformity, but some
surgeons have found it to be even better at improving the apical lordosis present in adolescent idiopathic
scoliosis. The present study measured increases in flexion of up to 1.6° per level of osteotomy. Overall
flexibility increased by 69% = 39% compared with the intact state after 3 sequential osteotomies (p =

.02). This large increase is consistent with previous clinical observations.

With the success and technological advancement of pedicle-based instrumentation systems, derotation has
become an increasingly popular technique to treat scoliosis deformity [[4], [5], [6], [7], [8], [29]]. The
techniques of derotation apply axially directed forces to the spine, which in the current model corresponds
with axial rotation. Each sequential osteotomy provided significant increases in axial rotation compared
with the intact condition (p <.05; Fig. 3), with a maximum increase of 2.8° for a given osteotomy.
Because the Ponte osteotomy is a posterior-only approach and bypasses the difficulties associated with
anterior procedures, this may be an attractive option whenever derotational techniques are used during

scoliosis surgery.

One assumption in the present study is that the increase in ROM after each Ponte osteotomy in a
cadaveric spine is correlated with the amount of deformity correction attainable during surgery

[[30], [31]]. This assumption has been used throughout the biomechanical literature studying
destabilization procedures in cadaveric spines followed by simulated loading. In contrast, during surgery,

surgeons manually apply these forces and torques to the spine using instrumentation and hardware after
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destabilization procedures. Few studies have investigated the forces and torques applied using
instrumentation during surgery [[32], [33]]. Therefore, it is difficult to compare loads applied during
surgery to those applied in vitro. The load applied in the present study, 6 Nm in each plane, exceeded
previously applied cadaveric thoracic spine moments (approximately 2—4 Nm) [[16], [19], [34]]. Still,

higher loads may be applied during surgery.

This study quantifies the percent amount of increased spinal flexibility that is achieved with multiple
Ponte osteotomies in a cadaver model. Care must be taken in extrapolating these data to the clinical
situation. Patients with idiopathic scoliosis undergoing posterior instrumented spinal fusion present with
varied curve severity and rigidity in all 3 planes. Thus, the surgical indication to perform concomitant
Ponte osteotomies, and the optimal number of Ponte osteotomies, will be patient specific. Further clinical
studies are necessary to address this question. There is little knowledge about the indications for and
extent of Ponte osteotomies in pediatric scoliosis surgery. Halanski and Cassidy [35] recently published
their experience of routine Ponte osteotomies in 18 patients compared with 19 patients with facetectomies
alone undergoing posterior instrumented spinal fusion. In the osteotomy group, osteotomies were
performed in 76% of instrumented levels. They found no difference in postoperative sagittal and coronal
correction between groups. The curve magnitude in the osteotomy group was 59° + 10°, which may be
too small to show an effect with Ponte osteotomies. It is possible that Ponte osteotomies may have their

greatest impact on intraoperative correction in stiff, severe curves.

It is difficult, if not impossible, to obtain pediatric cadaver specimens, let alone donors with untreated
scoliosis; consequently, specimens in the present study were from adults with relatively normal
alignment, or slight curvatures resulting from degenerative scoliosis. Because of poor bone quality and
degenerative changes typical of elderly willed body donors, specimens in the current study were not as
flexible as pediatric spines may be after surgical releases. Regardless, no alternatives are available for

biomechanical testing. Therefore, data from this model may provide low estimates of correction potential,

268


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

which may be exceeded in surgery where larger forces and torques are applied to younger patients. In
addition, because of the reliance on elderly donors experiencing various stages of degeneration, the intact
stiffness of the specimens in the present study varied widely, which resulted in large standard deviations,
an inherent limitation of cadaveric testing. The standard deviations are similar to those found in previous
thoracic spine posterior release biomechanics studies [[18], [22]]. Future studies should investigate
methods for normalizing biomechanical data based on the level of specimen quality and degeneration, to
help make stronger conclusions. Despite these limitations, the trends suggest the correction potential

of Ponte osteotomies in adolescent idiopathic scoliosis correction.

