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A microdiscectomy is the surgical standard of care for a lumbar disc herniation and is the most
common lumbar spine surgery performed in the United States. The procedure can be done in
“partial” (PD) and “subtotal” (SD) fashions, with the latter being the more aggressive of the two
techniques. Currently, there is limited information regarding the effects of microdiscectomy on the
biomechanics of the lumbar spine. As a first step in addressing this issue, this research aimed to

understand how PD and SD affect the mechanics of the lumbar facet joints at the level of surgery.

The response of the facet joints was described by (1) the three-dimensional kinematics (3D) of the
facets and (2) the strains in the capsular ligament surrounding the joint. These metrics were explored
in two separate in vitro investigations using human cadaveric spinal specimens. In both studies, the
specimens were tested with a spine simulator that applied pure moments to the superior vertebra
while allowing unrestricted motion of the specimen. The specimens were tested during physiological
motions of: flexion-extension (FE), lateral bending (LB), axial rotation, and combined FE with LB.
The studies employed a repeated measures approach whereby each specimen was tested with its disc
intact and in post-PD and -SD states. The kinematics of the facets were determined via a rigid-body,
point-based registration technique; and the capsular strains were measured with a custom 3D digital

image correlation system.



Of the two procedures, only SD was shown to significantly increase the motion of the facets and the
strains in the capsular ligament. Increased motion could lead to mechanical overload of the facets,
potentially resulting in degenerative changes at the joint and subsequent pain. Additionally,
neuroanatomical studies have shown that the capsular ligament is innervated with mechanosensitive
nociceptors. Thus, SD patients may also be at risk of experiencing pain that originates from the
capsule. These potential outcomes should be weighed by clinicians when deciding on the best course

of treatment for their patients.
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Chapter 1. Introduction

1.1 Disc Herniation

Lumbar disc herniation is one of the most common causes of low back pain (LBP) and sciatica. It
occurs when a tear forms in the outer layer of the intervertebral disc (annulus fibrosus), allowing the
disc’s inner gelatinous core (nucleus pulposus) to extrude outward beyond the disc space
(Figure 1.1). The herniation typically occurs on the posterolateral side, where the annulus is
relatively thin and the disc is not reinforced by either the anterior or posterior longitudinal ligaments
[1]. Though herniations are usually the result of age-related annular degeneration and weakening,

they can also arise from trauma, heavy lifting, and occupational driving of motor vehicles [2].

.
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Figure 1.1: Cross-section of a herniated disc, depicting the breached annulus and a herniated fragment
compressing on a nerve root. (Adapted from Hansen and Netter [3].)

Patients with symptomatic lumbar disc herniations generally present with acute or chronic
intermittent LBP, sciatica, sensory changes, reflex loss, and muscle weakness. The mechanistic
cause of pain tends to be multifactorial, involving: (1) mechanical stimulation of the nerve endings
in the outer annulus, (2) compression of the spinal cord or its associated nerve roots, and

(3) chemical inflammation induced by the herniated fragment [2].

1.2 Treatment

Though most patients can be treated successfully by nonoperative means, many opt for surgery out
of a desire to quickly resolve their symptoms. Severe and progressive neurological and motor
deficits are considered to be absolute indications for surgery. These situations are rare, however, and

the majority of cases are not as straightforward. Nevertheless, most physicians would agree that the



relative indications for surgery are: (1) failure of an adequate period of nonoperative treatment
(generally 6 weeks to 4 months), (2) recurrent sciatica or neurological deficits after a successful

period of nonoperative treatment, (3) a herniation into a stenotic spinal canal, or (4) intractable pain

[4].

1.2.1 Microdiscectomy

A microdiscectomy is the surgical standard of care for a lumbar disc herniation. It is the most
common lumbar spine surgery in the United States [5], with nearly 300,000 performed annually [6].
There are two methods of disc removal used for microdiscectomy procedures. The first, referred to
as "subtotal” microdiscectomy (SD), was described by O'Connell [7] and involves excision of the
herniated fragment with aggressive curettage of the disc space. Advances in surgical lighting and
microscopy during the twentieth century promoted the development of a more conservative
technique, known as "partial™ microdiscectomy (PD). This approach, described by Williams [8] and
Spengler [9], involves removal of the herniated fragment alone with minimal invasion of the disc
space. Both procedures require partial resection of the lamina to allow the surgeon to see and access
the site of herniation. [The laminae (left and right) are flat sheets of bone that project
posteromedially from the pedicles and join at the midline to form the spinous process (Figure 1.1)].

1.2.2 Subtotal versus Partial Microdiscectomy

The choice between SD and PD remains unclear. SD, by nature of its more aggressive technique, has
been criticized for injuring the nucleus and endplate, leading to accelerated degeneration and
subsequent pain. On the other hand, PD has been criticized for increasing the risk of reherniation,

since more disc material is left behind to potentially herniate later.

The literature seems to support both these claims. McGirt et al. [10] reviewed a number of
previously reported case series and comparative studies in an effort to assess the short- and
long-term outcomes after PD and SD. The authors reported similar short-term outcomes (6 months to
2 years postoperatively), with the incidence of recurrent back or leg pain being 14.5% and 14.1% for
PD and SD, respectively. A significant increase in long-term (> 2 years postoperatively) back or leg
pain was reported with SD versus PD (27.9% versus 11.6%, respectively; P <0.0001). PD, however,



was linked with a twofold increase in reherniation compared with SD (7% versus 3.5%, respectively;
P < 0.0001). A comparable review by Watters and McGirt [11] had similar findings.

1.3  Significance

Currently, there is a paucity of data regarding the effects of microdiscectomy on the biomechanics of
the lumbar spine. As a first step in addressing this issue, this study aimed to understand how PD and

SD affect the mechanics of the lumbar facet joints.

From a clinical perspective, there were several reasons for undertaking this research. Throughout the
human body, studies have shown a correlation between altered joint mechanics, degenerative
processes, and pain. Clinical studies of the knee, for example, imply that abnormal motion often
precedes degeneration, rather than the other way around [12—15]. Abnormal motion shifts loading to
regions of the articular surface that are loaded infrequently and are thus poorly suited to
accommodate the increased stress. This initiates a cascade of degenerative changes in the cartilage,
which can ultimately manifest in osteoarthritis and pain [16-18]. Multiple researchers have
hypothesized that kinematic changes at the facet joint could result in osteoarthritis, facet atrophy,

and narrowing of the intervertebral foramen along a similar path [19,20].

In addition to osteoarthritis, altered facet joint mechanics may lead to pain stemming from the
capsular ligament that surrounds the joint. Neurophysiological studies have revealed a population of
small-diameter sensory neurons in the capsule that signal both the presence and magnitude of
capsular strain due to joint motion [21]. In an electrophysiological study with goats, Lu et al. [21]
found that approximately 47% strain is required to activate nociceptors within the capsule. However,
because the researchers did not take any measures of behavioral sensitivity, it was unknown whether
this threshold was also associated with the onset of pain. In fact, in two other studies, persistent
allodynia (pain from a stimulus that is not normally painful) was seen in rats that experienced
capsular strains of 33.6 + 3.1% [22] and 21.5 + 12.3% [23]. This suggests that the strain threshold
for pain could be much lower than that reported by Lu et al. [21]. Based on the allodynia studies, it is
reasonable to consider any strain above 21.5% as a potential source of pain. These investigations
provide further rationale for studying facet joint mechanics, since nonphysiological motion could

produce capsular strains that are sufficiently large to elicit pain.
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Taken together, the aforementioned studies demonstrate the importance of understanding whether
surgical disc excision affects the biomechanical response of the lumbar spine and—specifically—of
the facet joints. The results of this research provide data for objectively comparing PD and SD while
offering insights on whether either procedure might put the facet joints at risk for degenerative

changes and pain.

1.4  Objectives and Hypotheses

As previously stated, the purpose of this study was to determine how PD and SD affect the
mechanics of the lumbar facet joints at the level of surgery. The response of the facet joints was
described by (1) the three-dimensional (3D) kinematics of the facets and (2) the strains in the

capsular ligament surrounding the joint.

This research was conducted to test the following hypotheses:

e Hi: After PD and SD, the facets exhibit significantly more motion in response to
physiological loads. The increases after SD are significantly greater than the increases after
PD.

e Hy: After PD and SD, the capsular ligament experiences significantly greater strains in
response to physiological loads. The increases after SD are significantly greater than the
increases after PD.

e Has: After SD, physiological loading produces strains in the capsular ligament that exceed the
threshold for pain (21.5%) [23]. The strain threshold is not surpassed after PD.

1.5 Study Outcomes

The above hypotheses were evaluated using two separate investigations. The study outcomes were:
e Study#1: The 3D kinematics (translations and rotations) of the facets when the disc is intact
and in post-PD and -SD states.
e Study#2: The full-field surface strains of the capsular ligament when the disc is intact and in
post-PD and -SD states.



This document presents the research that was conducted for each of these studies (Study #1:
Chapter 4 and Study #2: Chapter 6). For the second study, the capsular ligament strains were
measured with an optical technique known as digital image correlation, or DIC. The design and
validation of a custom 3D-DIC system are described in Chapter 5. Also included are: an introduction
to lumbar spinal anatomy with particular emphasis given to the facet joint (Chapter 2); a summary of
published studies on facet joint mechanics and mechanotransduction (Chapter 3); and a final

discussion of the results to summarize the research (Chapter 7).



Chapter 2. Anatomy

2.1 Anatomy of the Lumbar Spine

The lumbar spine is one of five regions (cervical, thoracic, lumbar, sacrum, and coccyx) of the
human spine. It is located below the thoracic region and directly above the sacrum. There are five
vertebrae in the lumbar spine, which are referred to as L1-L5 traveling from top to bottom. Vertebrae
vary in size and certain geometrical characteristics from one region to the next. However, a typical
vertebra consists of a vertebral body, vertebral arch (pedicles and laminae), and seven processes
(spinous process, two transverse processes, and four articular processes) (Figure 2.1). Mobility
between any two vertebrae is provided by the intervertebral disc and two facet joints, thus defining

the intervertebral joint as a three-joint system.

Superior

articular process Vertebral body

Lamina Transverse process

) Inferior
Spinous process articular process

Figure 2.1: Lumbar vertebra. (Adapted from Bogduk [24].)

2.2  Anatomy of the Intervertebral Disc

The intervertebral discs are interposed between the bodies of adjacent vertebrae. They allow for the
flexibility of the spine while acting as natural shock absorbers and transmitting the loads that arise
from body weight and muscle activity. The disc is a complex structure comprised of two basic
elements: the nucleus pulposus and the annulus fibrosus (Figure 2.2). The nucleus pulposus is the
gelatinous core of the disc and consists of collagen and elastin fibers suspended in a highly hydrated
aggrecan-containing gel. The hydrated proteoglycans are essential for maintaining the osmotic
pressure of the disc, which imbues it with its load-bearing capabilities. The nucleus is surrounded by
the annulus fibrosus, which is made up of dense rings (lamellae) of fibrocartilage that insert on the
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vertebral endplates. Each lamella has unidirectional fibers angled at approximately 60 deg to the
vertical axis, with the orientation occurring in opposite directions in successive layers. In addition to
containing the nucleus, the annulus functions to evenly distribute pressure across the disc and resist
the stresses that arise from compression, bending, and torsion of the spine [25,26].

t I~ \
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Nucleus pulposus

Annulus fibrosus
Figure 2.2: Structure of the intervertebral disc. (Adapted from Raj [26].)

2.3  Anatomy of the Lumbar Facet Joint

The lumbar facet joints are classified as true synovial joints and are formed by the articulation of the
inferior articular processes of one vertebra with the superior articular processes of the vertebra below
(Figure 2.3). The joints are comprised of both hard and soft tissues, including: (1) the bony articular
processes whose articulating surfaces are covered with cartilage; (2) a thin connective tissue known
as the synovium that borders the cartilage; and (3) a capsular ligament that envelops the entire joint.
These tissues act together to guide and constrain the motion of the spine and transfer the loads

applied to the spinal column.
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Figure 2.3: The facet joints are formed by the articulation of a vertebra’s inferior articular processes with
the superior articular processes of the vertebra directly beneath it. There are two facet joints (left and
right) in each spinal motion segment. (Adapted from Thompson and Netter [27].)

2.3.1 Bony Articular Processes

The bony articular processes protrude from the laminae of each vertebra, forming two posterolateral

columns that help support axial compressive loads along the spine.

The orientation of the articular surfaces varies with vertebral level. Masharawi et al. [28] studied
thoracolumbar facet orientation using 240 human vertebral columns from the osteological collection
of a museum. In the sagittal plane, they measured the angle between the facets and the posterior
vertebral body height; and in the transverse plane, they measured the angle between the facets and
the vertebral body length (Figure 2.4).

Figure 2.4: Angle of the facets in the (A) sagittal and (B) transverse planes. The angles are shown for the
superior facets, though a similar process was adopted for the inferior facets. (Adapted from Masharawi et
al. [28].)



According to their results, the sagittal angle remains fairly constant for the superior facets (~170°),
whereas for the inferior facets, it steadily decreases from approximately 165° at L1 to 150° at L5.
Consequently, as one moves down the spine, the orientation of the inferior facets in the sagittal plane
becomes increasingly incongruent with that of the superior facets. This disharmony within joints
does not manifest in the transverse plane. The superior and inferior facets of each vertebra are
generally well aligned. The facets of L1 and L2 are closely oriented with the midsagittal plane
(~30°). The facets of the lower lumbar levels are oriented less with that plane, with the angle
gradually increasing to approximately 50° at L5.

The orientation of the articular surfaces has important implications for the kinematics of the spine.
Because the lumbar facets are generally vertically inclined, the joints are most mobile under sagittal
plane loading. During axial rotation, the opposing facets come into contact, resulting in smaller
movements. Despite the decrease in flexibility, this resistance to axial rotation serves to protect the

intervertebral disc and spinal cord from potentially damaging, nonphysiological motions.

2.3.2 Cartilage Layer

A thin layer of hyaline cartilage covers the articulating surface of each facet. The cartilage layer in
the cervical facet joints has been researched more extensively than that of the lumbar facet joints.
Yoganandan et al. [29] reported that the cartilage is thickest at the geometrical center of the facet and
gradually thins outward, where a layer of subchondral bone is exposed at the outermost edge. The
cartilage cover was stated to be 90% in the upper cervical spine (C1-C2) and 68% in the lower
cervical spine (C3-C7). In general, the cartilage was thicker in the upper cervical spine, and a gender
difference was noted. Accordingly, the mean thickness was 0.9 mm in males and 0.6 mm in females
in the upper cervical spine, whereas in the lower cervical spine, it was 0.5 mm in males and 0.4 mm
in females. Following these findings, Womack et al. [30] used experimental data from C3-C7 to
develop a single analytical function that described the perimeter of the cartilaginous region and the
cartilage thickness across the facet surface. The shape of the thickness distribution was found to be
in good agreement with the mid-sagittal profile given by Yoganandan et al. [29]. Recently,
Woldtvedt et al. [31] used the methods of Womack et al. [30] to describe the three-dimensional (3D)
distribution of cartilage thickness in the lumbar facet joints. The mean thickness was reported to be

0.58 mm and 0.63 mm for the inferior and superior facets, respectively.
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The cartilage layer enables nearly frictionless motion between the articulating surfaces while
supporting compressive, tensile, and shear loads that develop across the joint. Its function is largely
due to the structure of the cartilage tissue. Articular cartilage is a composite material, consisting of
fluid (water) and solid (chondrocytes, collagen fibers, and proteoglycans) phases. Through the depth
of the cartilage there are three distinct zones, each with a unique structural organization and
mechanical function (Figure 2.5). The outermost layer, called the lamina splendens, is the region
where contact occurs with the opposing facet. It is sparsely populated with chondrocytes and
collagen fibers that are oriented tangentially to the surface. The orientation of the collagen fibers
allows the cartilage to resist the tensile and shear stresses that develop when the facets slide relative
to one another. The middle layer, or transitional zone, contains an increased number of chondrocytes
and larger collagen fibers that are arranged in a random fashion. In the final layer, or deep zone, the
chondrocytes are stacked in columns that are perpendicular to the surface and parallel to the collagen
fibers. The transitional and deep zones contain a high concentration of proteoglycans, which
increases with depth. The proteoglycans attract water, which improves the incompressibility of the
material. Therefore, these layers resist the compressive and hydrostatic stresses that develop in the
joint [32].

Collagen Chondrocyte
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Figure 2.5: Layered structure of articular cartilage. The appearance and organization of the collagen
fibers and chondrocytes are shown on the left and right, respectively. (Adapted from Browne and Branch

[33])
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2.3.3 Synovium and Menisci

The synovium is a thin connective tissue that surrounds the margins of the articular cartilage. In
addition to providing mechanical resistance to the relative motion of the facets, the synovium is
responsible for producing and secreting synovial fluid to nourish the cartilaginous surfaces and
minimize the friction between them. The synovium also regulates exchanges between blood and the

synovial fluid and contains macrophages to remove waste that accumulates in the joint cavity.

Examined from the inside of the joint, the synovial membrane has a smooth surface, but in some
areas, it forms folds which project into the joint space. Also called menisci, the synovial folds help
protect the articular cartilage (Figure 2.6). Because they are wedged between the opposing articular
surfaces, they help compensate for any incongruencies between them. The folds also provide
increased surface area on which to distribute the loads that are transferred through the joint. There
are three types of menisci which are present in the facet joints: adipose tissue pads, fibro-adipose
meniscoids, and connective tissue rims. The adipose tissue pads and fibro-adipose meniscoids are
located on the peripheral rims of the superior and inferior regions of the joint. In the sagittal plane,
they have a triangular cross-section. The base of the triangle is attached to the capsular ligament, and
the apex extends into the joint cavity by as much as 4 mm. The connective tissue rims wrap around

the remaining portion of the bony processes with a slight inward taper [34].

Articular surface

Menisci

Figure 2.6: Idealized sketch of a facet’s articular surface showing the menisci protruding into the joint
space.

2.3.4 Capsular Ligament

The capsular ligament surrounds the synovium to completely enclose the facet joint. The lumbar
facet capsule has non-uniform thickness and has been reported to be thinner in the posterior region
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(2.0 mm) than the superior and inferior regions (2.4 mm) [35]. In a morphological study by
Yamashita et al. [36], the authors identified two distinct layers in the capsule. The outer layer is a
strong connective tissue formed by dense bundles of collagen fibers linked by proteoglycans. The
inner layer is composed of elastin fibers interspersed with fibroblasts. Its histological features are
similar to those of the ligamentum flavum, which blends with the fibers to form the anterior aspect

of the capsule.

The morphology of the capsule is highly dependent on location. Though the outer layer contains
parallel bundles of fibers, the fiber lengths and directions are different in the superior, middle, and
inferior portions of the joint. In the superior and middle parts, the fibers are 13-17 mm in length and
run in the mediolateral direction. In both these regions, the medial ends of the fibers attach to the
posteromedial aspect of the lamina. However, in the superior region, the lateral attachment is at the
superolateral aspect of the superior articular process; and in the middle region, it is at the posterior
aspect of the mamillary process. In the inferior portion of the joint, the fibers are 15-20 mm long and
run in the superomedial to inferolateral direction. The medial ends of the fibers attach to the
inferomedial aspect of the lamina, and the lateral ends attach to the posterior aspect of the base of the

superior articular process [36].