CONCLUSION

Sequential Ponte osteotomies increased thoracic ROM in flexion-extension and axial rotation, but had
little effect on lateral bending. These findings are consistent with the indicated use of Ponte osteotomies
for kyphosis. The increases in axial rotation may provide useful data for surgical planning of scoliosis
when derotational techniques are considered. In addition, Ponte osteotomies may be useful in correcting

apical lordosis.
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ABSTRACT
Purpose
The corrective potential of two posterior-only destabilization procedures for scoliosis deformity was

quantified under single and multi-planar loading using cadaveric spines.

Methods

Ten full-length human cadaveric thoracic spines were mounted in an 8-df servohydraulic load frame.
Cyclic, pure moments were applied in: (1) flexion—extension, (2) lateral bending, (3) axial rotation, (4)
flexion—extension with axial rotation, and (5) lateral bending with axial rotation at 0.5°/s, to +4 Nm. Each

specimen was tested intact, and again after nine en bloc bilateral total facetectomies, and one, two, three,
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and four levels of Ponte osteotomies. Motion was measured throughout loading using optical motion

tracking.

Results

Under single-plane loading, facetectomies and Ponte osteotomies increased thoracic spine flexibility in all
three planes. Compared to total facetectomies, higher per-level increases were seen following Ponte
osteotomies, with increases in total range of motion (total ROM) of up to 2.7° in flexion—extension, 1.4°
in lateral bending, and 3.1° in axial rotation following each osteotomy. Compared to the facetectomies,
four supplemental osteotomies increased total ROM by 23 % in flexion (p < 0.01) and 8 % in axial
rotation (p < 0.01). Increases in lateral bending were smaller. Under multi-planar loading, each Ponte
osteotomy provided simultaneous increases of up to 1.4°, 1.6°, and 2.2° in flexion—extension, lateral

bending, and axial rotation.

Conclusions

Ponte osteotomies provided higher per-level increases in ROM under single-plane loading than total
facetectomies alone. Further, Ponte osteotomies provided simultaneous increase in all three planes under
multi-planar loading. These results indicated that, to predict the correction potential of a surgical release,

multi-planar testing may be necessary.
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Recently, several studies have reported the clinical outcome of posterior-only approaches for the
correction of adolescent idiopathic scoliosis (AIS) [/—5]. The Ponte osteotomy, originally described for
correction of Scheuermann’s kyphosis [2], is one such posterior-only procedure used for cases of AIS [6].
Despite some favorable clinical outcomes using these osteotomies and similar wide posterior releases [6—
10], there is no consensus on using these for coronal plane correction or to supplement the routinely used
total facetectomies [/0]. Additionally, it is difficult to assess the potential of these procedures, as no
prospective clinical studies have been performed. Moreover, the amount of correction following each
supplemental osteotomy has not been quantified. Unfortunately, these issues have not been studied

systematically in previous investigations of posterior-only surgical techniques using cadaveric models

[L1-16].

The majority of biomechanical studies which have tested surgical releases have followed the same general
protocol for in vitro spine testing: pure moments applied independently in single planes to intact
specimens, and again after sequential release [ /4, 16]. The underlying assumption is that the increase in
motion observed following release correlates to the amount of deformity correction achievable in surgery.
However, this process assumes that both the deformity and the correction of the deformity occur in one

plane, when in actuality these often occur three dimensionally.

In addition, many studies have used functional spine units (FSUs) [11, /4—16], analyzing one operative
level only, which ignores the contribution of the rest of the thoracic spine. Clinically, in posterior-only
surgery for AIS cases, total facetectomies are performed, en bloc, on all instrumented levels of the spine.
Supplemental osteotomies are then performed at specific levels to provide additional needed flexibility
for correction. Clearly, the contribution of such supplemental releases cannot be compared to en bloc total

facetectomies using an FSU model.

The purpose of this study was to apply a novel multi-planar testing protocol to cadaveric thoracic spines

to quantify the increase in flexibility following two posterior-only surgical releases: (1) bilateral total
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facetectomies and (2) sequential Ponte osteotomies. These increases may provide an indication of the

deformity correction potential using each release.