The purpose of the capsular ligament is to resist tensile forces that develop when the joint rotates and
translates. Because the fibers cross over the joint gap and are generally oriented in the mediolateral
direction, they permit mobility in the sagittal plane while helping to stabilize the joint in the

transverse plane.
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Chapter 3. Facet Joint Mechanics and Mechanotransduction

3.1 Mechanics of the Lumbar Facet Joints

There are several studies that have focused on the mechanics of the facet joint separate from those of
the intervertebral joint. Their metrics can be broadly grouped into three main categories, which
include:

e Facet kinematics.

e Capsular ligament strains.

e Facet contact forces and pressures.

Though all these metrics are interrelated, in the lumbar spine, the first two categories have been less
studied than the third and are thus the focus of this investigation. The following subsections

document and summarize the current state of knowledge regarding these metrics.

3.1.1 Facet Kinematics

Only a handful of studies have made quantitative measurements of lumbar facet kinematics. Wood et
al. [37] used an instrumented spatial linkage to measure facet motion in dogs during various
functional activities. During walking, they observed that the opposing facets at L2-L3 glided over
one another in a ventral to dorsal slope, with an average excursion of 3.4 = 1.3 mm. This was a
landmark study in the sense that it was the first investigation to numerically characterize the motion
of the lumbar facets. However, there are substantial differences between canine and human lumbar
spines, in terms of their relative proportions [38], orientations, and mechanical properties [39]. Thus,
it is difficult to draw inferences from Wood et al.’s [37] results on the kinematics of human lumbar

facets.

In a later study, Kozanek et al. [40] employed a dual MRI modeling and fluoroscopic image
matching technique to measure the range of motion (ROM) of human lumbar facets in vivo. Subjects
performed maximal trunk bending along the three primary axes of motion [flexion-extension (FE),
lateral bending (LB), and axial rotation (AR)] under physiological weight-bearing. The researchers

found that facet motion was dependent on vertebral level. Whereas the facets of the cranial levels
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(L2-L3 and L3-L4) were more mobile in FE, the facets at L4-L5 were more mobile in LB and AR.
During FE, the facets primarily rotated about the mediolateral axis (mean: 2.0-6.0 deg) and
translated in the superoinferior direction (mean: 2.0-4.0 mm). In contrast, during LB and AR, the
facets did not rotate or translate in a dominant direction. Rather, their motion constituted a coupling

of rotations (mean: < 5.0 deg) and translations (mean: 3.0 mm) in different directions.

Kozanek et al. [40] described facet motion in a coordinate system whose axes were aligned with the
anatomical directions of the body. This reference frame is well-understood from a clinical point of
view. However, since the facets are not oriented with any of the conventional anatomical planes, it
does not explicitly provide information on facet articulation and separation. To address this issue,
Jegapragasan et al. [41] developed a facet-based coordinate system oriented with the surface of the
facets, such that facet in-plane and out-of-plane motion could be described. To demonstrate the
utility of this reference frame, the researchers performed an in vitro study with human cadaveric
lumbar spines (L1-S1). Specimens were subjected to 7.5 Nm bending moments in FE, LB, and AR,
and facet translations were measured at each vertebral level. Regardless of level or side, the
researchers found that under each loading condition, the facets predominantly translated in a single
direction. In FE and LB, it was in the superoinferior direction along the plane of the opposing facet;
and in AR, it was normal to this surface. These results contradicted the findings of Kozanek et al.
[40], which showed more variability due to changing facet orientation along the length of the lumbar
spine [28,42]. Despite this difference, the total magnitude of translation was similar between studies.

3.1.2 Capsular Ligament Strains

Straining of the capsular ligament results from vertebral motion and activation of the paraspinal
muscles, which surround the joint and insert on portions of the capsule [43,35,44]. Capsular strains
in the cervical and lumbar spines have been shown to reach large values without any macroscopic
evidence of damage or failure [45-47]. This implies that the capsule is strong and highly effective at

resisting vertebral rotations and translations.

Only two studies have measured capsular strains in the lumbar spine. Both were performed in vitro
with human cadaveric specimens. Panjabi et al. [45] applied 15 Nm bending moments to lumbar

functional spinal units (FSUs) about each of the three principal axes of motion. The capsule was
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modeled as a series of straight-line segments based on the direction and attachment points of the
fibers, which were identified with a three-dimensional (3D) morphometer. After testing, the
measured vertebral motion was applied to the capsule model to determine each segment’s change in
length during the tests. The authors reported the average strains computed from the length data. A
later study by lanuzzi et al. [47] tested full lumbar spinal specimens (T12-S1) using a custom-built
displacement-controlled loading apparatus. Specimens were subjected to FE and LB by horizontally
displacing T12. Capsular plane strains were measured by optically tracking an array of markers that
were glued to the surface of the capsule. The measured displacements were then incorporated into a
two-dimensional (2D) isoparametric finite element model previously developed for measuring soft

tissue strains [48].

The results of these studies are summarized in Table 3.1. The strains published by Panjabi et al. [45]
are the mean maximum uniaxial strains from a pool of FSUs from two different levels. In contrast,
lanuzzi et al. [47] tested full lumbar spines and measured the principal strains at every level. For
brevity’s sake, Table 3.1 only provides data for the level where the maximum (positive) principal

strain occurred.

Table 3.1: Summary of studies that have measured the capsular ligament strains in the lumbar spine.

Loading .
Study Direction Magnitude (Nm) Strain (%) Level(s)
Left Right
Flexion 175 @ 128
Extension 8.2 8.4 L3-L4
Panjabi et al. [45] | Right LB 15 9.5 24 L4-L5
Left LB 3.9 1.8
Clockwise AR -13.9  17.0
Counterclockwise AR 19.3 | -13.6
Left @ Right Left Right
Flexion 3 146 142 | L4-L5 L5-S1
lanuzzi et al. [47]* Extension 5 7.7 70 | L2-L3 @ L2-L3
Right LB 45 8.6 9.4 L4-L5 @ L2-L3
Left LB 55 49 8.5 L2-L3 | L5-S1

*Moments are at L5-S1 at 40 mm of horizontal displacement of T12.

Strains are the maximum (positive) principal strains at 40 mm of horizontal displacement of T12.
Bolded values were estimated from graphs using ImageJ (National Institutes of Health, Bethesda, MD,

USA).
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It is difficult to directly compare the results from these studies because of their differences in
methodology. Nevertheless, a few key observations were made. To begin with, both Panjabi et al.
[45] and lanuzzi et al. [47] emphasized the high level of variability in their data. The standard
deviations were routinely on the same order of magnitude as the mean measurements themselves.
(For instance, in left LB, lanuzzi et al. [47] reported a maximum principal strain of 8.5 + 7.0% in the
right capsules of L5-S1.) Despite the variation, in both studies, the average strains were consistently
less than 20%.

The second observation was that the strains measured by each group were comparable to one another
even though the studies subjected their specimens to considerably different loads. Panjabi et al. [45]
tested their specimens with 15 Nm bending moments. (This is on the higher end of what is normally
used in in vitro studies but is still considered to be within the physiological range. For example,
Adams and Dolan [49] determined that a peak bending moment of 12 Nm occurs at L5-S1 when a
person flexes forward to retrieve a pen off the floor, and this moment increases as the object
becomes heavier or bulkier.) In contrast, the peak bending moments applied by lanuzzi et al. [47]
were only 20-35% as large (range: 3-5.5 Nm). This result is likely due to the sigmoidal relationship
between intervertebral joint angle and joint moment. For larger moments, the intervertebral angle
tends to plateau, and there is a minimal increase in angle with increasing moment. Because the two
studies reported similar intervertebral angles in their specimens (at the maximum applied loading), it

is reasonable that they would also measure similar capsular strains.

3.2 Mechanotransduction in the Facet Joint

Mechanotransduction refers to the conversion of a mechanical stimulus into a physiological response
such as pain. There are a variety of mechanisms by which this can occur, and the response can be felt
across several scales, from the macroscopic tissue-level to the cellular and molecular levels [50].
Depending on the situation, mechanotransduction can contribute to the control and maintenance of

the various tissues in the joint [51-54], or, it can lead to their malfunction and degeneration [55,56].

The mechanisms of mechanotransduction have been described in several synovial joints, including
the facet joint. Mechanical loading of the facet joint primarily produces stretching of the capsular

ligament and compression of the cartilaginous articular surfaces and subchondral bone.
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Neuroanatomical studies have demonstrated that the capsular ligament is densely populated with
mechanosensitive afferent units, and the morphology of many of them fit the profile of nociceptors.
Thus, in the interest of identifying sources of low back pain (LBP), the mechanotransduction studies
that specifically address the facet joint have focused exclusively on the capsular ligament.

3.2.1 Innervation of the Capsular Ligament

There are four main types of sensory nerves, which are classified according to their morphological
and functional characteristics. Types Il and IV serve as nociceptors because they are involved in
pain sensation; however, each has several other functions such as temperature and crude touch
sensations. Type Il fibers are 1-5 pum in diameter and thinly myelinated with fast conduction
velocities (2.5-20 m/sec) for transmitting information about the onset of pain. Type IV fibers are
0.5-2 pum in diameter and unmyelinated with slow conduction velocities (< 2.5 m/sec) for
transmitting information about ongoing pain. Both have unencapsulated endings [57]. The presence
of either of these fibers in a spinal tissue provides a structural basis for marking that tissue as a

possible source of LBP.

Several histological studies have assessed the innervation of human lumbar facet capsules. Ashton et
al. [58] found that facet capsules from the lower lumbar levels were immunoreactive to two
neuropeptides (substance P and calcitonin gene-related peptide) that mediate the transmission of pain
in the peripheral nervous system. Furthermore, all the immunoreactive nerves were less than 2 pm in
diameter, consistent with the morphology of nociceptors. In a later study, McLain and Pickar [59]
harvested thirteen facet capsules from L1-L4 and observed Type IV nerve endings in every
specimen. The authors did not quantify their exact distribution; however, their findings seem to

corroborate those of Ashton et al. [58].

Though the aforementioned studies identified likely nociceptors in the human lumbar facet capsule,
neither identified their stimulus modalities. All nociceptors initiate the sensation of pain, but they
can be differentiated according to whether they are sensitive to mechanical, thermal, or chemical
stimuli [60]. In the field of mechanotransduction, the units of interest are those that respond to

mechanical pressure or deformation of the receptor or adjacent tissue.
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To that end, neuroanatomical studies have revealed mechanosensitive afferent units in the lumbar
facet joints of several species, including the rat [61], rabbit [62,63], and cat [64]. In their study of the
rabbit, Yamashita et al. [62] identified twenty-four mechanosensitive units at the facet joint and
twelve in the surrounding muscles and tendons. Of the twenty-four units at the joint, ten were in the
capsule, twelve were along the border of the capsule, and two were in the ligamentum flavum, which
forms the anterior aspect of the capsule. Based on their conduction velocities, 63% of the units at the
joint were classified as Type 11l and 8% as Type IV, with the remaining 29% having a conduction
velocity greater than 20 m/sec. In general, the units at the joint had a higher mechanical threshold
and lower conduction velocity than those in the muscles and tendons, indicating that they were

potential nociceptors.

3.2.2 Mechanotransduction in the Capsular Ligament

With the innervation of the lumbar facet capsule well established, many researchers have turned to
examining how these fibers respond to mechanical stimuli. Because of the difficulty in performing
neurophysiological studies with humans, much of this work has been done with animal models. In an
in vivo study with rats, Cavanaugh et al. [61] found that by probing the lumbar facet capsule, they
were able to elicit slow-adapting neuronal responses from afferents in the capsule. In half of the rats
studied, afterdischarges occurred, lasting from a few seconds to more than two minutes. Pickar and
McLain [64] similarly observed responses from L5-L6 capsular afferents in the cat when distracting
the joint in various directions. Both studies clearly demonstrated the existence of mechanosensitive
afferents in the capsule; however, they were limited in that they did not quantify the exact

mechanical stimulus being applied.

To bridge this gap, Lu et al. [21,65] created an in vivo goat model that allowed them to measure the
2D principal strains at the receptive fields of capsular afferents while applying craniocaudal stretch
at the joint. In a study with nine goats [21], the authors identified thirty-two Type Il and twenty-five
Type 1V units at C5-C6. Approximately half of these units responded to stretch with low strain
thresholds (10-11%). Two (8%) of the Type IV units responded only to high strain thresholds
ranging from 34-58% (mean: 47%). The remaining units were unresponsive even at the maximum
stretch, which produced strains between 34 and 60%. The authors hypothesized that the

low-threshold units were proprioceptors, responsible for signaling the presence and magnitude of
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joint motion within physiological ranges, while the high-threshold and silent units were nociceptors.
The joint was not stretched to catastrophic levels, so the silent units may have had a very high strain
threshold. Alternatively, it is possible that they could have been activated under inflammatory
conditions, which have been shown to increase the mechanosensitivity of capsular afferents [66,67].

Lu et al. [21,65] established a quantitative relationship between strain and nerve discharge in
cervical facet capsules. Though their work demonstrated that subcatastrophic stretch could activate
potential nociceptors, it was unknown whether this would actually result in pain. Insights to this
question were provided by an in vivo rat model developed by Lee et al. [22,68] in which
craniocaudal distraction was applied across the C6-C7 joint. Forepaw allodynia was assessed for
seven days postoperatively and used as a measure of behavioral sensitivity. Over the entire
postoperative period, rats subjected to high capsular strains (33.6 + 3.1%) exhibited significantly
more allodynia than rats that experienced low strains (11.1 £ 2.3%). Furthermore, the allodynia
observed with the low strain group was not significantly different than the allodynia seen with a
sham group [22]. In a later study using the same model, Dong et al. [23] found that capsular strains
as low as 21.5 + 12.3% were sufficient to reliably induce allodynia and activate the integrated stress
response in neurons of the dorsal root ganglion. These results suggest the existence of a mechanical

threshold for tensile loading above which persistent pain is produced.

Finally, of particular note is a study by Winkelstein and Santos [69] using the aforementioned pain
model with the rat. While previous work with this model implied a link between excessive capsular
strain and pain, no study had investigated whether ligament tension was required to initiate pain
from joint distraction. To address this issue, the authors applied distraction at C6-C7 after transecting
the left facet capsule while leaving the right joint untouched. Throughout the seven-day
postoperative period, increased allodynia was seen in the forepaw on the side with the intact capsule.
It was significantly greater than the allodynia on the side with the cut capsule as well as the allodynia
observed in a sham group. Additionally, there was no difference in allodynia between the cut or
sham groups on any day. These results provide strong evidence that the capsular ligament plays a

role in mechanically sensing and transducing painful loading conditions of the joint.

19



3.3

Summary

Previous biomechanical studies have shown that under physiological loads, the lumbar facets exhibit

rotations and translations of considerable magnitude [37,40,41], and their motion produces strains in

the capsular ligament surrounding the joint [45,47]. Though these studies provide initial insights into

the mechanics of the lumbar facet joint, there are many questions that remain unanswered. This

investigation sought to resolve some of these questions as well as improve upon the existing

experimental methods. Specifically:

The current body of work has focused exclusively on non-pathological spines; thus, foremost
among the questions is whether the mechanics of the facet joint are affected when the disc is
structurally disrupted. Addressing this issue would provide a more complete picture of the
relationship between the various components of the intervertebral joint.

The mechanics of the facet joint—and even more broadly, of the spine—are ill-defined for
bending moments applied outside of the sagittal, coronal, and transverse planes. Because the
normal physiological motion of the spine is generally multi-axial, this is an area that merits
further investigation.

There are many improvements that can be made in the measure of capsular ligament strains.
The morphology of the capsule is highly dependent on location, with fibers ranging from
13-20 mm in length [36]. Panjabi et al. [45] modeled the capsule as a series of five
straight-line segments, which is a gross simplification of its actual geometry and ignores the
tissue’s inhomogeneity [70]. Furthermore, inaccurate identification of the fibers’ insertion
points could have led to significant errors in the researchers’ strain calculations. lanuzzi et al.
[47] employed a more sophisticated optical technique to measure capsular strains. However,
it required the use of markers, whose presence and attachment may have altered the
deformation of the underlying tissue. Additionally, the researchers used an unconventional
method to load their specimens. This resulted in intervertebral joint moments on the lower
end of what is considered to be the physiological range [49,71] and makes comparison with
other biomechanical studies more difficult. Many of these shortcomings could be addressed
by utilizing a non-contact strain measurement technique and exploring more physiological

loading conditions.
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Finally, with regard to mechanotransduction, the literature contains evidence that supports the theory
of lumbar facet pain that is capsular in origin. A population of small-diameter sensory neurons has
been identified in the lumbar facet joints of several species, and they have been shown to respond to
mechanical stimulation due to joint motion [58,59,61-64]. An electrophysiological study with goats
determined a strain threshold of approximately 47% to activate nociceptors within the capsule [21].
However, persistent allodynia has been produced in rats that experienced capsular strains of
33.6 £3.1% [22] and 21.5 + 12.3% [23]. Thus, the threshold to produce pain may actually be much
lower than the value quoted by Lu et al. [21]. Lastly, it has been demonstrated that an intact capsule
is requisite for joint distraction to produce allodynia in rats [69]. Taken together, these studies
reinforce the importance of capsular ligament loading as both a means of mechanotransduction
within the joint and a source of pain. This provides further motivation for quantifying capsular
ligament strains in pathological states and after surgical disc excision.
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Chapter 4. Study #1: Facet Kinematics

41 Overview

The purpose of Study #1 was to measure the three-dimensional (3D) kinematics of the lumbar facets
when the disc is intact and after the disc has undergone partial (PD) and subtotal (SD)
microdiscectomies. This was accomplished through a controlled laboratory experiment using
cadaveric spinal specimens and a repeated measures approach. The study was designed to test the
following hypothesis:
e Hi: After PD and SD, the facets exhibit significantly more motion in response to
physiological loads. The increases after SD are significantly greater than the increases after
PD.

This chapter explains the experimental work, data processing, and analysis that were carried out in
pursuit of this hypothesis (Sections 4.2 and 4.3). It then presents the results (Section 4.4) and
examines them within the context of previous investigations that have made quantitative
measurements of lumbar facet kinematics or looked at the effects of disc removal on lumbar spinal
motion (Section 4.5). Further discussion of the research—including its clinical implications—is

included in Chapter 7.

4.2 Methods

A total of nine unembalmed human cadaveric lumbar specimens were chosen for this study. The
specimens were tested in two separate groups. The first had six (n = 6) L2-L5 specimens, and the
second had three (n = 3) T12-L4 specimens. Though the specimen preparation and methods were
slightly different between groups, the basic testing protocol and kinematic measurements at the
index level (L3-L4) were the same. The following subsections describe the methodology in more
detail.

4.2.1 Specimen Preparation

The nine specimens came from seven males and two females, whose ages ranged from 52 to

75 years with a mean age of 64 years. Each specimen was dissected free of all non-ligamentous soft
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tissue, and visual and radiographic screening were conducted to rule out any pre-existing pathology
that might alter the segmental kinematics. Four fiducial markers were rigidly attached to each
vertebra on its body, transverse processes, or laminae. The chosen fiducial markers were 4-mm
diameter non-metallic CT beads (for the L2-L5 specimens) and orthopaedic bone screws (for the
T12-L4 specimens). The beads were placed by burring shallow 4-mm diameter cavities into the bone
(with a 4-mm diameter spherical drill bit) and securing the bead in the cavity with cyanoacrylate

glue.

After the fiducial markers had been implanted, the specimens were prepared for multi-segmental
testing. Metal screws were inserted into the terminal ends of the specimen’s superior- and
inferior-most vertebrae. The ends were then embedded in polymethylmethacrylate with the screws
providing increased fixation with the potting compound. The specimens were potted so that the axial

midline of the L3-L4 disc (the index level) was parallel to the horizon.

4.2.2 Testing Equipment

Testing was performed using a custom-designed spine simulator capable of imparting pure bending
moments about a single axis or combined loading about multiple axes [72] (Figure 4.1). The
specimen’s superior-most vertebra was rigidly fixed to a gimbal equipped with three rotary actuators
(Model FHA-17C, HD Systems, Hauppauge, NY, USA) that were independently controlled by a
LabView (National Instruments Inc., Austin, TX, USA) program to induce sagittal, coronal, or
transverse plane moments. The gimbal and actuator assembly floated on a series of air bearings,
allowing it to freely displace with the specimen. The forces and moments transmitted through the
specimen were measured by a six-axis load cell (Omega 160, ATI Industrial Automation, Apex, NC,
USA) beneath the inferior-most vertebra. The load cell was connected to a data acquisition board
(Model PCI 6034E, National Instruments Inc., Austin, TX, USA) that sampled at a rate of 100 Hz.
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Figure 4.1: Multi-axis spine simulator.

Segmental kinematics were collected by attaching a set of four retro-reflective markers to each
vertebra. The superior- and inferior-most marker sets were attached to the upper and lower simulator
fixtures to which the specimen was mounted. The intervening marker sets were attached to the
vertebral bodies by wires, which were held in place with screws (Figure 4.2). The marker sets were
tracked with a four-camera Vicon MX13 system (Vicon Motion Systems, Lake Forest, CA, USA)
sampling at a rate of 60 Hz. Within the cameras' field of view, the resolution of the system is

approximately 0.05 mm/pixel.

Reflective
marker set

Figure 4.2: Potted specimen mounted in the spine simulator with a reflective marker set at each vertebral
level.
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4.2.3 Testing Protocol

Prior to testing, the fiducial markers (CT beads or orthopaedic bone screws) were digitized with a
custom stylus fitted with four retro-reflective Vicon markers (Figure 4.3). For each vertebra, this
process established the locations of its fiducial markers relative to its reflective marker set. This
allowed the experimentally-acquired segmental kinematics to be registered with the 3D anatomical

model of the specimen that was created after testing.

Figure 4.3: Vicon stylus used to digitize the CT bead fiducial markers. The tip of the stylus was
machined to fit the spherical surface of the CT bead and calibrated to measure its center. The stylus used
to digitize the orthopaedic bone screw fiducial markers had a pointed tip that fit into a small divot on the

screw head.

The specimens were tested in: (1) their intact condition and post- (2) PD and (3) SD. Both surgical
procedures were performed at L3-L4 by an orthopaedic surgeon and involved a posterolateral
approach on the left side with partial resection of the lamina. For each of these conditions, the
specimens were tested to maximum moments of: £10 Nm in flexion-extension (FE), lateral bending
(LB), and axial rotation (AR) [49,71]. Two multi-axis tests were also performed (FRLB and FLLB)
in which FE and LB moments were applied simultaneously to the same limit (7 Nm) to produce a
pure, off-axis bending moment with a vector-summed limit of approximately 10 Nm
([(7 Nm FE)? + (7 Nm LB)?]"2 =~ 10 Nm) (Figure 4.4). For the FRLB test, flexion was applied with
right LB followed by extension with left LB. The FLLB test examined the opposite scheme (flexion
with left LB followed by extension with right LB). The tests were conducted under continuous
angular displacement control (2 deg/sec). All the tests had three complete motion cycles. The first
two cycles were meant to precondition the specimen, and the third cycle was used for analysis.
Figure 4.5 provides a visual representation of the entire testing protocol. Each specimen was tested

over the course of several hours in a single day.
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Figure 4.4: Exemplar load profile from one of the combined FE with LB tests (FLLB). The FE and LB
moments were applied concurrently to the same limit (7 Nm) to produce an off-axis bending moment with
a vector-summed limit of approximately 10 Nm.

Create <
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Figure 4.5: Flowchart of the testing protocol.

4.2.4 Three-Dimensional Anatomical Model

A 3D anatomical model was created for each specimen. The method of development was different
for the L2-L5 and T12-L4 specimens due to the type of fiducial marker chosen for each group (CT

beads versus orthopaedic bone screws, respectively).

The L2-L5 specimens were CT scanned after placement of their fiducial markers. Imaging was done
in a GE LightSpeed VCT scanner (GE Healthcare, Waukesha, WI, USA) with 0.6 mm slice
thickness and spacing using a bone algorithm. The data sets were segmented with SegVue (SegVue
Inc., Seattle, WA, USA) to obtain a 3D reconstruction of each specimen with the attached fiducial

markers (Figure 4.6). The segmented models were exported in stereolithography (STL) format and
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then imported into a 3D computer-aided design program (Blender, Blender Foundation, Amsterdam,

Netherlands) for visualization and analysis.

Figure 4.6: (A) L2-L5 specimen with (B) its 3D anatomical model obtained by CT scanning and
segmentation. Corresponding fiducial markers (CT beads) on the L2 (yellow) and L5 (red) vertebral
bodies are highlighted in each figure.

Due to budgetary constraints, the T12-L4 specimens were not imaged. At the conclusion of
mechanical testing, the index level vertebrae (L3 and L4) were disarticulated from each specimen.
The L3-L4 facet joints and endplates were carefully cleaned of all cartilaginous material. Each
vertebra’s fiducial markers, facets, and endplate were then digitized with a Polhemus FASTRAK
system (Polhemus, Colchester, VT, USA). The anatomy was captured by slowly sweeping the tip of
the digitizing stylus (Figure 4.7) across the facet and endplate surfaces while continuously collecting

data with the Polhemus system. Approximately 13,000 data points were taken per surface.

Figure 4.7: Polhemus digitizing stylus.
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Figure 4.8: Exemplar data set collected during the post-testing digitization procedure of an L4 vertebra
from a T12-L4 specimen. The facet and endplate surfaces appear in black, and the four fiducial markers
are shown as blue circles. The figure is angled as though the observer were viewing the specimen from its
posterolateral left side.

4.3 Data Processing and Analysis

Data processing was completed using custom programs written in MATLAB (The MathWorks Inc.,
Natick, MA, USA). The kinetic data were downsampled to match the kinematic data at 60 Hz.
Synchronization was achieved through the use of a sync light that was triggered when the LabView
program began the test. The facet kinematics at the index level (L3-L4) were determined via
rigid-body, point-based registration in which each specimen’s segmental kinematics were applied to
its 3D anatomical model via the fiducial markers. This process established a series of mathematical
relationships between the reflective marker sets, fiducial markers, and articular surfaces of the facets.

The following three subsections describe the procedure in depth.

4.3.1 Step #1: Facet-Based Coordinate System

A coordinate system was developed for each facet based on the geometry of its articular surface [41].
The articular surface of a bone is generally identified by the presence of a thin layer of hyaline
cartilage; however, the 3D anatomical model developed for each specimen only delineated its bony
surfaces and fiducial markers. Therefore, the articular surface of each facet was defined
computationally as the surface within a threshold distance of the opposing facet [73]. The threshold
distance was chosen according to two major assumptions:

e Each articular surface was covered by a uniform layer of cartilage. The thickness of the

cartilage was chosen to be 1.11 mm for the L3 facets and 1.36 mm for the L4 facets. These
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were conservative estimates based on Woldtvedt et al.’s [31] measurements of the maximum
cartilage thickness in the lumbar facet joints.

e Inthe neutral position, the thickness of the joint gap was 0.6 mm. This value was within the
range of gap thicknesses implemented in previous finite element models of the lumbar spine
[31,74]. For the L2-L5 specimens, the neutral position was taken to be the position in which
the specimens were CT scanned. Because the T12-L4 specimens were not imaged, the
neutral position was alternately defined as the position of the specimen at the start of the first

motion test performed in the intact condition.

Based on the sum of the above dimensions, a threshold distance of 3.07 mm was used. The 3D
coordinates of each specimen’s L3-L4 facet joints were obtained from its anatomical model. [For the
L2-L5 specimens, this was done by manually selecting the appropriate vertices on the STL models in
Blender (Figure 4.9) and exporting their coordinates. For the T12-L4 specimens, the coordinates
were pulled directly from the Polhemus data sets.] The coordinates were run through a custom
MATLAB program that identified the articular surfaces based on the 3.07 mm distance criterion
(Figure 4.10). The surfaces resulting from the automatic selection routine were visually inspected for

plausibility based on general anatomical knowledge and then saved for later use.

Figure 4.9: Selected vertices on the L4 right facet of an L2-L5 specimen’s 3D anatomical model.
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Figure 4.10: Articular surface of a specimen’s L3 left facet identified by the automatic selection routine.
Each point comprising the surface is colored according to the distance from its nearest neighbor on the
opposing facet. The figure is angled as though the observer were viewing the specimen from its left side,
looking directly at the surface.

After the articular surfaces had been isolated, a coordinate system was defined for each facet based
on the shape of its articular surface. Previous researchers have approximated the lumbar facet surface
as a plane, both for the purpose of defining facet-based coordinate systems [41] and quantifying the
facets’ orientation [42]. For the present study, a similar approach was adopted by mathematically
fitting a plane to the set of vertices that formed the articular surface. This was done using a
regression technique known as principal components analysis (PCA). When PCA is applied to a
trivariate data set, it fits a plane to the data such that (1) the plane passes through the mean data point
and (2) the perpendicular distance from each point to the plane is minimized. To illustrate this
technique, an articular surface is shown below with its best-fit plane found through PCA
(Figure 4.11). Across specimens, the root mean square (RMS) error of the fit was 0.62 £ 0.31 mm
for the L3 facets and 0.96 + 0.29 mm for the L4 facets. Compared to the average dimensions of
lumbar facet surfaces [42], the RMS errors were relatively low. This further supported the decision

to model each surface as a plane.
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Figure 4.11: Articular surface of a specimen’s L3 right facet with its best-fit plane generated through
PCA. The surface and best-fit plane are shown as though the observer were standing on the right side of
the specimen, looking directly at the surface.

The coordinate system of each facet was developed around the best-fit plane of its articular surface.
The origin was placed on the plane, at the center of the surface. The axes of the coordinate
system—designated U, V, and W—were formed as follows:

e U-axis: A vector was defined that passed between the centers of the inferior and superior
vertebral endplates and pointed superiorly [75]. The vector was projected onto the best-fit
plane to create the U-axis (Figure 4.12).

e W-axis: The normal to the best-fit plane was chosen as the W-axis. For the articular surfaces
of the left facet joint, the W-axis was directed toward the L4 facet, whereas the opposite held
true for the articular surfaces of the right facet joint.

e V-axis: The V-axis was defined as the vector cross-product of the W- and U-axes. It lay

within the best-fit plane and was directed anteriorly and medially.
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Figure 4.12: A vector was defined that passed through the centers of the vertebral endplates and was
directed superiorly. The U-axis was formed by projecting the vector onto the best-fit plane of the facet’s
articular surface. The figure depicts the process for an L4 right facet.

Adherence to these conventions produced a coordinate system that was intimately linked to the

geometry of each facet while still maintaining meaning in global anatomy (Figure 4.13).
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Figure 4.13: Articular surfaces of a specimen’s L3-L4 facet joints. Each surface is depicted with the axes
of its coordinate system. The figure is shown as though the observer were viewing the specimen from
above, standing on its posterolateral left side.

4.3.2 Step #2: Fiducial Marker Motion

The second step in determining the facet kinematics was to compute the motion of the L3 and L4
fiducial markers. The digitization of the fiducial markers identified their locations relative to the

reflective marker sets (**FM ). The reflective marker sets were tracked by the Vicon system
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throughout testing. For each vertebra, a rotation transformation matrix was formed at each time point

to describe the position and orientation of its reflective marker set relative to the global (Vicon)

loba

reference frame ( oo, ). These matrices were used to transform the fiducial marker positions into

the global reference frame so that their locations were known throughout the motion tests.
Equation 4.1 demonstrates the mathematics for a single fiducial marker at a specific point in time. In
the equation, the subscript “t” denotes a variable that was computed at each time point, while a

variable without it is a fixed, constant relationship.

vl = (ST, )M ) (4.1

4.3.3 Step #3: Facet Kinematics

The final step in computing the facet kinematics was to combine the facet coordinate system
information with the motion of the fiducial markers. The equations that appear in this section
illustrate the mathematical procedure for both the L3-L4 left and right facet joints. Similar to
Equation 4.1 above, variables with the subscript “t” were calculated at each time point of the motion

tests.

The process began by defining four rotation transformation matrices: one for each facet comprising
the L3-L4 facet joints. Each matrix described the coordinate system of one of the facets (e.g. L3 left
facet) relative to a coordinate system developed for the fiducial markers on the corresponding
vertebra (e.g. L3) (Equations 4.2a-d). As the right-hand sides of the equations show, all the relevant
data were derived from the 3D anatomical models. Because the fiducial marker and facet coordinate
systems were developed from geometry acquired from the models, the description (position and
orientation) of each coordinate system was a description relative to the model’s reference frame (CT

or Polhemus).
odel -1 oae
tif?ﬂT = (I'_\/'.I%FdMIT) (I'_\AL%L(:EftIT) (4.23)

(3T = (Moger )77 ptocery ) (4.2b)
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(4.2d)

Once the relationships between the fiducial marker and facet coordinate systems had been
established, a motion test could be analyzed. Using the output from Step #2, two rotation
transformation matrices were formed at each time point to describe the fiducial marker coordinate

systems relative to the global reference frame (53T, and Coa'T, ). This permitted the four facet

coordinate systems to be expressed in the same frame (Equations 4.3a-d).

et = (S, (3T (4.33)
SooaiT, = (s, ) Lo ) (4.30)
clobelT, = (Sloberr, [ LT ) (4.3c)
Sobaty, — (Cloberr, | LereT ) (4.3d)

The analysis concluded by synthesizing the results from Equations 4.3a-d. For each side (left and
right), a rotation transformation matrix was defined at each time point that described the L3 facet

coordinate system relative to the L4 facet coordinate system (Equations 4.4a-b).
—1
LLgll:iffttTt = (ﬂofe?t"rt) ((Egoliéf{tl-rt) (4.48.)
i —1
e, = (Seanm, ) (Seanm,) (4.4p)

From these matrices, the six degree of freedom (DOF) kinematics of the L3 facets were determined.
The orientation was described as a set of three Cardan angles in the order U-V-W [76]. The facets’
translational and rotational ranges of motion (ROMSs) were computed from the kinematic data. The
ROM was defined as the total amount of motion (linear or angular) between the loading extremes of

a particular motion test.
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4.3.4 Validation of Registration Procedure

The previous two subsections illustrate that a rigid-body, point-based registration technique formed
the basis for determining the facet kinematics. This procedure involved the alignment of a set of
points (fiducial markers) that were localized within two different reference frames. Namely, the
locations of each specimen’s fiducial markers were measured within the global (Vicon) reference
frame during digitization; and they were also identified within the reference frame of the specimen’s
3D anatomical model (i.e. CT or Polhemus). As one might expect, an error in either of these
localization steps would tend to propagate through the registration process, resulting in inaccuracies
in the final, determined kinematics. It was thus important to quantify this error, which was done viaa
geometrical measure of alignment known as the "fiducial registration error" (FRE) [77,78]. FRE isa
common measure of registration accuracy and is defined as the RMS distance between homologous
fiducial markers after alignment. For a perfect registration, the FRE would be zero. However, due to
inaccuracies in localizing the fiducial markers in either (or both) reference frames, the FRE generally

has some non-zero value. In this study, the mean FRE across specimens was 0.15 mm.

4.3.5 Hypothesis Hi Testing

Hypothesis Hi was addressed with a linear mixed-effects regression model (Appendix C) that tested
for the association between the L3 facets’ translational and rotational ROMs (the dependent variable)
with testing condition and motion test (the independent fixed effects). Separate models were run for
the left and right facets. Hypothesis testing was done with an omnibus test to assess whether the
differences in mean motion varied across testing condition. If a significant difference was found,
pair-wise comparisons among the three testing conditions were carried out. The significance level

was set to P < 0.05.

4.4 Results

The following section summarizes the L3 facets’ translational and rotational ROMs and their general
motion patterns under each loading condition. It also presents the results from the statistical analysis
which tested hypothesis Hi. To assist in interpreting the results, Figure 4.14 depicts a representative
facet with the axes of its coordinate system. Table 4.1 describes each kinematic DOF in anatomical

terms.
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Figure 4.14: L4 right facet with the axes of its coordinate system. The origin was centered on the articular

surface. The U- and V- axes lay within the best-fit plane of the articular surface. The U-axis pointed

superiorly, and the V-axis was directed anteriorly and medially. The W-axis was the normal to the best-fit

plane with an orientation that was consistent with a U-V-W right-handed Cartesian coordinate system.

Table 4.1: Anatomical meaning of the kinematic DOFs.

Type of motion

Direction

Anatomical meaning

Translation

u

L3 facet translates along the surface of the opposing L4 facet in the
superoinferior direction

L3 facet translates along the surface of the opposing L4 facet in the
anteromedial or posterolateral direction

L3 facet separates or moves toward the opposing L4 facet

Rotation

L3 facet “twists” about its long axis

L3 facet “rocks” side-to-side

sSi<lcls]l <

L3 facet “rolls” across the surface of the opposing L4 facet

4.4.1 Range of Motion

The translational and rotational ROMs of the L3 facets are listed in Tables 4.2 and 4.3, ordered by

motion test and testing condition. The data are presented graphically in Appendix B.
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Table 4.2: Translational ROM of the L3 facets (n = 9) for the three testing conditions. Values are
presented as mean (standard deviation) in millimeters.
Translational ROM (mm)
Left facet Righ
U § V § W U §

t facet .