METHODS

Specimen preparation and loading protocol

Ten fresh-frozen human cadaveric thoracic spines (T1-T12) were obtained (IIAM, Jessup, PA, USA).
Specimens were dissected, leaving vertebrae, discs, stabilizing ligaments, and the posterior 5 cm of the
ribs, with the costovertebral joints intact, as done previously [14, 13, 17]. High-resolution radiographs and
DEXA scans (Hologic, Inc., Bedford, MA, USA) were taken to assess initial specimen conditions and to

exclude those with gross abnormalities or poor bone health.

Specimens were loaded in an 8-df MTS 858 mini-bionix servohydraulic load frame equipped with the
Flextest System (MTS Systems Corporation, Eden Prairie, MN, USA) in an inverted position (Fig. 1).
The lower gimbals were mounted on an x—z table, equipped with two perpendicular linear bearings
allowing translation in the transverse plane, while the upper gimbals were fixed to the actuator. All
components of the loads and moments (F x, Fy, F,, My, My, M ,) were monitored to ensure that no

load or moment was placed on the spine specimens (ATI Industrial Automation, Apex, NC, USA).
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Fig. 1

Representative photo of the experimental setup and the 8-dof spine simulator. The degrees of freedom are
denoted by the superscripts 1-8

Pure cyclic moments were applied using a combination of position and torque control to produce bending
at a rate of 0.5 °/s to = 4 Nm. The applied moments are within the range of magnitudes applied
throughout the literature in the thoracic spine [/8—21]. For each test, five cycles of bending were applied,
with data from the third cycle used for analysis [2/]. The specimens were first tested in the following
single-plane loading directions: flexion—extension, bilateral lateral bending, and bidirectional axial
rotation. As the present study aimed to analyze the flexibility of the spine following surgical releases that
would be performed intraoperatively with a patient lying prone, no axial preload was applied. Single-
plane loading results were used to determine the flexibility in each plane (coronal, sagittal, and

transverse).
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Following single-plane loading, specimens were tested in two multi-planar loading conditions: (1)
combined axial rotation and flexion—extension, and (2) combined axial rotation and lateral bending

(Electronic Supplementary Material).

Range of motion (ROM) was recorded throughout testing using an Optotrak 3020 motion tracking system
(Northern Digital, Inc., Waterloo, ON, Canada). The motion capture system has an accuracy of 0.1 mm
and 0.1°, and a resolution of 0.01 mm. The accuracy and precision of this machine has been
independently validated [22]. Motion flags, equipped with four non-collinear light-emitting diode (LED)
markers, were attached via bone screws to the T2, T6, T10, and T11 vertebral bodies, alternately on the
left and right, to characterize motion of the spine (T2-T11). Additionally, one flag was mounted on the
load frame to establish a fixed coordinate axis and to minimize the effects of any vibrations of the
machine. Planes of motion for each of the instrumented vertebra were aligned using tri-planar lasers and a
digitizing probe. Total ROM across the segment (T2—T11) was recorded as the motion of T2 with respect
to T11. Segmental ROM from T6 to T10 (T6—T10 ROM) was recorded as the motion of T6 with respect
to T10. All ROM measurements were calculated as the relative motions of the superior vertebra with
respect to the inferior vertebra, and were based solely on the motion tracker markers/flags [21]. These
relative motions were reported as Euler angles [27]. Due to differences in initial specimen flexibility, the
data were normalized by calculating the percent increase in total ROM following each destabilization, as
compared to the intact condition. Both raw total ROM and normalized total ROM are reported. In
addition, as the majority of previous thoracic spine studies did not measure T2—T11 motion or T6-T10
motion, in the present study intact TI0—-T11 ROM was calculated to provide a direct comparison with
previous studies (Electronic Supplementary Material). These measurements pertain to the intact spine

prior to any surgical releases.