\ W

FE
Intact | 4.7(L7) @ 06(05) = 03(02) | 49(1.8) @ 07(06) & 02(0.2)
PD 55(22) @ 06(05 @ 04(04) | 55(21) @ 06(08) | 03(0.2)
SD 6.1(23) 06(06) 06(0.4) | 61(21) | 08(L0) | 04(0.2)

LB
Intact | 2.7(L.0) . 06(0.7) 05(05) | 21(1.1) . 07(06) | 06(0.4)
PD 28(11) @ 07(0.8) 06(0.8 | 24(11) @ 08(08) | 05(0.4)
sD 26(14) | 08(0.8  06(0.9) | 33(L7)  09(08) | 07(05)

AR
Intact | 05(05) | 0.7(05) @ 16(15 | 04(0.4) @ 07(08) | 13(0.9)
PD 08(06) @ 08(05  19(19) | 05(0.4) @ 09(10) = 15(0.9)
SD 08(06) @ 08(06) 19(19) | 07(05 & 1.0(09) | 17(L0)

FRLB
Intact | 5.2 (L7) | 0.7(05) = 04(03) | 17(1.3) @ 07(06) | 05(0.3)
PD 6.0(23) 09(05 @ 05(0.3) | 24(1.8) | 08(07) | 06(0.4)
sD 63(23) 08(05  06(0.3) | 25(1.7) @ 07(07) = 06(0.3)

FLLB
Intact | 1.2(L.3) | 05(0.6) @ 04(04) | 50(1.8) . 06(04) | 04(0.2)
PD 17(16) 05(05) | 06(04) | 55(21) | 07(05  0.3(0.2)
SD 23(14)  06(06) 07(0.4) | 66(23) @ 06(06) @ 04(0.3)
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Table 4.3: Rotational ROM of the L3 facets (n = 9) for the three testing conditions. Values are presented
as mean (standard deviation) in degrees.
Rotational ROM (deg)
Left facet Right facet
U V W U V W

FE
Intact | 09(0.6) & 46(25 = 62(24) | 0.8(05 @ 46(L9) | 6.3(28)
PD 12(09) 48(23)  75(33) | 09(06) @ 55(21) @ 7.0(35)
sD 14(08)  56(27) 86(33) | 09(0.7) 6.4(26) @ 8.0(3.4)

LB
Intact | 1.0(05) @ 7.7(30) @ 56(20) | 07(05) @ 7.4(35) @ 54(2.8)
PD 10(05  83(35 | 59(22) | 07(04) & 80(41)  58(2.9)
sD 10(06)  95(41)  64(27) | 07(06) @ 89(45  6.8(3.3)

AR
Intact | 4.6(25) @ 15(1.1) = 13(08) | 47(26) 12(11) | 1.0(0.8)
PD 52(27) 15(11) 15(09) | 53(28 @ 12(12) @ 14(0.7)
SD 57(29) | 17(12) 17(10) | 59(3.0) 13(13) & 15(0.8)

FRLB
Intact | 1.0(07) @ 25(2.6) 8.4(26) | 08(0.6) 8.7(25 | 26 (L6)
PD 10(08) @ 24(26) 95(32) | 08(0.8) 95(29) @ 27(25)
sD 11(0.7)  30(31) | 107(34) | 1.1(09) @ 108(31)  2.6(2.9)

FLLB
Intact | 1.0(06) @ 88(3.0) 19(14) | 07(05) = 3.0(27) | 8.4(25)
PD 12(09) @ 94(34) 20(22) | 06(0.4) 277 = 93(2.9)
sD 14(1.0) 10.8(36) 19(21) | 06(0.3) 34(3.2) 105 (3.0)

4.4.2 General Patterns of Facet Motion

Though interspecimen variability resulted in a unique kinematic signature for each specimen, the
observed variations were primarily in the magnitude of motion. For each motion test, the primary
(and secondary) directions of motion were largely consistent across specimens. The general motion
patterns under each loading condition are described below.

Flexion-Extension

In FE, the left and right facets exhibited symmetrical motion. The majority of translation occurred in
the superoinferior direction, along the U-axis. Regardless of testing condition, the total amount of
translation in the V-direction was always around 0.6-0.7 mm, whereas translation in the W-direction
never exceeded that amount. The primary direction of rotation was about the W-axis (the normal to
the articular surface). This motion corresponded to the L3 facet “rolling” across the surface of the

opposing L4 facet.
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Lateral Bending

Similar to FE, the facets mainly translated in the superoinferior direction during LB. However,
unlike FE, the translation in this direction was asymmetric, and more motion occurred on the
contralateral side. Translations in the V- and W-directions were consistently around 0.6-0.7 mm for
every testing condition. The facets mainly rotated around the V-axis, consistent with a “tilting”
motion that was directed side-to-side. The secondary direction of rotation was about the W-axis,

representative of the physiological coupling between LB and AR.

Axial Rotation

The facets displayed limited motion in AR. It was the only test in which the dominant mode of
translation was in the out-of-plane direction (along the W-axis). During counterclockwise AR, the
left facet tended to shift posteriorly (in the —V direction) while the right facet shifted anteriorly (in
the +V direction); and the opposite trend occurred during clockwise AR. Both facets experienced a
slight superior translation regardless of the direction of applied rotation. The majority of rotation
occurred about the U-axis, corresponding to the facets “spinning” about their long axis. Rotations

about the V- and W-directions were minor (< 2 deg) and inconsistent between specimens.

Combined Loading

In the combined FE with LB tests, the left and right facets demonstrated asymmetrical motion. For
the FRLB test, flexion was applied with right LB followed by extension with left LB. During this
test, the left facet experienced much larger translations than the right facet. Its response was
reminiscent of the motion patterns seen during pure FE, with the majority of translation occurring in
the superoinferior direction. The right facet also translated along the U-axis, though it displayed less
than half the amount of translation that the left facet did. With regard to angular motion, the primary
direction of rotation was different between the two facets. Similar to the FE test, the left facet mainly
rotated about the W-axis. In contrast, the right facet mainly rotated about the V-axis. The motion
patterns observed during the FLLB test were the exact opposite to what was seen during the FRLB
test. Taken together, these results suggest that during a combined FE with LB test, one facet is

dominated by the FE movement while the other facet is dominated by the LB movement.
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4.4.3 Hypothesis Hi

Omnibus hypothesis testing revealed differences in three ROMs by testing condition: translation
along the U-axis (Tu) and rotations about the V- and W-axes (Rvand Rw) (Table 4.4). There was no
significant association between testing condition and motion for the remaining three ROMs
(translations along the V- and W-axes and rotation about the U-axis).

Table 4.4: Significant P-values (P < 0.05) from the omnibus tests. For each ROM, these tests assessed
whether the differences in mean motion varied across testing conditions.

P-value
ROM Left facet Right facet
Tu 0.0033 <0.0001
Rv 0.034 0.0090
Rw 0.0098 0.031

Pairwise comparisons among the three testing conditions were conducted for ROMs Ty, Ry, and Rw.

The results are given in Tables 4.5-4.7.

Table 4.5: Pairwise comparisons among the three testing conditions for the L3 facets’ translational ROM
along the U-axis (Tu). Mean differences and standard errors are given in millimeters. P-values are listed
only for statistically significant comparisons (P < 0.05).

Comparison Left facet Right facet
Mean Mean
I J difference Stanard P-value | difference Standard P-value
error error
-1 J-1)
Intact PD 0.48 0.23 0.43 0.22
Intact | SD 0.77 0.23 <0.05 0.97 0.22 < 0.001
PD SD 0.30 0.23 0.54 0.22 <0.05

Table 4.6: Pairwise comparisons among the three testing conditions for the L3 facets’ rotational ROM
about the V-axis (Ry). Mean differences and standard errors are given in degrees. P-values are listed only
for statistically significant comparisons (P < 0.05).

Comparison Left facet Right facet
Mean Mean
I J difference Standard P-value | difference Standard P-value
error error
(J-1 (J-D
Intact | PD 0.28 0.44 0.41 0.40
Intact . SD 1.11 0.44 <0.05 1.24 0.40 <0.05
PD SD 0.83 0.44 0.83 0.40
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Table 4.7: Pairwise comparisons among the three testing conditions for the L3 facets’ rotational ROM
about the W-axis (Rw). Mean differences and standard errors are given in degrees. P-values are listed only
for statistically significant comparisons (P < 0.05).

Comparison Left facet Right facet
Mean Mean
I J difference Standard P-value | difference Standard P-value
error error
(J-1 J-0
Intact . PD 0.61 0.39 0.49 0.42
Intact . SD 1.20 0.39 <0.05 1.13 0.42 <0.05
PD SD 0.60 0.39 0.63 0.42

45 Discussion

This section summarizes the key findings and compares them with the results from previous
investigations that have either looked at lumbar facet kinematics or the effects of disc removal on

lumbar spinal motion. The section concludes with a discussion of the study’s limitations.

45.1 Facet Kinematics

This study was designed to measure potential changes in lumbar facet motion concomitant with two
surgical procedures performed at the disc; but at its most basic level, its purpose was to measure the
relative 3D motion of two rigid bodies. To compute the 3D kinematics of an object, a 3D coordinate
system must be assigned to it. The placement and orientation of the coordinate system are critical to
our understanding of the object’s motion. For example, in the first published study on human lumbar
facet kinematics, Kozanek et al. [40] developed a facet coordinate system with axes that were
aligned with the anatomical directions of the body. While it is easy to visualize such a reference
frame, it does not lend itself to a straightforward interpretation of facet motion since the articular
surfaces of the facets are not oriented with any of the anatomical planes. Furthermore, it makes
comparisons difficult because the orientation of the facets changes along the length of the spine; and
even at a specific level, there can be large differences in facet inclination between individuals. For
these reasons, this study employed a coordinate system that was based on the geometry of the facet’s
articular surface [41]. By design, this coordinate system gives explicit information on facet

articulation and separation and thus provides a more intuitive description of the joint’s motion.

Kozanek et al. [40] and Jegapragasan et al. [41] are the only two groups that have quantitatively

measured human lumbar facet kinematics. Both studies were done with intact, non-pathological
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spines. Similar to this investigation, the researchers found that the L3-L4 facets were most mobile
under sagittal plane loading. This kinematic behavior may be partially explained by the orientation
of the facets. Facet orientation changes along the length of the spine, but in general, the facets of the
upper lumbar levels are oriented closer to the midsagittal plane than those of the lower levels [28].
This orientation favors sagittal plane movements, and the results of this study reflected this. Across
testing conditions, the facets were most mobile during tests that incorporated FE (i.e. either pure FE
or the combined FE with LB tests).

In terms of the measurements themselves, a direct comparison was made with the results of
Jegapragasan et al. [41], who also utilized a facet-based coordinate system that was aligned with the
articular surface. Their findings compared favorably with the data from this study taken in the intact
condition. Similarities were noted in both the overall motion patterns and the translational ROMs. In
FE and LB, the researchers noted that the facets moved almost entirely in the superoinferior
direction along the surface of the opposing facet, while in AR, the largest translations occurred in the
out-of-plane direction. Table 4.8 compares the measured translational ROMs between Jegapragasan
etal. [41] and the current study (in the intact condition) for the primary direction of motion. Though
Jegapragrasan et al. [41] tested multiple spinal levels, the table only includes their results from the
L3 facets.

Table 4.8: Comparison of the L3 facets’ translational ROMs from Jegapragasan et al. [41] and the present
study (in the intact condition). Values are presented as mean (standard deviation) in millimeters.

_ Direction of Translational ROM (mm)
Motion test motion Jegapragasan et al. [41]* Current study
Left facet Right facet Left facet Right facet
FE U 4.9 (0.5) 5.4 (0.6) 47 (1.7) 4.9 (1.8)
LB U 3.1(0.4) 2.5(0.1) 2.7 (1.0 2.1 (1.1)
AR W 1.6 (0.2) 1.5(0.1) 1.6 (1.5) 1.3(0.9)

*Values were estimated from graphs using ImageJ (National Institutes of Health, Bethesda, MD,
USA.

As shown in Table 4.8, the translational ROMs in the present study were similar in magnitude to
those reported by Jegapragasan et al. [41] even though the two studies loaded their specimens to
different maximum moments (x10 Nm versus £7.5 Nm, respectively). This is likely due to the
sigmoidal relationship between intervertebral joint angle and joint moment: at higher load levels,
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there is a minimal increase in motion with increasing load. Unfortunately, Jegapragasan et al. [41]
did not report the facets’ rotational ROMS, nor did they examine any forms of combined loading.
Nevertheless, the similarities between their study and the present one were promising and helped
validate the developed methodology.

4.5.2 Kinematic Response to Microdiscectomy

With regard to the kinematic response to microdiscectomy, there have been a few published studies
examining the effects of disc removal on the kinematics of the lumbar spine. None have looked
specifically at the response of the facets, instead focusing on the motion of the intervertebral joint as
awhole. Panjabi et al. [20] undertook an in vitro investigation to see whether disturbances to the two
components of the disc altered the 3D kinematics of lumbar motion segments under bending and
shear. The authors found that disc injury increased both the main and coupled motions. In general,
changes due to nucleus removal were greater than changes due to annular injury alone. Though the
study showed a mechanical response to disc injury, it received some criticism for inducing injuries
that may have been clinically unrealistic [79]. Disc herniations typically occur on the posterolateral
side within the vertebral canal, and discectomies are performed at the lesion. However, Panjabi et al.
[20] created annular injuries outside the vertebral canal, lateral to the neural foramen, leaving the
question of whether their results were location-dependent. In a later study, Goel et al. [79] looked at
the effects of PD when performed at the most common site of disc herniation (within the vertebral
canal close to the midsagittal plane). The authors performed a statistical analysis on their data
(Panjabi et al. [20] did not). PD was shown to produce significant increases in primary motion
during flexion, LB, and AR. Unlike the study by Panjabi et al. [20], there was not an increase in

coupled motions.

There were two main similarities between the findings of this research and those of the
aforementioned studies. First, both Panjabi et al. [20] and Goel et al. [79] found a correlation
between the extent of disc excision and intervertebral joint motion. While this investigation was
exclusively concerned with the kinematics of the facets, a relationship between disc excision and
motion was also observed. The second major similarity was that—Ilike Goel et al. [79] noted—the
largest increases in ROM occurred along the primary directions of motion. For every motion test

aside from AR, the facets’ kinematics were predominantly characterized by translations along the
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U-axis and rotations about either the V- or W-axis (or both). Accordingly, these were the same

ROMs that exhibited significant differences between testing conditions (Table 4.4).

For both the left and right facets, the pairwise comparisons (for Tu, Ry, and Rw) revealed significant
differences between the intact and SD conditions. The results pertaining to the PD condition were
less conclusive: with one exception, there was no evidence that the motion observed after PD
differed from what was seen in the intact or SD conditions. This finding was contradictory to what
was reported by Goel et al. [79] and may have been due to the limited sample size of this study—a
point which is discussed further in Section 4.5.3. Alternatively, it could have been the result of
methodological differences. For example, Goel et al. [79] did not conduct their statistical analysis on
the raw data but on the percent increase in ROM from intact. Though normalization facilitates
comparison between specimens, it also runs the risk of inflating results which might not be clinically
significant—particularly in cases where the baseline ROM is small. Additionally, the authors
measured the motion of the entire intervertebral joint which prevented them from identifying where
the observed kinematic changes occurred. So while the total motion of the joint was significantly
larger after PD, it is possible that the increase in motion was primarily localized at the disc.

Finally, though both facets demonstrated a kinematic response to disc injury, there was some
evidence of an underlying asymmetry between them. After SD, the right facet’s translational ROM
in the U-direction was significantly greater than what was seen in both the intact and PD conditions
(P <0.001 and P < 0.05, respectively). This was the only significant difference measured between
the PD and SD conditions in the pairwise comparisons (for Tu, Ry, and Rw); and notably, the
comparison between the intact and SD conditions yielded the smallest P-value of the entire analysis.
These results appeared to be driven by the motion tests involving LB. In pure LB, the left facet’s
total translation along the U-axis was relatively consistent between the intact and SD conditions
(2.7 £ 1.0 mm versus 2.6 = 1.4 mm, respectively), whereas the right facet exhibited a nearly 60%
increase in motion (2.1 £ 1.1 mm versus 3.3 + 1.7 mm, respectively). A similar side discrepancy was
observed in the combined FE with LB tests. These findings suggest that SD may differentially alter
the kinematics of the facets, leading to more pronounced aberrations in the movement of the

contralateral facet. In the study by Panjabi et al. [20], disc excision was shown to produce
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asymmetries in the segmental motion response to mirror image loads. The authors hypothesized that

it was due to asymmetric motion of the facets, and the results of this study may confirm this.

45.3 Limitations

As with any research study, this investigation had several limitations. First, it was an in vitro study
and therefore did not account for the presence of body weight or muscle activation. In vivo, it is
possible that the trunk muscles may adapt their activity to modulate the effects of increased or
asymmetric motion of the facets. Second, the specimens were tested right after disc excision, so the
observed behavior was only representative of the immediate postoperative period. Therefore, the
results may not have reflected the true extent of kinematic alteration, since instabilities associated
with disc injury could take months—if not years—to manifest [80]. And third, the destructive nature
of the surgical procedures prevented the order of the testing conditions from being randomized for

each specimen.

Outside of these issues—which were all inherent to the chosen experimental model and study
design—perhaps the biggest limitation was the sample size (n = 9). It was similar to those of the
other spinal biomechanics studies discussed in this chapter [20,40,41,79], and it did allow for some
statistically significant differences to be identified. Nevertheless, the statistical analysis was unable
to detect some of the subtler nuances in the data set, which was likely the result of the limited sample
size combined with a high level of interspecimen variability. For example, among the ROMs that
exhibited significant differences between testing conditions (Tu, Rv, and Rw), there was no evidence
that the pattern of differences between testing conditions varied between motion tests. This was
surprising given that there were some tests (e.g. AR) in which the facets displayed very little motion
in these three directions regardless of testing condition. A larger sample size could be helpful with
finding these differences. Additionally, it would have the potential to “strengthen” the differences
between testing conditions. This could be useful for drawing firmer comparisons between PD and

the other two testing conditions.

Lastly, it is worth addressing the accuracy of the reported measurements. This study used a
rigid-body, point-based registration technique to determine the facet kinematics. The accuracy of the

registration procedure was 0.15 mm, as measured by the FRE. As a whole, the specimens’ mean
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translations were greater than this value for every motion test and testing condition under
consideration. On an individual basis, however, there were a handful of cases in which a specimen
exhibited less than 0.15 mm of translation in a specific direction. In these situations, it was
questionable whether the observed translation was real or simply noise in the system. That being
said, these cases represented a small percentage of the data set, and throughout the study, every
specimen’s total translation was always greater than the FRE. Furthermore, the accuracy of this
system is comparable to that reported by other researchers [37,40]. Thus, the developed methods are

likely accurate enough to describe the facets’ kinematics.