The loading protocol and measurements were repeated for each specimen under the following six
conditions: (1) intact; (2) following bilateral total facetectomies between T2 and T11; and following

Ponte osteotomy at (3) T7-T8; (4) T8-T9; (5) T6-T7; and (6) T9-T10.
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Destabilization procedures

Following intact testing, sequential posterior-only surgical releases were performed to destabilize the
spines. Nine en bloc bilateral total facetectomies were first performed from T2 to T11 (Fig. 2a). Each
facetectomy included the bilateral removal of the inferior facet of the superior vertebra (Fig. 2c) [4]. After
bilateral total facetectomies and testing, sequential Ponte osteotomies were performed to further
destabilize the spine (Fig. 2b). For each Ponte osteotomy, in addition to the bilateral total facetectomy,
resection of the following was performed: the inferior half of the spinous process of the vertebra superior

to the osteotomy site, the interspinous ligament, and the ligamentum flavum (Fig. 2d) [2].
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Fig. 2

a Full thoracic spine following nine en bloc bilateral total facetectomies from T2 to T11; b full thoracic
spine following four sequential Ponte osteotomies from T6 to T10; ¢ close-up of two example bilateral
total facetectomies; d close-up of two example Ponte osteotomies

Statistical analysis

Normal distribution of the data was assured using the Shapiro—Wilk tests, followed by normal Q—Q plots.
A multivariate general linear model was constructed to determine the relative effect of each input variable
on the outcome variables, using SPSS 15.0 statistical analysis software (SPSS, Inc., Chicago, IL, USA).

The input variables were specimen condition, destabilization, and loading direction. The primary outcome
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variables were (1) total ROM between T2 and T11 in all three planes during single-plane loading, (2) T6—
T10 ROM in all three planes during single-plane loading, and (3) total ROM between T2 and T11 in all

three planes during multi-planar loading.

RESULTS

Altogether, ten specimens were tested under single-plane and multi-planar loading, intact and after each
destabilization. The first specimen was tested on multiple days, with several freeze—thaw cycles, and
consequently excluded from the analysis. The remaining nine specimens were all tested without incidence

and were included for analysis.

Single-plane total range of motion (total ROM)

Flexion and extension were analyzed separately, due to asymmetrical anatomy in the anterior and
posterior columns of the spine. In flexion, total ROM increased following each destabilization (Table 1).
Bilateral total facetectomies increased total ROM by as much as 1.6°, while each osteotomy increased
total ROM by up to 1.8°. Overall, total flexion ROM increased by 3 + 8 % following facetectomies

(p =0.58) and 26 £ 19 % following 4 sequential osteotomies (p < 0.01, Fig. 3).
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Table 1
Single-plane range of motion (T2-T11)

Loading direction Measure Intact Facetectomies 1-level Ponte 2-level Ponte 3-level Ponte 4-level Ponte
Flei Mean (SD) |11.3 (5.8) |11.8 (6.2) 12.6 (6.6) 13.2(6.9) 13.7(7.2) 14.1 (7.5)
exon Range 0.7-18.7 0.7-20.0 0.9-21.5 0.9-22.5 0.9-23.3 0.9-24.1
xtension Mean (SD) 10.2 (6.6) |11.9 (8.1) 12.2 (8.5) 12.5 (8.9) 13.1 (9.6) 13.2 (9.8)

Range 0.8-21.6 |0.7-26.3 0.7-26.3 0.6-28.1 0.6-30.1 0.7-31.0
. Mean (SD) |28.5 (13.4) |30.2 (14.3) 30.7 (14.6) |31.1(149) [31.0(15.0) [31.2(15.2)
Lateral bending
Range 3.5-43.2 [3.6-45.7 3.747.1 3.7-48.0 3.8-48.2 3.8-48.9
. . Mean (SD) |36.4 (15.3) |39.9 (17.1) 40.7 (17.4) |41.5(17.9) 423 (184) |42.8(18.6)
Axial rotation
Range 5.3-53.0 |5.6-574 6.0-58.1 6.1-59.2 6.2-61.0 6.3-62.4
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Fig. 3

% Increase in total T2—T11 range of motion (ROM), compared to the intact total ROM, following each
sequential posterior release. "Bilateral total facetectomies compared to intact (p < 0.05). *Ponte
osteotomies compared to bilateral total facetectomies (p < 0.05)

In extension, total ROM increased from 10.2° £ 6.6° intact to 11.9° + 8.1° following total facetectomies
(Table 1). Each sequential osteotomy provided additional increases, with total ROM increasing to

13.2° + 9.8° following the fourth osteotomy. The maximum increase in total ROM was 8.3° following
facetectomies and up to 2.0° following a single osteotomy. Overall, compared to intact, total extension
ROM increased by 14 + 18 % following facetectomies (p = 0.17) and by 22 + 26 % following the fourth

osteotomy (p = 0.03, Fig. 3).
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Smaller increases in total ROM were seen in lateral bending compared to flexion, extension, or axial
rotation (Table 1). The total ROM increase ranged from 0° to 3.2° following total facetectomies and from
0° to 1.4° following a single osteotomy. Compared to intact, total lateral bending ROM increased by
5+ 2 % following total facetectomies (p < 0.01) and by only 9 + 4 % following four sequential Ponte

osteotomies (p < 0.01, Fig. 3).

Axial rotation total ROM increased following each destabilization procedure, increasing from

36.4° + 15.3° intact, to 39.9° = 17.1° following facetectomies, and further increased to 42.8° + 18.6°
following four sequential Ponte osteotomies (Table 1). Total ROM increases ranged from 0° to 8.1°
following total facetectomies and from 0° to 3.1° following each single osteotomy. Compared to intact,
total axial rotation ROM increased by 9 £ 5 % following total facetectomies (p <0.01) and by 17 + 8 %
following sequential Ponte osteotomies (p < 0.01, Fig. 3). (It should be noted that while, on average,
surgical releases always increased flexibility, the standard deviations suggest the possibility of decrease in

flexibility due to inherent assumptions in the calculation of standard deviation around the mean.)

Single-plane T6-T10 range of motion (T6-T10 ROM)

In flexion—extension, T6—-T10 ROM increased by an average of 0.6° + 0.7° following four bilateral total
facetectomies, compared to the intact condition (p = 0.05). Following four sequential Ponte osteotomies,

T6-T10 flexion—extension ROM increased by an additional 2.2° £ 1.7° (p < 0.01).

In lateral bending, increases in T6—T10 ROM following posterior releases were smaller than those in
flexion—extension or axial rotation. Specifically, T6—T10 lateral bending ROM increased an average of
0.2° £ 0.5° following the facetectomies (p = 0.22) and by an additional 0.2° + 0.6° following the four

sequential Ponte osteotomies (p = 0.32).
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Finally, in axial rotation, T6-T10 ROM increased by an average of 1.0° £ 1.3° following four bilateral
total facetectomies, compared to the intact condition (p = 0.06). Following four sequential Ponte

osteotomies, T6—T10 axial rotation ROM increased by an additional 1.5° £ 1.7° (p = 0.03).

Multi-planar motions

Under multi-planar loading, the maximum increases in total ROM were larger following the nine-level en
bloc total facetectomies; however, similar to the single-plane results, each Ponte osteotomy provided

additional three-dimensional increases in motion.

Specifically, under combined flexion—extension with axial rotation, total facetectomies increased total
ROM simultaneously up to 5.2° in flexion—extension, 2.4° in lateral bending, and 5.4° in axial rotation.
Each osteotomy provided a maximum simultaneous increase in total ROM of 1.4° in flexion—extension,

1.3° in lateral bending, and 2.2° in axial rotation (Table 2).

Table 2
Multi-planar motions—axial rotation with flexion—extension: difference in ROM following each
sequential release (T2-T11)

Flexion—extension (°) |Lateral bending (°)
Mean (SD) Range Mean (SD) Range

Axial rotation (°)

Mean (SD) Range

Facetectomies—intact |1.8 (1.6) 0.1t05.2 [1.0(0.7) |-0.1t02.42.7(1.9) 0.1t0o 5.4
Ponte 1-facetectomies (0.4 (0.4) -0.2t00.9(0.3(0.3) |-0.2t01.0(0.7 (0.4) 0.1to 1.1
Ponte 2—Ponte 1 04((04) |-03t009/03(04) |00tol.2 [06(0.5) |0.1tol.4
Ponte 3—Ponte 2 03(0.5 |-03t01.4/03(04) |00tol1.3 0.6(0.8) |—0.1t02.2
Ponte 4-Ponte 3 0.1(04) |-0.5t0.7/0.1(0.3) |-0.1t00.6/0.2(0.2) |—0.1t00.7