4.6 Conclusion

Study #1 looked at the effects of two increasingly invasive microdiscectomy procedures on the 3D
kinematics of the lumbar facets. The general motion patterns were comparable to the results from
previous studies [40,41]. PD and SD produced increases in the left and right facets’ translational and
rotational ROMs. The largest increases were seen in the three primary directions of motion (Tu, Ry,
and Rw). For these specific ROMs, a statistical analysis found significant differences between the
intact and SD conditions on both sides. There was some evidence of an underlying asymmetry in the
facets’ kinematic response to SD, with the contralateral facet being affected more. The asymmetry

was most evident in the motion tests that involved LB.
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Chapter 5. Digital Image Correlation

5.1 Introduction

Digital image correlation (DIC) is an optical technique for measuring full-field surface deformation
and strain. The method was developed in the early 1980s at the University of South Carolina [81]
and extended to three-dimensional (3D) measurements during the following decade. Because of its
non-contact nature and ease of scalability, the technique is well-suited to measuring the strains of
biological tissues. Previous musculoskeletal biomechanics studies have used DIC to explore bone
[82—87], cartilage [88—90], ligaments [70,91], tendons [92], and muscle [93]. This chapter is devoted
to (1) introducing the fundamentals of DIC and (2) describing the design and validation of a custom

3D-DIC system for measuring the capsular ligament strains in Study #2.

5.2 Background

5.2.1 Calibration

3D-DIC relies on two cameras that are calibrated as a unit (stereo-rig) to take measurements in three
dimensions. Calibration is performed via a bundle adjustment technique [94,95] in which the user
collects a series of images of a translated and rotated planar grid pattern (Figure 5.1). The images are
processed with a Levenberg-Marquardt routine that minimizes the difference between the measured
and predicted image coordinates [95]. The output of the routine is a set of intrinsic and extrinsic
calibration parameters (Table 5.1). These parameters provide a basis for converting the
two-dimensional (2D) image coordinates of each camera into a common 3D position, in a process

known as triangulation.
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Figure 5.1: The calibration object consisted of a 9 x 9 grid of black circles on a white background. Three
of the circles contained a white subcircle to differentiate them from the other circles in the grid. The
circles were spaced 5 mm apart. The grid is shown in three different poses for each of the two cameras,
which were referred to as Cameras 0 and 1.

Table 5.1: Intrinsic and extrinsic calibration parameters. The intrinsic parameters are determined for each
camera. The extrinsic parameters are determined for the stereo-rig as a whole.

Intrinsic parameters

fx, fy Horizontal and vertical focal lengths
Cx, Cy Location of image plane center
fs Image skew angle
K1, K2, K3 | Coefficients of radial lens distortion

Extrinsic parameters

Tx, Ty, T2 | Position of Camera 1’s origin relative to Camera 0’s origin
Rx, Ry, R; | Orientation of Camera 1 relative to Camera O

5.2.2 Data Collection and Analysis

To measure the deformation of an object with DIC, it is necessary for its surface to be randomly
patterned. Though sometimes the object's natural surface texture is distinct enough for analysis, it is
more common for a speckle pattern to be manually applied before testing. During deformation,
images of the patterned specimen are acquired simultaneously by two cameras that have been
calibrated as a stereo-rig. These images, as well as the predetermined calibration parameters, are the
inputs to the DIC software.

Image matching lies at the core of the DIC method. To initiate the process, one of the two cameras is

arbitrarily selected to be the “master” camera (Camera 0). The master camera’s first collected image
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of the specimen (in its undeformed shape) then becomes the “reference” image. All subsequent
matching routines are performed against this image. Matching is done between (1) the reference
image and deformed images from Camera 0 as well as (2) the reference image and all images
collected with the other camera (Camera 1). In each case, the matching process begins by breaking
the reference image into a series of square subsets of user-defined size. Each subset is then located in
the opposing image by minimizing a function that includes the pixel intensity information from both
images. There are a number of correlation functions which can be used, each one differing in its
robustness and computational efficiency. The function chosen for this study was the zero-mean
normalized sum of squared difference (ZNSSD) criterion, which is able to account for localized
differences in brightness and contrast between images. This is important because even under ideal
experimental conditions, images differ in their intensity because of changes in lighting, specimen
orientation, and specimen reflectivity due to strain. It is thus essential to use a matching algorithm
that can accurately measure the correspondence between subsets even if there are significant

differences in their intensity values [95].

With regard to subset matching, there are two other notable points. First, for specimens undergoing
complex deformations, the square subsets originally defined in the reference image will not be
square in the corresponding image. The matching algorithm therefore incorporates a shape function
to account for both the change in position and configuration of the subset. The standard approach is
to use polynomial shape functions. This family includes zero-order (pure translation) and first-order
(translation, rotation, normal strains, and shear) polynomials but can be extended to higher orders at
the expense of computational time. Studies have shown that for a given subset size, second-order
shape functions are better than first-order ones at representing a generic displacement field [95,96].
Thus, a quadratic shape function was selected for this study.

The second important point concerns interpolation. Image matching is generally performed using
square subsets in the reference image. But in the opposing image, the subsets may be located at
non-integer pixel locations. To accurately estimate the locations of these subsets, the matching
algorithm interpolates the intensity pattern of the deformed or cross-camera image. Interpolation is
what gives DIC its real power, as it allows the software to provide results that are sub-pixel. The

ability to resolve displacements as small as 1/100™ of a pixel permits high-resolution displacement
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measurements, even when the field of view is large. For example, assuming a displacement
resolution of 1/30" of a pixel, a 5 megapixel camera looking at a 100 mm specimen would have a

displacement resolution of approximately 1.5 um [97].

Though interpolation has many advantages, it does come at a price, since all interpolants introduce
bias to the results. The bias manifests in two forms. The first, called interpolation bias, is seen at the
sub-pixel level as a sinusoidal-shaped error in the solution, with the smallest errors occurring at the
integer and half-integer pixel locations. The second, called noise bias, is a linear error that results
from pixel-level image noise. Both bias sources can be suppressed with higher-order interpolants,
but these functions are more computationally expensive. The cubic B-spline is often cited as
providing the best balance between quality and efficiency [95] and was thus the chosen interpolant
for this study.

Figure 5.2 presents a schematic view of the 3D-DIC process, which is summarized in the steps
below. The two cameras are referred to as Cameras 0 and 1, with Camera O functioning as the master
camera.

1. A subset (Xo, Yo) is chosen in the reference image of Camera 0. Cross-camera correlation is
performed with the undeformed image of Camera 1, resulting in a displacement vector (g, r)
and matching subset position (xo+q, Yo+r). This process is repeated for all the remaining
subsets in the reference image of Camera 0. The set of corresponding points is reconstructed
into the 3D coordinates (X, Y, Z) of the initial specimen shape using the predetermined
calibration parameters.

2. The same set of subsets in the reference image of Camera 0 is used in a correlation routine
with the deformed image of Camera 0 to locate their matching positions (Xo+uo, Yo+Vo).

3. The same set of subsets in the reference image of Camera 0 is used in a cross-camera
correlation routine with the deformed image of Camera 1 to locate their matching positions
(Xo+Uy, Yotvi).

4. The set of corresponding points from steps 2 and 3 is reconstructed into the 3D coordinates
(X, Y’, Z’) of the deformed specimen shape using the predetermined calibration parameters.

5. The 3D displacement field (U, V, W) for the specific loading step is computed by subtracting
(X', Y, Z2) from (X, Y, 2).
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The DIC analysis then proceeds by repeating steps 2-5 for each subsequent set of deformed images.

Camera 0 Camera1i

(X0, Yo) ‘ (xo*d., Yo*r)
)

(X,Y, 2)

@ ®

(Xo*Uo, Yo+Vo)

Undeformed

(Xo+uyq, Yotvy)

——

x,Y,2)

Deformed

Figure 5.2: 3D-DIC process. The step numbers are circled, and the colors of the arrows correspond to the
component of the analysis (blue = image matching, red = triangulation, and purple = post-processing).
The sample subset is demarcated with a red dashed line. (Adapted from Lava et al. [98].)

5.2.3 Post-Processing

The 3D displacement fields output by the DIC software contain all the necessary information to
compute the in-plane normal and shear strain components (exx, &y, and &xy). This involves the
determination of the deformation gradient tensor F. This second-order tensor is the fundamental
measure of deformation in continuum mechanics and maps infinitesimal line elements from the
initial (undeformed) configuration into the current (deformed) configuration. It can be expressed in

terms of the three displacement fields (u, v, and w) (Equation 5.1).
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Computation of the Euler-Almansi strain tensor follows naturally (Equation 5.2).

5.3

PLL In(\/FF_T ) (5.2)

Validation Testing

To measure capsular ligament strains, a 3D-DIC system was built using (1) two off-the-shelf high

definition (HD) camcorders and (2) image correlation software (MatchlD) developed at The Catholic

University College Ghent (Ghent, Belgium). Though the software has been previously validated

against commercial systems and finite element models [99], the background presented above

suggests that there are many factors (both independent and interrelated) that affect the accuracy of a

given DIC system. These include: the camera and lens selection, the configuration of the stereo-rig,

the quality of the applied speckle pattern, and the software settings (e.g. correlation function, shape

function, interpolation order, and subset size). Thus, a series of validation tests was performed to

determine the optimal set-up with the chosen system components.

The validation studies had the following objectives:

Validation Study #1: Test the ability of the system to recreate the geometry of a specimen.

Validation Study #2: Examine the system’s capability for measuring rigid body

displacements.
Validation Study #3: Determine how well the system can measure deformation and strain.

Validation Study #4: Assess the system’s dimensional accuracy under dynamic testing
conditions.
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5.3.1 Testing Equipment
Camcorders

Two digital HD camcorders were selected for the validation studies. The first was a Sony HDR-SR7
camera (Sony Electronics Inc., San Diego, CA, USA), and the second was a Panasonic
HDC-SDT750PP camera (Panasonic Co., Secaucus, NJ, USA). During the tests, the cameras were
mounted on individual tripods and operated via remote control to ensure that their relative positions
remained unchanged during calibration and testing. The cameras were separated by a mean pan
angle of 23 deg to maximize in-plane sensitivity and reduce the matching bias associated with larger
pan angles [95]. The specimen of interest was then placed approximately 0.3 m from each camera
lens and oriented such that its surface normal nominally bisected the pan angle (Figure 5.3). Finally,
each camera’s focal length was adjusted via the optical zoom controls so the specimen would remain

in focus throughout the test.

Both cameras recorded HD video with a resolution of 1920 pixels x 1080 pixels (w x I). The size of
the cameras’ field of view varied slightly between tests, but generally, it measured around
160 mm x 90 mm (w X I). This corresponded to a base camera resolution of 0.083 mm/pixel.
However, as noted in Section 5.2.2, due to interpolation, DIC has the ability to supply results that are
sub-pixel. For a typical stereo-rig, one can reasonably expect a displacement resolution between
1/100" and 1/20" of a pixel [100]. If one were to assume a value on the lower end of this range

(1/20™ of a pixel), that would translate to an actual camera resolution of 0.004 mm/pixel.

Figure 5.3: Basic set-up of a 3D-DIC test. The cameras were separated by a mean pan angle (¢) of
23 deg, and the specimen was positioned approximately 0.3 m from each camera lens.
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Linear Translation Stage

Validation Studies #2 and 3 involved the use of a custom-made linear translation stage (Figure 5.4).
The stage consisted of a platform that moved along two rails attached to an L-shaped base. The
platform was manually driven along the rails with a screw. During testing, the base was bolted to a
plate that lay parallel to the floor. As a result, turning the screw produced a vertical movement of the
platform. The position of the platform was measured with a linear variable differential transducer
(LVDT) (Model 500 DC-D, Measurement Specialties, Hampton, VA, USA). The hollow tube in the
LVDT assemblage was secured to the platform with its long axis aligned with the direction of

motion. The LVDT’s sliding core was fixed to the base.

Figure 5.4: Custom-made linear translation stage. The highlighted components are: (A) the platform, (B)
the driving screw, (C) the rails along which the platform moved, (D) the LVDT, and (E) the base.

Specimens

Each validation study used a different specimen that was conducive to meeting the specific goals of
the test. Though the specimens differed in their materials and geometries, they all shared a common
speckle pattern. The patterning was created with a black, ultra-fine point Sharpie marker (Newell
Rubbermaid Office Products, Oak Brook, IL, USA). The mean speckle density was measured with
ImageJ (National Institutes of Health, Bethesda, MD, USA) and found to be approximately
75 speckles/100 mm?.
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5.3.2 Validation Study #1: Static Dimensional Accuracy
Methods

The purpose of the first validation study was to determine whether the 3D-DIC system could
accurately recreate the geometry of a non-planar specimen. This ability was tested by using the
system to determine the static profile of a cylinder. The chosen cylinder was a dark color which
precluded directly applying a pattern to its outer surface. Therefore, a strip of patterned white paper
was tightly wrapped around it and secured at both ends with tape (Figure 5.5). The cylinder was
placed within the cameras’ field of view, and images of the specimen were captured in four distinct
positions. The DIC analysis was run with a subset size of 35 pixels x 35 pixels. The ZNSSD criterion
was chosen as the matching algorithm, with a quadratic shape function and cubic B-spline

interpolation.

Figure 5.5: The specimen was a solid cylinder wrapped with a patterned piece of white paper.

The resulting 3D point clouds represented the portion of the cylindrical surface that fell within the
system’s depth of field. The diameter of the cylinder was calculated at twenty equally-spaced
intervals along the length of the surface [101] and averaged to obtain the value for that collection.
The results were compared with measurements of the cylinder’s diameter taken with a handheld
digital caliper (Model CD-8 BS, Mitutoya America Corp., Aurora, IL, USA).

Results

Figure 5.6 shows a representative point cloud of the cylindrical surface from one of the image
collections. The mean diameter over the four trials was 51.19 = 0.24 mm. The diameter measured

with the handheld digital caliper was 51.12 + 0.10 mm, representing the average of four
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measurements taken by the same observer. Compared with this value, the DIC analysis produced a

percent error of 0.14%.

10
X (mm)

Figure 5.6: Portion of the cylindrical surface that was recreated by the DIC analysis. The green line
extends in the direction of the surface’s length.

5.3.3 Validation Study #2: Rigid Body Motion
Methods

The second validation study was done to see if the 3D-DIC system could accurately measure rigid
body displacements. The specimen for the study was a flat rectangle of cardboard that was rigidly
attached to the platform of the translation stage. Before testing began, the platform was put in its
starting position (Position 1) with the specimen in the approximate center of each camera’s field of
view. Images of the specimen were then collected with both cameras. The Sony camera was
arbitrarily chosen to be the master camera, and its first image of the specimen served as the reference
image in the subsequent DIC analysis. Testing proceeded by incrementally moving the platform
upwards (0.75 + 0.59 mm) and capturing images of the specimen at each stopped location
(Positions 2-25) (Figure 5.7). When testing ended, the platform had been displaced a total of
17.81 mm from its starting position and twenty-four sets of images had been collected over this

range.
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Position 1 Position 13 Position 25

Analyzed specimen

Figure 5.7: Starting, intermediate, and final positions of the specimen. In Positions 13 and 25, the
platform had been displaced 7.20 mm and 17.81 mm, respectively, from the starting position, as measured
by the LVDT.

The entire specimen was analyzed with DIC, resulting in a rectangular region of interest (ROI)
approximately 60 mm x 50 mm (I x w) in size. The correlation was performed with a subset size of
35 pixels x 35 pixels. The matching algorithm, shape function, and interpolation order were chosen
according to what was used in the first validation study. The 3D displacement fields were
post-processed to find the total displacement of every point within the ROI relative to its starting
location. For each of the twenty-four displaced positions, the total displacements were averaged over
the ROI and compared with the displacements calculated with the LVDT positional data.

Results

Compared with the LVDT displacements, the root mean square (RMS) error of the DIC
displacements was 0.05 mm. Figure 5.8 shows the DIC displacements plotted against the LVDT
displacements. A least-squares regression line was fit to the data to determine the association

between the two data sets. The slope of the line was 1.00, and the R? value was 1.00.
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Figure 5.8: DIC displacements versus the LVDT displacements for the twenty-four displaced positions.
The data were fit with a least-squares regression line (R?= 1.00).

5.3.4 Validation Study #3: Deformation and Strain Measurement
Methods

The goal of the third validation study was to test whether the 3D-DIC system could accurately
measure both deformation and strain. The chosen specimen was a square of fabric cut from a
microfiber polyester shirt (Nike Inc., Beaverton, OR, USA). As shown in Figure 5.4, the driving
screw on the translation stage passed through two parallel plates—one attached to the fixed base and
the other attached to the moving platform. The square of fabric was draped over the front edge of
each plate and secured on both ends with a rubber-lined metal block and two c-clamps (Figure 5.9).
The front edges of the two plates were level with one another. This ensured that the amount of pull

applied to the bottom edge of the fabric could be directly measured with the LVDT.
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Figure 5.9: Specimen (A) mounted in the translation stage. The fixed grip (B) was attached to the base of
the stage, and the moving grip (C) was attached to the platform.

Once the specimen was mounted in the translation stage, the position of the moving grip was
adjusted until there was no visible slack in the fabric. At this point, the initial length of the specimen
(39.67 mm) was measured with a handheld digital caliper and images of the specimen were captured
with the two cameras (Position 1). The image from the Sony camera (again designated as the master
camera) was used as the reference image in the DIC analysis. During testing, the platform was
advanced downward to produce tension in the specimen. Similar to the second validation study, the
platform was not displaced continuously; rather, it was moved by a discrete amount each time
(1.04 £ 0.20 mm), and images were taken at every position (Positions 2-25) (Figure 5.10). In total,
images of twenty-four, distinct deformed states were captured. The initial length of the specimen
was 39.67 mm, and at the conclusion of testing, the fabric had been stretched to a final length of
64.22 mm.

Position 3 Position 10 Position 17 Position 25

Figure 5.10: Specimen in four of its deformed states.
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For the DIC analysis, an approximately square (10 mm x 10 mm) region in the center of the
specimen was chosen for study. A right-handed Cartesian coordinate system was created with its
origin in the upper left-hand corner of the specimen. The x-axis was aligned with the top edge of the
specimen and pointed to the right; the y-axis was directed downwards in the direction of pull. The
correlation was run with a subset size of 10 pixels x 10 pixels; and the same matching algorithm,
shape function, and interpolation order used in the previous two studies. The resultant 3D
displacement fields were post-processed to obtain the full-field first principal strains and principal
directions in the ROI. For each deformed state, the principal strains and directions were averaged
over the ROI.

The mean principal strains were compared with the true strain values computed with the LVDT
positional data. The true strain was calculated using Equation 5.3, where | and L were the current and

original lengths of the specimen, respectively.

£= In(lLJ (5.3

Results

Figure 5.11 shows the full-field first principal strains for the four deformed states presented in
Figure 5.10.
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Figure 5.11: DIC first principal strains for the four deformed states shown in Figure 5.10. Over the ROI,
the mean principal strains were 0.03, 0.19, 0.34, and 0.47 for Positions 3, 10, 17, and 25, respectively.

The DIC principal strains were plotted against the true strains for the twenty-four deformed states

(Figure 5.12). The least-squares regression line had a slope of 0.97 with an R? value of 1.00.