Under multi-planar loading combining lateral bending with axial rotation, the total facetectomies

provided simultaneous increases in total ROM of up to 2.7° in flexion—extension, 2.7° in lateral bending,

and 4.5° in axial rotation. In comparison, a single osteotomy provided simultaneous increases in total

ROM of up to 0.4° in flexion—extension, 1.6° in lateral bending, and 2.1° in axial rotation (Table 3).
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Table 3
Multi-planar motions—axial rotation with lateral bending: difference in ROM following each sequential
release (T2-T11)

Flexion—extension (°) |Lateral bending (°) Axial rotation (°)

Mean (SD) Range Mean (SD) Range Mean (SD) Range
Facetectomies—intact 0.5 (1.1) -0.6t02.7/09(09) |—-02t02.7(1.3(1.7) |-0.7t04.5
Ponte 1-facetectomies —0.2 (0.4) |-1.0t00.4/0.3(0.7) |-1.1t01.2/0.5(0.7) |-0.2t02.1

Ponte 2—Ponte 1 0.1(0.1) |-0.1t004/03(0.6) [~03t01.6/03(0.5) |-04t0ol.2
Ponte 3—Ponte 2 —0.1(0.3) |-0.9t00.2[0.0(0.5) [-0.8t00.6/0.0(0.5) |-1.0t00.5
Ponte 4—Ponte 3 ~0.1(0.3) |-0.8t00.4/0.2(0.6) |-0.4t01.50.1(0.5) |-03tol.1
DISCUSSION

Single-plane and simultaneous multi-planar increases in thoracic spine total ROM following sequential
posterior-only surgical releases were analyzed. Both en bloc bilateral total facetectomies and sequential
Ponte osteotomies provided increases in all three planes. Moreover, both facetectomies and Ponte

osteotomies provided simultaneous increases in total ROM under multi-planar loading.

Clinical studies have reported 5—15° of correction per level using Ponte osteotomies [2, 23]. However,
previous biomechanical studies have had trouble supporting this. One previous study [ /7] tested hemi-
thoracic cadaveric segments under pure moments, intact and after three sequential Ponte osteotomies and,
similar to the present study, reported maximum increases of up to 1.6° in flexion, 1.5° in extension, and
2.8° in axial rotation after each osteotomy, with little effect on lateral bending. These similarities
demonstrate the repeatability in pure moment testing, regardless of specimen length. However, AIS is a
complex three-dimensional deformity that combines sagittal, coronal, and transverse plane deformities

[24]. Therefore, the multi-planar testing performed in the present study was intended to address this
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complexity. Simultaneous maximum increases of 5.2°, 2.7°, and 5.4° in flexion—extension, lateral
bending, and axial rotation following facetectomies, and additional simultaneous increases of 1.4°, 1.6°,
and 2.2° following each osteotomy, suggested the potential to simultaneously increase flexibility in three
dimensions. These results indicated that, to predict the correction potential of a surgical release, multi-

planar testing may be necessary in preclinical studies.

Despite the fact that multi-planar loading of full thoracic spines was employed in the present study, the
increases in range of motion were still below the clinically reported correction potential of 5—15° per
osteotomy [2, 23]. These discrepancies may be, in part, due to the fact that in the present study, and
similar to numerous previous preclinical studies, the magnitudes of pure moments applied were based on
established standards to prevent soft tissue rupture or damage [/4, 25]. However, it has been suggested

that torque in excess of 100—-120 Nm has been applied during surgery [26].

Previous biomechanical studies have analyzed the effects of various posterior-only sequential
destabilizations in the thoracic spine [//—16]; however, most have analyzed single-level releases. In one
such single-level study, Oda et al. [ /4] reported normalized increases in range of motion (compared to
intact) of 38—45 % in each of the three planes of bending following resection of the posterior elements. In
contrast, the normalized increases in range of motion in the present study were smaller, with increases
ranging from 9 % in lateral bending to 26 % in flexion following the en bloc total facetectomies and
sequential osteotomies. The differences in normalized motion increases may be due to the methods of
analysis. In this study, increases following each surgical release were quantified as a percentage of total
spine motion; in contrast, Oda et al. [ /4] analyzed increases following single-level surgery as a

percentage of single-level motion.