DIC first principal strain (mm/mm)
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Figure 5.12: DIC first principal strains versus the true strains for the twenty-four deformed states. The
data were fit with a least-squares regression line (R?= 1.00).

Similarly, Figure 5.13 shows the full-field principal directions for the four deformed states of

Figure 5.10. Compared with the theoretical principal direction of 90 deg, the RMS error of the DIC

principal directions was 1.3 deg.

61



Position 3 Position 10 Position 17 Position 25
0 0 0 0
I' i
5 5 “ 5 5
10 ‘ 10 A 10 10
£ t £ £
£ E 15 h., E1s E1s
> > > >
20 20 20 20
25 25 25 25
30 30 30 30
0 10 20 10 20 0 10 20 10 20
X (mm) X (mm) X (mm) X (mm)

70 80 90 100
DIC principal direction (deg)

Figure 5.13: DIC principal directions for the four deformed states shown in Figure 5.10. Over the ROI,
the mean principal directions were 89.1 deg, 90.7 deg, 91.6 deg, and 91.8 deg for Positions 3, 10, 17, and
25, respectively.

5.3.5 Validation Study #4: Dynamic Dimensional Accuracy
Methods

The purpose of the final validation study was to determine whether the 3D-DIC system could
accurately recreate the geometry of a non-planar specimen while the specimen underwent rigid body
motion. In essence, it was designed as an extension to Validation Study #1 (Section 5.3.2). It thus
used the same specimen as that study: a solid cylinder whose surface was wrapped with a patterned
strip of white paper. The cylinder was placed on a flat surface and held on a spindle that passed
through its center (Figure 5.14). Two trials were performed in which the cylinder was hand rotated
about the spindle axis while the cameras recorded at 30 fps. The cameras were operated via remote
control, and a sync light was activated at the start of each trial to allow for later synchronization of

the videos.
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Figure 5.14: The specimen was placed on a flat surface and rotated about a spindle that passed through its
center.

Following testing, the videos were post-processed in Adobe Premiere Pro (Adobe Systems Inc., San
Jose, CA, USA). The videos from each trial were aligned with the sync light and five single-frame
images were extracted from each video such that the angular displacement between successive
images was approximately 2 deg (exact: 2.02 + 0.51 deg). The DIC analysis was run with a subset
size of 35 pixels x 35 pixels and the same matching algorithm, shape function, and interpolation
order used in the previous validation studies. For each trial, the software output five 3D point clouds
that represented the portion of the cylindrical surface that fell within the system’s depth of field at
each instant. From the point clouds, the diameter of the cylinder was determined at each time point
using the same computational methods applied in the first validation study. The results were then
compared to the measurements taken with a handheld digital caliper (Model CD-8 BS, Mitutoya
America Corp., Aurora, IL, USA). The accuracy of the DIC measurements was assessed along with

their stability throughout each trial.

Results

The mean diameter measured in each trial (representing the average of the five time points) was
51.02 £ 0.34 mm and 50.82 £ 0.32 mm. As previously mentioned, the diameter recorded with the
handheld digital caliper was 51.12 £ 0.10 mm, representing the average of four measurements taken
by the same observer. Compared with this value, the percent errors of the mean diameters were
0.20% and 0.59% for the first and second trials, respectively.

63



5.4 Discussion

While 3D-DIC is relatively straightforward to implement, its inner workings are complex. The most
basic components of any analysis are image matching and triangulation. The latter refers to the
system’s ability to locate a point in 3D space given its projection onto two camera images. Every
study involving DIC is an inherent test of whether the system can triangulate, but this ability was
explicitly assessed in the first validation study. Because the facet capsular ligament has a distinct
spherical curvature [46,102], the study was performed with a non-planar (cylindrical) specimen. The
results showed that the system is capable of reconstructing both the shape and dimensions of a
curved specimen with high fidelity. Furthermore, all four image collections yielded similar
measurements of the cylinder’s diameter (standard deviation = 0.24 mm) even though the cylinder
was placed in a different location each time. This suggests that—provided the pattern remains in
focus—the specimen can be shifted within the cameras’ field of view while maintaining accuracy

and precision during the triangulation.

The system’s ability to perform image matching was examined in the second and third validation
studies. They were designed to replicate two distinct types of pattern change: (1) one in which the
pattern’s speckles rigidly moved together (Validation Study #2) and (2) another in which the
speckles displaced relative to one another (Validation Study #3). The third validation study was of
particular interest since it more closely modeled the expected behavior of a soft tissue under load and
the dimensions of the chosen ROI (10 mm x 10 mm) were similar to those of the lumbar capsular
ligament [35,36,70]. The study thus reinforced that the system could reliably analyze a region on the

required scale.

The DIC strains exactly matched the true strains up to 36% strain. Past this point, the DIC strains
underpredicted the true strains by 1% strain, and this difference was present to the end of the test.
The discrepancy in results could be due to errors in the DIC strains. For example, the fabric had
regular rows of stitches, and as the specimen was stretched, the individual stitches separated,
creating a sort of “secondary” pattern that was most distinct at the highest levels of strain. This could
have confounded the correlation procedure, resulting in inaccurate DIC strains. Alternatively, 36%
strain could represent an accuracy threshold of the DIC system. Though both these scenarios are

possible, in general, DIC is considered to be a very robust method for measuring large deformations;
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with appropriate image processing, it can measure strains in excess of 50% [103]. Additionally, the
software output a “correlation score” for each subset evaluated within the ROI. The score was an
indicator of the quality of the match between (1) the undeformed subset in the reference image and
(2) the corresponding subset in the deformed image, with a score of 1.00 indicating a perfect match.
For the final, deformed state of the test (Position 25), the mean correlation score was 0.99, indicating
near-perfect matches for every subset under consideration. Given these results, the more probable
cause of the discrepancy was an error in the calculation of the true strain. The most likely possibility
is that in the later stages of the test, the specimen slipped at one (or both) of the grips. Though no
slippage was visibly apparent during the test—and precautions were taken to prevent it—even small
amounts would have led to a slight overprediction of the true strain, which would be consistent with

the observed data sets.

Nevertheless, given the expected strain levels in the capsular ligament, the results of the study were
promising. Both Panjabi et al. [45] and lanuzzi et al. [47] have measured capsular ligament strains in
human cadaveric lumbar specimens subjected to physiological loads (Section 3.1.2). The upper test
limit of the validation study (48%) was two and a half times larger than the maximum strain
observed by either group (19.3%). Furthermore, since the DIC and true strains were equivalent up to
36% strain, the system seems to have an appropriate resolution for determining physiological strains
in non-pathological specimens. The question that arises naturally is whether the system is capable of
measuring non-physiological, pain-producing strains. As discussed in Section 3.2.2, allodynia
studies done with a rat model suggest that any strain above 21.5% can be considered a potential

source of pain [23], and this threshold is well within the measurement range of the system.

With regard to directionality, the RMS error of the DIC principal directions was 1.3 deg. As shown
in Figure 5.13, the full-field principal directions became progressively more homogeneous as the
tension on the specimen increased. Accordingly, the largest spread in values occurred for the first
deformed state (Position 2), where the mean principal direction was 85.2 + 8.4 deg. The variation at
low strain levels could be indicative of inadequate pretensioning at the start of the test. Though there
was no obvious slack when the test began, there may have been small fiber misalignments or
wrinkles that were visually imperceptible to the naked eye. This would have resulted in a

non-uniform principal direction field in the early stages of the test, as was observed. The RMS error
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of the DIC principal strains was based on a theoretical principal direction of 90 deg. Because this
may have been a poor assumption at low strain levels, a second RMS error was computed excluding
the data point from the first deformed state (Position 2). When this was done, the error decreased to
0.8 deg. However, regardless of whether the data point from Position 2 is taken into consideration or
not, the RMS error was deemed acceptable for measuring the directionality of capsular ligament

strains relative to the gross anatomy of the joint.

The first three validation studies were all completed under static conditions. Though the specimens
were displaced (or deformed) during testing, the images were collected after the displacement (or
deformation) had already occurred. Consequently, the tests did not provide explicit information on
the system’s performance when tracking a moving specimen. To address this deficit, a final
validation study was done to assess the system’s accuracy under dynamic testing conditions. The
study used the same cylindrical specimen as the first validation study, and images were collected
continuously while the specimen rotated within the cameras’ field of view. Though the system was
able to reconstruct the specimen’s shape throughout the trials, there was a slight decrease in the
accuracy of its diameter measurement. (The percent error was 0.14% for Validation Study #1; and
0.20% and 0.59% for the two trials of Validation Study #4.) The drop in accuracy may have been
caused by a small temporal misalignment between the videos since they were manually synchronized
after testing. Alternatively, it may have been indicative of the software “losing” portions of the
original ROl as it gradually rotated out of the system’s field of view over the course of the trial. This
latter issue underscores the importance of carefully configuring the stereo-rig to minimize potential

data loss when the specimen undergoes rigid body motion.

5.5 Conclusion

DIC is an optical technique for taking full-field deformation and strain measurements, and it has
been widely used in the field of biomechanics. 3D measurements are acquired with two cameras that
have been calibrated as a unit and configured to simultaneously capture images of a specimen as it
deforms. After testing, each deformed image is numerically correlated with the undeformed
“reference” image using a matching algorithm that incorporates the pixel intensity information from
both images. The resultant 3D displacement fields can be post-processed to obtain the in-plane

normal and shear strain components.
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Biological soft tissues present a number of challenges when characterizing their mechanical
behavior. For this reason, DIC is a particularly attractive measurement technique because of its
non-contact nature and ability to directly quantify large deformations and strains over a wide range
of specimen sizes. To measure facet capsular ligament strains, a custom 3D-DIC system was built
using two off-the-shelf camcorders and academic correlation software. The set-up was validated
through a series of studies that determined the system’s ability to accurately recreate a specimen’s
shape (under both static and dynamic testing conditions) and measure rigid body displacements,
deformation, and strain. Overall, the results of the studies showed that the system has the desired
resolution and accuracy for capturing the expected geometry and mechanical behavior of the lumbar

capsular ligament.
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Chapter 6. Study #2: Capsular Ligament Strains

6.1 Overview

The purpose of Study #2 was to use digital image correlation (DIC) to measure the full-field surface
strains of the lumbar capsular ligament when the disc is intact and after the disc has undergone
partial (PD) and subtotal (SD) microdiscectomies. Similar to Study #1, it was designed as a
controlled laboratory study using cadaveric spinal specimens and a repeated measures approach. The
collected data were used to test the following hypotheses:

e Hy: After PD and SD, the capsular ligament experiences significantly greater strains in
response to physiological loads. The increases after SD are significantly greater than the
increases after PD.

e Hzs: After SD, physiological loading produces strains in the capsular ligament that exceed the
threshold for pain (21.5%) [23]. The strain threshold is not surpassed after PD.

This chapter describes the experimental work, data processing, and analysis that were done for this
study (Sections 6.2 and 6.3). The results are presented (Section 6.4), discussed, and compared to the
findings from previous investigations that have measured capsular ligament strains in the lumbar
spine (Section 6.5). Additional discussion of the research is included in Chapter 7, where the clinical

implications of the work are highlighted.

6.2 Methods

6.2.1 Specimen Preparation

Eight lumbar motion segments (three L2-L3, three L3-L4, and two L4-L5) were obtained from three
unembalmed human cadaveric specimens (T12-L5). The donors were three males, whose ages
ranged from 52 to 63 years with a mean age of 58 years. Visual and radiographic screening were
performed to preclude the existence of any pathology that could affect the mechanics of the
individual motion segments. Special consideration was given to the overall health of the facet joints,
including the absence of osteophytes and gross hypertrophies; and intact capsules free of

perforations and tears.

68



Each specimen was dissected free of all non-ligamentous soft tissue. Metal screws were inserted into
the terminal end of T12, and the end was embedded in polymethylmethacrylate with the screws
providing additional fixation with the potting material. The vertebra that was potted on the
specimen’s caudal end depended on the motion segment under consideration (L5 for L4-L5; and
L4 for L2-L3 and L3-L4).

The L2-L3, L3-L4, and L4-L5 facet capsules were exposed with fine tissue dissection according to
the morphological descriptions given by Yamashita et al. [36]. Each capsule was then randomly
patterned with a black, ultra-fine point Sharpie marker (Newell Rubbermaid Office Products, Oak
Brook, IL, USA) (Figure 6.1).

Figure 6.1: Patterned facet capsules of an L3-L4 motion segment.

6.2.2 Testing Equipment

Testing was performed with the custom-designed spine simulator described in Section 4.2.2. The
forces and moments transmitted through the specimen were measured with a six-axis load cell
(Model Omega 160, ATI Industrial Automation, Apex, NC, USA) beneath the inferior-most
vertebra. The load cell was connected to a data acquisition board (Model PCI 6034E, National
Instruments Inc., Austin, TX, USA) that sampled at a rate of 100 Hz. Segmental kinematics were
collected by affixing a retro-reflective marker set to each vertebra comprising the motion segment
under consideration. The marker sets were tracked with a four-camera Vicon MX13 system (Vicon
Motion Systems, Lake Forest, CA, USA) sampling at a rate of 60 Hz.

The capsular ligament strains were measured with the custom three-dimensional (3D) DIC system

presented in Chapter 5. The cameras were positioned on a stereo-rig approximately 0.3 m from the
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frontal plane of the facets. The cameras’ focal lengths and the stereo-rig height were adjusted such
that (1) the facets were centered in each camera’s field of view and (2) the capsule patterning was in
focus. A light source was placed behind the stereo-rig to illuminate the capsules and ensure the
collection of high-quality images (Figure 6.2). The cameras’ frame rates were set to 30 fps, and

video recording was triggered via remote control at the beginning and end of each motion test.
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Figure 6.2: Experimental set-up showing a prepared specimen mounted in the spine simulator. The
motion segment of interest is at the caudal end of the specimen and highlighted with a blue box. The DIC
cameras were positioned posterior to the specimen to capture the deformation of the motion segment’s
facet capsules.

6.2.3 Testing Protocol

Each motion segment was tested in: (1) its intact condition and post- (2) PD and (3) SD. The surgical
procedures were performed by an orthopaedic surgeon and entailed a left posterolateral approach
with partial resection of the lamina.

The general testing protocol was similar to that used during Study #1. Under each condition, the
motion segment was tested to maximum moments of £15 Nm in flexion-extension (FE), lateral
bending (LB), and axial rotation (AR) [49,71]. Two multi-axis tests were also performed (FRLB and
FLLB) in which FE and LB moments were applied concurrently to the same limit (10.5 Nm) to
create an off-axis bending moment with a vector-summed limit of approximately 15 Nm
([(10.5 Nm FE)? + (10.5 Nm LB)?]¥2~ 15 Nm). In the FRLB test, flexion and right LB were applied
together followed by extension with left LB. The FLLB test explored the reverse scheme (flexion
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with left LB followed by extension with right LB). The tests were conducted under continuous
angular displacement control (2 deg/sec). Each test had three complete motion cycles, and the third
cycle was used for analysis. A sync light was triggered at the start of each test to enable
synchronization of the kinetic and kinematic data with the videos collected by the DIC cameras.
Figure 6.3 illustrates the full testing protocol for a single motion segment, which was completed over

the course of several hours on the same day.

Create
Surgical Condition

1. PD
2. SD
Set Up Mount
and Intact Specimen Attach <] Bending
Calibrate in Marker Sets Tests
DIC System Spine Simulator

Figure 6.3: Flowchart of the testing protocol for an individual motion segment.

6.3 Data Processing and Analysis

6.3.1 Digital Image Correlation

The videos were post-processed in Adobe Premiere Pro (Adobe Systems Inc., San Jose, CA, USA).
The two videos from each motion test were aligned with the sync light. The third cycle was isolated,
and single-frame images were exported at the recorded frame rate (30 fps). The image sets were then
decimated to minimize the computational time for the DIC analysis. This was done by only retaining
the images that corresponded to every 1 Nm increment from the loading portions of the test. Each
test had two different loading “conditions” (e.g. flexion and extension for the FE test), and the
motion segment was loaded to a maximum moment of 15 Nm under each condition. Therefore, the
decimation resulted in thirty “deformed” positions per test. Images were also extracted from the
frame immediately preceding the appearance of the sync light, which served as the undeformed

“reference” position for the subsequent DIC analysis.
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Each motion test was analyzed by importing its image sets and the predetermined calibration
parameters into the DIC software. A correlation was run on each facet capsule using a subset size of
33 pixels x 33 pixels; and the same matching algorithm, shape function, and interpolation order used
in the DIC validation studies (Section 5.3). The resultant 3D displacement fields were post-processed
to obtain the full-field first (E1) and second (E2) principal strains and principal directions in the
capsules (Figure 6.4). The largest E1 and E2 strains were obtained from their respective full-field
distributions and saved for later use. (Here, the term “largest” refers to the value with the greatest

magnitude.)

Figure 6.4: Right L2-L3 facet capsule with the region of interest outlined in blue and a sample subset
shown in yellow.

6.3.2 Hypothesis H2 Testing

A statistical analysis was performed to address hypothesis H,. As described above, the full data set
for Study #2 was fairly sizable, consisting of the largest E1 and E2 strains at every 1 Nm load
increment for each testing condition, loading condition, and side. To reduce the complexity of the
analysis, only a subset of the data set was considered. The subset consisted of the largest E1 and E2
strains at the endpoint of each loading condition (i.e. where the applied load was 15 Nm). (As will be
shown in the subsequent section, for a given principal strain and loading condition, the difference
between testing conditions was relatively consistent along the length of the loading curve. This
observation helped justify the decision to only focus on the endpoint.)

The statistical analysis was done with a linear mixed-effects regression model (Appendix D) that
tested for the association between the facet capsules’ largest endpoint principal strains (the
dependent variable) with testing condition and loading condition (the independent fixed effects).
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Separate models were run for the left and right capsules. Hypothesis testing was performed with an
omnibus test to determine whether the differences in mean strain varied across testing condition. Ifa
significant difference was found, pair-wise comparisons among the three testing conditions were

conducted. The significance level was set to P < 0.05.

6.4 Results

This section presents the capsular ligament strains that were measured under each loading condition.
It also addresses the results from the testing of hypotheses H> and Ha.

In response to physiological loads, the facet capsule was shown to simultaneously experience both
in-plane tensile and compressive strains—a phenomenon that has been documented by previous
researchers in the cervical [46] and lumbar spines [47]. Therefore, for every loading condition
considered in this study, the two principal strains (E1 and E2) were opposite in sign. To interpret the
strains, it is useful to categorize each loading condition as either “tensile” or “compressive.” As its
name implies, during a tensile condition (e.g. flexion), the capsule was put in tension to passively
constrain the motion of the intervertebral joint. The E1 strains represented a lengthening of the
ligament, whereas the E2 strains signified a consequent narrowing in the perpendicular direction. In
contrast, during a compressive condition (e.g. extension), the capsule compressed and did little to
restrict the motion of the intervertebral joint. When this occurred, the presence of the E2 strains
indicated that the ligament was relaxing, while the E1 strains represented a resultant “bulging” in the

orthogonal direction. Tables 6.1 and 6.2 summarize these distinctions.