Horton et al. [ /3] analyzed flexion—extension of full-length human thoracic spines following four en bloc
total facetectomies. Facetectomies increased flexion by 1.7° and extension by 0.8°, representing a 12.7 %

increase in flexion—extension. In contrast, in the present study, nine en bloc facetectomies provided

286


http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR2
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR23
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR14
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR25
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR26
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR11
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR16
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR14
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR14
http://link.springer.com/article/10.1007/s00586-014-3499-0/fulltext.html#CR13

average increases of 0.4° in flexion and 1.7° in extension, or an 8 % increase in flexion—extension.
However, Horton et al. [ 13] applied a perpendicular force to produce bending and kept the rib cage and

sternum intact, both of which may, in part, account for the disparity in findings.

It remains controversial whether total facetectomies alone are sufficient to increase flexibility to achieve
adequate deformity correction. For example, while Halanski et al. [ /0] reported no difference in coronal
or sagittal curve correction following Ponte osteotomy as compared to facetectomies alone, Pizones et al.
[7] reported significant improvement in coronal curve correction following wide posterior release (similar
to Ponte osteotomy) compared to a standard posterior release, which in their study included more release
than a typical facetectomy, inferring that the Ponte osteotomy would also provide improvement over
facetectomy alone. Consequently, there is no consensus regarding the use of Ponte osteotomies, and
similar wide posterior releases, for correction in the coronal plane [6, 7, 9, 10]. The results of the present
study suggest that while facetectomies alone can increase flexibility, supplemental osteotomies may be
useful in providing additional flexibility. Further, the present study was able to quantify the sequential
increase in spine flexibility following facetectomies and Ponte osteotomies, whereas clinical studies have

had to rely on comparisons of average deformity correction in each patient group.

As it is not possible to obtain adolescent cadaveric specimens, let alone those with untreated deformities,
for in vitro testing, cadaveric specimens from adult donors were used. Due to the limitations of elderly
cadaveric specimens, such as poor bone quality and degeneration, specimens may not be as flexible as
pediatric spines in surgery. Moreover, similar to other studies, the assumption was made that the increase
in ROM following destabilization of non-deformed specimens corresponds to increases observed in
deformed patients following the same posterior releases. Also, similar to previous studies [14, 15, 17], the
ribcage was removed, leaving the posterior 5 cm of the ribs and costovertebral joints intact. This may
have affected the magnitude of the resultant motions, as some studies have reported added stability
provided by the ribcage [18, 27, 28]. Watkins et al. [ /8] reported that under pure moments, removal of the

sternum and ribcage from cadaveric thoracic spines resulted in an increase in range of motion of 66 % in
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flexion—extension, 54.8 % in lateral bending, and 45.9 % in axial rotation. Following the resections, only
the posterior 3 cm of the ribs remained, similar to the condition of the intact spines in the present study.
Brasiliense et al. [27] reported even larger increases in motion following resection of the ribcage and
sternum, with only the posterior 25 % of the ribs intact, similar to the present study; however, the
increases were calculated across three motion segments, in turn producing larger perceived percent
increases in motion. In addition, unlike previous studies which apply pure moments to the spinal column,
Brasiliense et al. [27] applied pure moments equally through the spine, ribcage and sternum, likely

affecting the results.

Cadaveric models for the study of different methods to correct AIS deformities have clear advantages
over clinical outcome studies, including shorter time, lower cost to the community and patients, and better
control of numerous variables. Therefore, the results of the present study may serve to avoid the risk of
suboptimal procedures that would otherwise be performed on some of the youngest and most clinically

demanding orthopedic patients, who require decades of clinical success from their surgeries.

CONCLUSIONS

Ponte osteotomies provided higher per-level increases in ROM under single-plane loading than total
facetectomies alone. Although Ponte osteotomies have been considered primarily for sagittal plane
deformities, in this study they also provided simultaneous increase in all three planes under multi-planar
loading, supporting clinical reports of coronal curve correction using Ponte osteotomies. Therefore, the
results of the present study indicated that combined multi-planar loading of the spine can provide
additional information beyond that obtained from previous single-plane loading models of surgical

correction potential.
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