Table 6.1: Tensile and compressive loading conditions.

Tensile conditions Compressive conditions
Flexion Extension
Contralateral LB Ipsilateral LB
Ipsilateral AR Contralateral AR
Flexion + right LB Extension + left LB
Flexion + left LB Extension + right LB
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Table 6.2: Meanings of the E1 and E2 strains during tensile and compressive loading conditions.

Loading Principal _
condition strain Meaning
i El Lengthening
Tensile E2 Narrowing
' El Bulging
Compressive = Relaxing

6.4.1 First and Second Principal Strains

The subsequent two figures depict sample full-field principal strain distributions in the facet capsules
of an L3-L4 motion segment during the intact condition. Figure 6.5 is for a tensile condition
(flexion), and Figure 6.6 is for a compressive condition (extension). The strains were measured at
every 1 Nm load increment, but only three increments (5 Nm, 10 Nm, and 15 Nm) are shown for
conciseness. The positions are given in the coordinate system of one of the DIC cameras, whose X-Y
plane was approximately aligned with the frontal plane of the facets. Though the capsule is
spherically curved [46,102], frontal plane projections are shown for ease of visualization. In this
representation, the top of the image is superior, and the left and right sides of the image are lateral
for the left and right capsules, respectively. Separate color bars are provided for the E1 and E2

strains to emphasize the heterogeneity of the strain fields.
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Figure 6.5: Exemplar full-field principal strain distributions in the facet capsules of an L3-L4 motion
segment. The data are from a tensile loading condition (flexion). Each row is for a different load
increment.
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Figure 6.6: Exemplar full-field principal strain distributions in the facet capsules of an L3-L4 motion
segment. The data are from a compressive loading condition (extension). Each row is for a different load
increment.

Figures 6.7-6.11 present the largest E1 and E2 strains observed in the capsules. For each side, the
data are averaged across the eight motion segments and separated by testing and loading conditions.
The error bars represent one standard deviation from the mean. The hypothesized strain threshold for
pain (21.5%) [23] is represented by solid and dashed red lines for the tensile and compressive
conditions, respectively. Comparison of the strains with the threshold is discussed in Section 6.4.4.
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Figure 6.7: Largest E1 and E2 strains in the (A) left and (B) right facet capsules (n = 8) during flexion
and extension.
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Figure 6.8: Largest E1 and E2 strains in the left (A) and right (B) facet capsules (n = 8) during right and
left LB.
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Figure 6.9: Largest E1 and E2 strains in the left (A) and right (B) facet capsules (n = 8) during
counterclockwise (CCW) and clockwise (CW) AR.
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Figure 6.10: Largest E1 and E2 strains in the left (A) and right (B) facet capsules (n = 8) during flexion
(flex) with right LB and extension (ext) with left LB.

80



A 400 T E1 E2

—8— Intact —O— Intact
30.0 + - PD PD
—e— SD —O— SD
"""""" 20.0
Pain Threshold

10.0 +

L 1
1

-ﬁ;:;:q:?&'r“&"ﬂwz OP00ARE <=~ 1015
[ 10.0 + OOBBBE

Principal Strain (%)

-20.0 +
-30.0 +
Ext + Right LB il Flex + Left LB
(Nm) 4001 (Nm)
B 40.0 T

Principal Strain (%)

Ext + Right LB Flex + Le
(Nm) 4001 (Nm)

Figure 6.11: Largest E1 and E2 strains in the left (A) and right (B) facet capsules (n = 8) during flexion
with left LB and extension with right LB.
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6.4.2 Principal Directions

The orientations of the principal strains depended on whether the loading condition was tensile or

compressive. Table 6.3 summarizes the general patterns that were observed.

Table 6.3: Orientations of the E1 and E2 strains during tensile and compressive loading conditions.

Loaqll_ng Prlnc[pal Orientation
condition strain
Tensile El Superomedial to_inferolateral
E2 Superolateral to inferomedial
Compressive El Superolaterfal to i_nferomedial
E2 Superomedial to inferolateral

Figures 6.12 and 6.13 depict the orientation of the E1 strains in the facet capsules of an L3-L4
motion segment. The figures are representative of the principal directions observed across the
various loading conditions considered in this study. Figure 6.12 is for a tensile condition (flexion),
and Figure 6.13 is for a compressive condition (extension). Similar to previous plots, only frontal
plane projections are shown. The top of the figure is superior and the middle (between the plots for
the left and right capsules) is medial. To assist with their interpretation, the figures are followed by a
series of images that show the capsules when the motion segment was in maximal flexion and

extension.
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Figure 6.12: Typical orientation of the E1 strains during a tensile loading condition. The E1 strains were
generally directed in the superomedial to inferolateral direction.
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Figure 6.13: Typical orientation of the E1 strains during a compressive loading condition. The E1 strains
were generally directed in the superolateral to inferomedial direction.
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Figure 6.14: Images of the facet capsules when the L3-L4 motion segment (featured in Figures 6.12 and
6.13) was in maximal flexion, maximal extension, and the undeformed “reference” position.
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6.4.3 Hypothesis H2

Omnibus hypothesis testing showed differences in each of the largest endpoint principal strains (E1
and E2) by testing condition (Table 6.4). Pairwise comparisons were thus carried out among the

three conditions. The results are given in Tables 6.5 and 6.6.

Table 6.4: Significant P-values (P < 0.05) from the omnibus tests. For each of the largest endpoint
principal strains, these tests assessed whether the differences in mean strain varied across testing

conditions.
Largest endpoint P-value
principal strain Left facet Right facet
El < 0.0001 < 0.0001
E2 0.030 < 0.0001

Table 6.5: Pairwise comparisons among the three testing conditions for the facet capsules’ largest
endpoint E1 strain. Mean differences and standard errors are given as percentages. P-values are listed
only for statistically significant comparisons (P < 0.05).

Comparison Left capsule Right capsule
Mean Mean
I J difference Standard P-value | difference Standard P-value
error error
J-1 J-D
Intact | PD 0.3 0.5 0.4 0.6
Intact | SD 2.1 0.5 < 0.001 2.8 0.6 < 0.001
PD SD 1.8 0.5 <0.05 2.3 0.6 < 0.001

Table 6.6: Pairwise comparisons among the three testing conditions for the facet capsules’ largest
endpoint E2 strain. Mean differences and standard errors are given as percentages. P-values are listed
only for statistically significant comparisons (P < 0.05).

Comparison Left capsule Right capsule
Mean Mean
| J difference Standard P-value | difference Standard P-value
error error
(J-1 J-0
Intact . PD -0.3 0.6 -0.5 0.7
Intact . SD -1.6 0.6 <0.05 -3.4 0.7 <0.05
PD SD -1.3 0.6 -2.9 0.7 <0.05

6.4.4 Hypothesis Hs

Of particular interest in this study was whether the capsular ligament experienced strains that were
greater than the hypothesized threshold for pain (21.5%) [23] (hypothesis Hs). To address this
hypothesis, one standard deviation above the mean maximum E1 strains was compared to the pain
threshold for each of the testing and loading conditions. This is shown in Figures 6.7-6.11 where the

pain threshold is depicted by solid and dashed red lines for the tensile and compressive conditions,
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respectively. As the figures illustrate, the pain threshold was only exceeded during the tensile
conditions. Tables 6.7-6.9 give the results from the hypothesis testing. The color of each cell

indicates whether the pain threshold was surpassed for that particular tensile condition (red = yes;

green = no). For a positive result, the cell lists the loading range where it occurred.

Table 6.7: Hypothesis Hs testing for the intact condition.

Loading condition
Capsule Elexion Contralateral Ipsilateral Flexion + Flexion +
LB AR right LB left LB
Left > 13 Nm >13 Nm
Right >11 Nm
Table 6.8: Hypothesis H3 testing for the PD condition.
Loading condition
Capsule Elexion Contralateral Ipsilateral Flexion + Flexion +
LB AR right LB left LB
Left >13 Nm
Right >11 Nm
Table 6.9: Hypothesis H3 testing for the SD condition.
Loading condition
Capsule Elexion Contralateral Ipsilateral Flexion + Flexion +
LB AR right LB left LB
Left >5Nm >4 Nm
Right >5Nm >10 Nm >3 Nm

6.5 Discussion

The following section summarizes the major findings of this study, including (1) the overall strain
patterns, magnitudes, and orientations and (2) a description of how these measures were affected by
microdiscectomy. Whenever possible, comparisons are made with previous investigations. The

section finishes with a discussion of the study’s challenges and limitations.

6.5.1 Capsular Ligament Strains

There were several patterns of strain that were evident in all three testing conditions. Across the
capsule, the principal strain distributions were non-uniform, similar to what has been observed in
both the cervical [46] and lumbar [47] spines. However, for any given point on the capsule, the

strains increased monotonically with increasing applied load [47]. Additionally, the magnitudes of
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the largest E1 and E2 strains were relatively consistent between specimens, but their locations on the

capsule varied greatly [46].

Panjabi et al. [45] and lanuzzi et al. [47] are the only two groups that have measured capsular
ligament strains in human cadaveric lumbar specimens. Both studies focused on intact,
non-pathological spines. lanuzzi et al. [47] tested seven specimens (T12-S1) with a custom-built
displacement-controlled loading apparatus. FE and LB were induced in the specimens by
horizontally displacing T12; and capsular strains were measured by optically tracking the
displacement of an array of markers that were glued to the capsule’s surface. lanuzzi et al.’s [47]
loading technique produced intervertebral joint moments that were relatively minor from a
physiological standpoint. But compared to Panjabi et al. [45], their methods for measuring strain and
the measurements they reported (largest E1 and E2 strains) were more closely aligned with the
present investigation. These similarities facilitated a comparison with their study, the results of
which are shown in Table 6.10. In the table, the moments and strains given for lanuzzi et al. [47] are
the average values observed at levels L2-L3, L3-L4, and L4-L5. The strains listed for the current
study are for the intact condition and were extracted from the lower end of the applied loading range

to better compare with Ianuzzi et al.’s [47] results.

Table 6.10: Comparison of the lumbar capsular ligament strains measured by lanuzzi et al. [45] with
those of the current study (in the intact condition).

Study Loading Largest Largest

Direction Magnitude (Nm) | EL1 strain (%0) E2 strain (%o)
Left Right Left Right

Flexion 2.0 8.6 7.1 -7.0 -4.4

lanuzzi et al. [47]" | Extension 3.4 6.8 5.0 65 = -59
Right LB 2.8 6.1 4.4 -6.4 -1.9

Left LB 3.6 3.2 6.3 -3.0 -5.9
Left Right Left Right

Flexion 2 6.9 6.3 -6.0 -7.4

Current study Extension 3 3.8 4.4 -6.0 -5.2
Right LB 3 6.6 3.9 -7.3 -4.5

Left LB 4 4.5 7.8 -6.3 -10.1

*Moments and strains are at 40 mm of horizontal displacement of T12.
Moment and strain values were estimated from graphs using ImageJ (National Institutes of Health,
Bethesda, MD, USA).
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As can be seen in Table 6.10, under equivalent loading, the strains measured in this study were
commensurate with those reported by lanuzzi et al. [47]. Additionally, there were several consistent
trends between the investigations. Like this study, lanuzzi et al. [47] found that the two principal
strains—though opposite in sign—were of similar magnitude for a given loading condition and side.
The largest E1 strains occurred during flexion; and in LB, the principal strains in the contralateral
capsule were of greater magnitude than those in the ipsilateral capsule. Finally, though not explicitly
shown in the table, both studies demonstrated a nonlinear relationship between strain and moment.
Unlike this investigation, lanuzzi et al.’s [47] applied loads were too small to produce an eventual
plateau in the strains (Figures 6.7-6.11). Nevertheless, given the aforementioned similarities, it is
reasonable to assume that if the researchers had increased their applied loads, they would have also

observed a sigmoidal relationship between these two variables.

Unfortunately, lanuzzi et al. [47] did not explicitly map out the distributions or orientations of their
measured strains. However, the authors’ description of the strains’ directionality was consistent with
what was seen in this investigation. Namely, in all three testing conditions, the orientations of the
principal strains depended on whether the loading condition was tensile or compressive in nature. In
the tensile conditions, the E1 strains were primarily oriented in the superomedial to inferolateral
direction, while the E2 strains were approximately perpendicular to that direction. The opposite held
true for the compressive conditions. Similar trends have also been noted in two other studies that
looked at tensile loading of cervical facet capsules in humans [46] and goats [65].

Overall, under analogous loading conditions, the strain patterns, magnitudes, and orientations were
comparable to what has been previously reported for the facet capsules of the cervical [46,65] and
lumbar [45,47] spines. These similarities helped validate the use of DIC to measure the capsular

ligament strains.

6.5.2 Strain Response to Microdiscectomy

This investigation examined the effects of microdiscectomy on the strains in the capsular ligament.
While there have been two other studies that have measured capsular strains in the lumbar spine
[45,47], both focused exclusively on intact, non-pathological spines. Furthermore, every study on

non-physiological strains was done with an animal model, and the strains were artificially induced
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by manually distracting the facet joint [21-23,65,68,69]. Because of these methodological
differences, it is difficult to draw firm comparisons with these investigations. Nevertheless, as
discussed in Chapter 4, several groups have reported a correlation between disc excision and the
motion of the intervertebral joint [20,79]. It is reasonable to assume that when the intervertebral joint
exhibits increased motion, at least some of it can be attributed to increased motion of the facets.
Furthermore, if one assumes that facet motion is proportional to the strain in the capsule,
then—collectively—the existing body of research suggests that disc excision should result in larger

capsular strains.

Overall, the results of this study confirmed this prediction. Microdiscectomy was shown to alter the
strains in the capsule, but in general, the effects were only seen after the more invasive of the two
procedures (SD). As previously mentioned, across motion segments (and even between capsules of
the same motion segment), there was widespread variation in the strain distributions and the exact
locations of the largest strains. However, for a given capsule and loading condition, these two
qualities were relatively consistent between testing conditions. The main difference after SD was in
the magnitude of the strains—both in terms of the average strain across the capsule and the largest
strains that occurred. Figure 6.15 illustrates these patterns by presenting the full-field E1 strain
distributions in every testing condition for the right capsule of an L3-L4 motion segment. Like
previous plots, the images are frontal planar projections, where the top of the image is superior and

the right side is lateral.
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Figure 6.15: Comparison of the full-field E1 strain distributions between testing conditions for the right
facet capsule of an L3-L4 motion segment. For each condition, the data were taken when the motion
segment was in maximal flexion. Across the capsule, the mean (and maximum) E1 strains were 14.1%
(20.4%), 13.9% (19.8%), and 18.1% (26.2%) for the intact, PD, and SD conditions, respectively.
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Aside from these observations, one of the most prominent trends seen in this study was that the
increased strains after SD only occurred under tensile loading conditions. Ipsilateral AR was the one
tensile condition that did not fully demonstrate this trend; though the average strain across the
capsule was greatest after SD, the largest E1 and E2 strains were similar in every testing condition.
This finding was not surprising given the importance of the facet joints in protecting the disc from
excessive AR. Adams and Hutton [104] reported that torsion of the lumbar spine is primarily resisted
by compression of the contralateral facet joint’s articular surfaces. Thus, large increases in facet
motion (and resultant increases in capsular strain) would be unlikely barring a local collapse in the
subchondral bone or cartilage of the articulating surfaces. Excluding ipsilateral AR, in every other
tensile condition, SD produced increases in the average and largest values of the principal strains.
Intuitively, it made sense that the E1 and E2 strains rose in tandem. The loading conditions
considered in this study simultaneously subjected the capsules to both in-plane tensile and
compressive strains. Because the two principal strains were intimately related, an increase in one

naturally led to an increase in the other.

The statistical analysis of hypothesis H> confirmed the general observation that SD (but not PD)
resulted in increased capsular strains. For both sides, the largest endpoint principal strains were
significantly greater after SD compared to the other two conditions. The one exception was for the
left capsule’s largest endpoint E2 strains. In this case, the pairwise comparisons only revealed a

significant difference between the intact and SD conditions (P < 0.05).

Like Study #1, there was some indication of an underlying asymmetry in the capsules’ strain
response to microdiscectomy. In the intact condition, the respective magnitudes of the largest E1 and
E2 strains were comparable between sides. Though larger strains developed in both capsules after
SD, the procedure seemed to have a more pronounced effect on the contralateral capsule. The
difference was most apparent in LB. For example, when the motion segments were in maximal right
LB, the largest E1 strain measured in the left capsule was 14.4 £+ 3.9%, which represented a 22%
increase from the intact condition (11.8 + 3.5%). In contrast, during maximal left LB, the largest E1
strain observed in the right capsule was 17.6 £ 5.7%. This was a 48% increase from what was seen
in the intact condition (11.9 £ 4.6%). Flexion with contralateral LB seemed to also affect the right

capsule more, but the discrepancy between sides was less extreme.
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With regard to hypothesis Hs, the hypothesized strain threshold for pain (21.5%) [23] was only
surpassed during tensile loading conditions. In the intact and PD conditions, the mean maximum E1
strains were never larger than 21.5%; however, when the comparisons were made with one standard
deviation above the mean, there were a handful of cases when they were. This implies that even in
non-pathological spines, loads at the upper end of the physiological range can occasionally produce
strains that may be high enough to elicit pain. After SD, the strains in each capsule exceeded 21.5%
in flexion and flexion with contralateral LB. The required loads were lowest in the combined loading
cases. Unlike the other two testing conditions, even the mean maximum E1 strains were large
enough to surpass the pain threshold in these loading conditions. Finally, of particular note was that
in contralateral LB, only the right capsule was identified as a potential source of pain. While the
required loads were higher than what was needed in the aforementioned loading conditions, this
observation further supported the notion of an underlying side asymmetry. The clinical implications

of these findings are discussed in depth in Chapter 7.

6.5.3 Limitations

Like any study, this investigation was not without its limitations. As an in vitro cadaveric study, it
was subject to the same limitations previously mentioned for Study #1 (Section 4.5.3). Specifically,
it did not account for the presence of body weight or muscle activation; the results were only
representative of the initial postoperative period; and the order of the testing conditions could not be
randomized for each motion segment. Additionally, each motion segment underwent several
freeze-thaw cycles during preparation and testing. In part, the multiple freeze-thaw cycles were a
consequence of the study design. Three T12-L5 specimens were obtained for this study, and two or
three motion segments were tested per specimen. Rather than preparing the motion segments as
individual functional spinal units, however, the specimens were kept intact and the motion segments
were tested sequentially in the order: L4-L5, L2-L3, and L3-L4. This was done intentionally to
maximize the distance between the upper and lower potting fixtures. This prevented the upper fixture
from occluding the capsules of interest when the specimen rotated during testing. While this set-up
enhanced the cameras’ visibility, it resulted in one or two additional freeze-thaw cycles for several of

the motion segments.

90



The sample size (n = 8) was another limitation of this study. The linear mixed-effects regression
model revealed differences in the largest endpoint principal strains between testing conditions.
Similar to Study #1, however, there was no evidence that the pattern of differences between testing
conditions varied between loading conditions. As discussed above, one of the most prominent trends
that emerged from the data was that the principal strains were only affected by disc excision when
the applied load was tensile in nature. Unfortunately, the statistical model was unable to verify this

observation because of the limitations imposed by the small sample size.

Aside from these issues, there were several other challenges encountered over the course of the
study. One of the biggest challenges involved the hydration of the tissue. Previous biomechanical
studies have shown that changes in water content affect the viscoelastic properties of soft tissues
[105-108]. For in vitro testing without an environmental chamber, tissue hydration is normally
maintained by spraying the tissue with water at regular intervals. Unfortunately, standing moisture
on the capsules produced specular reflections that obscured the underlying pattern. In an attempt to
overcome this problem, a two-step hydration process was adopted. After spraying the capsules, the
tissue was allowed to soak up the water for several minutes. At that point, each capsule was lightly
dabbed with a paper towel to remove any water droplets that remained on its surface. This prevented
the tissue from becoming desiccated while still promoting the collection of high-quality images.
Despite best efforts, however, there were still some cases in which there was enough moisture in a
particular location to create problems during the DIC analysis. When this happened, the correlation
would typically fail in that area, creating a “gap” in the full-field strain distributions. (In Figures 6.12
and 6.13, a gap of this nature is visible in the middle region of the left capsule’s full-field strain
distributions.) Often times, these gaps were not close to the positions of the largest E1 and E2
strains, so their presence was a non-issue. But when they were, it was possible that the recorded

strains were underestimating their actual values.

A second challenge that arose concerned the cameras’ visibility. In an idealized situation, each
capsule’s entire pattern would remain visible—and in focus—throughout testing. In reality, this was
never the case. One stereo-rig was used to collect images of both capsules. Thus, when the cameras’
positions were adjusted at the start of testing, it was always a compromise between enhancing the

visibility of one capsule while reducing the visibility of the other. Furthermore, at times (generally at
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the loading extremes of a motion test), the motion segment would rotate in such a way that portions
of the capsules’ peripheral areas would pass out of the cameras’ field of view. With a single
stereo-rig, these situations were unavoidable; though even with additional cameras, it would still be
difficult to capture the entire posterior aspect of both capsules simultaneously. The loss of visibility
meant that there were parts of each capsule that were not accounted for in the DIC analysis. Again,

this could have resulted in an underestimation of the largest E1 and E2 strains.

6.6 Conclusion

Study #2 examined the effects of two microdiscectomy procedures on the full-field surface strains of
the lumbar capsular ligament. Of the two procedures, only SD significantly increased the strains in
the capsule. With the exception of ipsilateral AR, the increases were exclusively seen under tensile
loading conditions. In: (1) flexion, (2) flexion with LB (right and left), and (3) left LB, the strains
were large enough to surpass the pain threshold in one (or both) capsules. The general observations
were confirmed by a statistical analysis that tested for an association between the capsules’ largest
endpoint principal strains with testing condition. Similar to Study #1, there was some evidence of a
(left versus right) side effect, with SD disproportionately affecting the strains in the contralateral

capsule. The side asymmetry was most pronounced for the loading conditions that involved LB.
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Chapter 7. Conclusions

This research was motivated by the desire to understand how partial (PD) and subtotal (SD)
microdiscectomies alter the biomechanics of the lumbar facet joints. The response of the facet joints
was described by (1) the three-dimensional kinematics of the facets and (2) the strains in the capsular
ligament that surrounds the joint. These metrics were explored in two separate in vitro studies using

human cadaveric spinal specimens and a repeated measures approach.

The subsequent sections of this chapter summarize the major findings from each study, which
include brief explanations of whether the hypotheses that motivated the research were ultimately
accepted or rejected (Sections 7.1 and 7.2). The connections between the two studies are discussed
along with the clinical implications of the results (Section 7.3). The chapter concludes by making
recommendations for potential future research efforts (Section 7.4).

7.1 Facet Kinematics

The major findings from Study #1 are listed below:

1. Acoordinate system based on the geometry of the facet’s articular surface allows the motion
of the facets to be described in anatomically-relevant terms (Figure 7.1).

2. The facets’ primary directions of motion were translations along the U-axis and rotations
about the V- and W-axes. The largest motions in these directions occurred during
flexion-extension (FE), lateral bending (LB), and the two combined FE with LB tests.

3. The facets’ secondary directions of motion were translations along the W-axis and rotations
about the U-axis. The largest motions in these directions occurred during axial rotation (AR).

4. Compared to the intact condition, SD significantly increased the motion of the facets along

the primary directions of motion.
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Figure 7.1: Representative facet with the axes of its coordinate system. The origin was centered on the
articular surface. The U- and V- axes lay within the best-fit plane of the articular surface. The U-axis
pointed superiorly, and the V-axis was directed anteriorly and medially. The W-axis was the normal to the
best-fit plane. Its orientation was consistent with a U-V-W right-handed Cartesian coordinate system.

Hypothesis Hy was only partially supported. After SD, the facets exhibited significantly more motion
than they did in the intact condition, with the increases occurring along the primary directions of
motion. Unfortunately, the results pertaining to the PD condition were largely inconclusive. With
one exception, there was no evidence that the motion seen after PD differed from what was

measured in the intact or SD conditions.

7.2  Capsular Ligament Strains

The major findings from Study #2 include the following:

1. In response to physiological loads, the capsule experienced both in-plane tensile and
compressive strains.

2. The orientations of the principal strains depended on whether the loading condition was
tensile or compressive in nature.

3. Foragiven capsule and loading condition, the strain distributions and locations of the largest
strains were relatively consistent between testing conditions.

4. After PD, there was no evidence that the capsules’ largest endpoint principal strains were
significantly different from what was measured in the intact condition.

5. After SD, the capsules’ largest endpoint principal strains were significantly greater than what

was measured in the intact and PD conditions.
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6. The increased strains after SD only occurred under tensile loading conditions.

7. After SD, the capsules experienced strains that surpassed the hypothesized strain threshold
for pain (21.5%) [23] in: (1) flexion, (2) flexion with right and left LB, and (3) LB ipsilateral
to the site of surgery.

8. Digital image correlation is a reliable and accurate technique for measuring the full-field

surface deformation and strain in the capsular ligament.

Hypothesis Ho was partially supported. After SD, the strains in the capsule were significantly larger
than what was observed in both the intact and PD conditions. But contrary to what was predicted,
there was no evidence that the strains after PD differed from what was seen in the intact condition.
With a small caveat, hypothesis Hz was fully confirmed. After SD, the hypothesized strain threshold
for pain was surpassed in one (or both) capsules in four separate loading conditions. The pain
threshold was also exceeded in both the intact and PD conditions. However, this only occurred at the
upper end of the study’s applied loading range when the comparisons were made with one standard

deviation above the mean maximum E1 strains.

7.3 Clinical Implications

Even though the previous two sections separately summarized the findings from each investigation,
it is important to remember that the strains in the capsular ligament are intrinsically linked to the
kinematics of the facets. Thus, it can easily be seen that the results from Study #1 readily translate to
those from Study #2. For a particular degree of freedom (DOF), the mobility of the facets depends
on a number of factors, including: the congruence of the articular surfaces; the amount of articular
surface available; and the orientation and stiffness of the capsule. Based on these factors and the
anatomy of the facet joint, the motion patterns observed in the first study were unsurprising. The
facets’ kinematics were primarily characterized by translations along the U-axis and rotations about
the V- and W-axes because these are the DOFs that afford the facets the most mobility.
Consequently, they are also the DOFs that have the potential to induce the largest strains in the
capsules. Therefore, one would expect that the motion tests where the facets exhibited the largest
ranges of motion (ROMs) (in Study #1) would predict the loading conditions where the capsular
strains had their greatest magnitudes (in Study #2). And, in fact, this is exactly what happened
(Table 7.1).
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Table 7.1: The motion tests where the facets had the largest ROMs (in Study #1) translated to the loading
conditions where the capsular strains had their greatest magnitudes (in Study #2). Refer to Appendix A

for the meanings of the abbreviations.

Side Motion tests with Loading conditic_)ns with
largest ROMs largest strains
Left FE _ Flexiqn
FRLB Flexion + right LB
Right FE _Flexion
FLLB Flexion + left LB

Interestingly, both studies also hinted at a possible side asymmetry after SD, with the procedure
having a more pronounced effect on the joint that was opposite to the side of surgery. The

asymmetry seemed to stem from the loading conditions that involved LB.

From a clinical standpoint, the results of this research have implications for both (1) osteoarthritis of
the facets and (2) pain that originates from the capsular ligament. The first implication (osteoarthritis
of the facets) is primarily derived from the findings of Study #1. Abnormal or increased motion of a
joint may lead to subtle shifts in the load distribution on the articular surfaces. When this occurs,
certain regions of the articular surface may be exposed to loading patterns to which they are
unaccustomed and thus unable to accommodate. This initiates a cascade of degenerative changes in
the cartilage which can ultimately lead to osteoarthritis and pain [16—18]. Several researchers have
hypothesized that kinematic changes at the facet joint could give rise to osteoarthritis along this
pathway [19,20]. However, at the present time, it is unknown exactly how large of a kinematic
change would be required to do so. Nevertheless, the results from Study #1 did show that of the two
microdiscectomy procedures, SD was the only one that significantly increased the motion of the
facets along the primary directions of motion. Consequently, SD patients may be at a higher risk of
developing osteoarthritis in their facet joints (particularly in the joint that is contralateral to the site
of surgery). For a clinician, this knowledge could be useful for diagnostic purposes if an SD patient

presents with low back pain in the years following their surgery.

Before discussing the second implication (pain that originates from the capsular ligament), there are
two important points that should be made with respect to the strain threshold for pain. To begin with,
throughout this document, the threshold has been portrayed rather simplistically. Twenty-one and a
half percent strain has been presented as a clear demarcation between innocuous and painful strains

that applies to every person in the population. In reality, the studies that have looked at
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non-physiological strains have shown that—at least in animals—there is significant variation in the
strain threshold required to either activate potential nociceptors [21,65] or induce a pain response
[22,23,68,69] (Section 3.2.2). Based on these studies, it is reasonable to assume that there would be a
similar level of variation among humans. Therefore, it is perhaps more accurate to portray the

threshold as a band as a reminder that the actual strain value is unique to each individual.

The second point that should be made is that even for a given person, the strain threshold for pain
can change depending on the specific circumstances at hand. Inflammation illustrates this point well
and is an especially pertinent example given the focus of this study. As previously mentioned, under
normal conditions, nociceptors have a high mechanical threshold, firing only when they are strained
to a noxious level. However, it has been demonstrated that under pathological conditions like
inflammation, they may become sensitized and fire at lower thresholds. The altered pain sensation
that ensues is thought to be produced by a litany of inflammatory mediators that elicit an excitatory
effect from the sensory nerves. Substance P is an example of a naturally occurring inflammatory
agent, and it has been identified in the lumbar facet capsules of the rat [109], rabbit [110], and
human [111]. Furthermore, it has been shown to increase the discharge rate and lower the
mechanical threshold of mechanosensitive afferent units in a rabbit model [66]. This suggests that
surgically-related increases in strain that would not cause pain in a healthy individual may actually

do so because of postoperative inflammation.

When interpreting the results from Study #2, the aforementioned points add an extra layer of
complexity to the picture. However, despite the uncertainty in knowing an individual’s exact strain
threshold for pain, it can still be said that of the two microdiscectomy procedures, SD was the only
one that significantly increased the capsular strains from their baseline values. And for at least a
certain percentage of patients who undergo an SD, the observed increases are likely large enough to

cause pain.

As discussed in Chapter 6, with the exception of ipsilateral AR, the increases in capsular strain only
occurred under tensile loading conditions. The increases were especially acute in: (1) flexion, (2)
flexion with right and left LB, and (3) LB ipsilateral to the site of surgery. This demonstrated that
after SD, there are certain load combinations that increase the likelihood of surpassing the strain
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threshold for pain and putting the patient at risk for low back pain. Practically, there are several ways
in which these findings could be translated to a clinical setting. For example, it would be prudent to
advise SD patients to avoid or limit these types of motions, particularly in the early stages of
recovery when inflammation is at its highest. SD patients may also benefit from physical therapy
that specifically targets the antagonistic muscle groups for these motions. (These include: the erector
spinae and latissimus dorsi for both flexion and LB; and the quadratus lumborum and external and
internal obliques for LB [112].) This is important because while flexion and LB can be produced by
voluntary muscle activity, they can also be initiated by gravity or some other acceleration that acts
on the mass of the trunk. If the muscles responsible for countering an impulsive bending moment are
too slow or weak to function effectively, then the moment will be transmitted to the intervertebral
joint. This could potentially have painful repercussions for the patient, stemming from overstrained
capsules.

7.4 Recommendations

There are several improvements that could be made if given the opportunity to further explore these
hypotheses. First and foremost, this research would benefit greatly from increasing the sample size.
The statistical analyses of hypotheses Hi and Hz were severely limited by their respective sample
sizes. The linear mixed-effects regression models were able to identify significant differences
between testing conditions in the pairwise comparisons; however, the comparisons were done with
“lumped” variables that combined the data across motion tests (Study #1) or loading conditions
(Study #2). Unfortunately, the models lacked sufficient data to identify which individual motion tests
(or loading conditions) drove the significant differences. Though descriptive statistics helped fill the

gaps in information, it would be ideal to back those conjectures with formal, statistical tests.

That being said, by approaching the statistical analyses in a different way, it may be possible to glean
the desired information from the current data sets. Both of the completed analyses were essentially
done with endpoint data. (The statistical models for Study #1 incorporated the facets’ translational
and rotational ROMs; and the models for Study #2 used the capsules’ largest principal strains at the
endpoint of each loading condition.) Rather than condensing the data sets in this way, one could also
employ a curve-fitting technique. For example, the data from Study #2 consisted of sets of

moment-strain curves for the various loading conditions considered in each testing condition. If a
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mathematical function was fit to each curve, the statistical analysis could be performed on the
functions’ parameters. A similar approach could be applied to the data from Study #1. This would be
a way to pare down the data sets while still preserving the information from the entire length of the
loading curves. Potentially, this could be a way to enhance the power of the statistical analyses.

Finally, future studies on facet kinematics and capsular ligament strains should explore additional
types of loading, including: shear, tension and compression, FE combined with AR, and LB
combined with AR. This study demonstrated that even when the total applied moment was the same,
the facets exhibited more motion and larger capsular strains under combined FE with LB than they
did when loaded in pure FE or LB. This was true in all three testing conditions. These findings
confirmed the importance of considering combined loading in spinal biomechanics research,
particularly when looking at non-pathological specimens.

7.5 Summary

This study looked at the effects of two increasingly invasive microdiscectomy procedures on the
biomechanics of the lumbar facet joints. The more invasive of the two procedures resulted in
increased motion of the facets and larger strains in the capsular ligament. Consequently, SD patients
may have a higher risk of experiencing degenerative changes at the joint and pain that originates
from the capsular ligament. These potential outcomes should be weighed by clinicians when settling
on the course of treatment for their patients. Certainly there are cases where the patient’s symptoms
and medical history warrant the decision to perform an SD. But in situations where the choice is not
as clear, the results of this study suggest that PD should be the preferred technique to preserve the

biomechanics of the facet joints.

99



Appendix A. List of Abbreviations

AR
ccw
CW
DIC
DOF
El
E2
Ext
FE
Flex
FLLB

FRE
FRLB

FSU
HD
LB
LBP
LVDT
PCA
PD
RMS
ROI
ROM
Rv
Rw
SD
STL

Axial rotation

Counterclockwise

Clockwise

Digital image correlation

Degree of freedom

First principal strain

Second principal strain

Extension

Flexion-extension

Flexion

A multi-axis bending test in which flexion is applied with left lateral bending
followed by extension with right lateral bending
Fiducial registration error

A multi-axis bending test in which flexion is applied with right lateral bending
followed by extension with left lateral bending
Functional spinal unit

High definition

Lateral bending

Low back pain

Linear variable differential transducer

Principal components analysis

Partial microdiscectomy

Root mean square

Region of interest

Range of motion

Rotational range of motion about the V-axis
Rotational range of motion about the W-axis
Subtotal microdiscectomy

Stereolithography
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Tu Translational range of motion along the U-axis

ZNSSD Zero-mean normalized sum of squared difference
2D Two-dimensional
3D Three-dimensional
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Appendix B. Translational and Rotational Ranges of Motion

The following figures present the translational and rotational ranges of motion (ROMs) of the L3
facets measured in Study #1. The data are ordered by motion test and testing condition. The bars are

colored by axis, and the error bars represent one standard deviation from the mean.
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Figure B.1: Translational ROM of the L3 left facets (n = 9).
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Figure B.2: Translational ROM of the L3 right facets (n = 9).
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Figure B.3: Rotational ROM of the L3 left facets (n = 9).
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Figure B.4: Rotational ROM of the L3 right facets (n = 9).
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Appendix C. Statistical Analysis for Study #1

Hypothesis H1 was addressed with a linear mixed-effects regression model (Equation C.1).

Y =0, + X1+, X2+ B,Z1+ B,22+ B.Z3+ B, Z4+D, (C.1)
where:

e Y =translational or rotational ROM.

e Xland X2 =PD and SD conditions, respectively.

e Z1-Z4 =motion tests LB, AR, FRLB, and FLLB, respectively.

e fo=meanY for the intact condition and FE motion test.

e [1o = mean difference in Y between the intact condition and the PD and SD conditions,
respectively, combining the results from all motion tests.

e [f36=mean difference in Y between the FE motion test and motion tests LB, AR, FRLB, and
FLLB, respectively, combining the results from all testing conditions.

e Db; = estimated difference from Sy for specimen i.

The assignment of which category was the reference category was arbitrary. Refer to Appendix A

for the meanings of the abbreviations.
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Appendix D. Statistical Analysis for Study #2

Hypothesis H> was addressed with a linear mixed-effects regression model (Equation D.1).

Y =8, + X1+ ,X2+ 21+ 5,22+ B, Z3 +

Pelb+ P25+ P26+ By ZT + [,,28+ B,29 + Db,
where:

e Y = largest endpoint principal strain (E1 or E2).
e Xland X2 =PD and SD conditions, respectively.

e Z1-Z79=loading conditions extension, right LB, left LB, CCW AR, CW AR, flexion with
right LB, extension with left LB, flexion with left LB, and extension with right LB,

respectively.

e fo=meanY for the intact condition and flexion loading condition.

e 12 = mean difference in Y between the intact condition and the PD and SD conditions,

respectively, combining the results from all loading conditions.

e [3.11 = mean difference in Y between the flexion loading condition and loading conditions
extension, right LB, left LB, CCW AR, CW AR, flexion with right LB, extension with left

LB, flexion with left LB, and extension with right LB, respectively, combining the results

from all testing conditions.

e bj=estimated difference from fo for specimen i.

The assignment of which category was the reference category was arbitrary. Refer to Appendix A

for the meanings of the abbreviations.
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