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Chaptlkemtdoducti on

1.1 Anatomy and Function of the Spine

The human spines a mechanical structure consisting of five major regions: the
cervical region (imobilevertebrae) whil stabilizes the base of the skull to the spine,
the relatively stiff thoracic region (IBobilevertebrae), the strong and flexible lumbar
region (5mobile vertebrae), the sacral region (5 fused vertebrae) acting as the center
of the pelvis, and the cocggal region (4 fused vertebrae) or tailb¢hleompsonand
Netter 2010} The neutral spine has a natural lordotic curvature in the cervical and
lumbar regions and a natural kyphotic curvature in the thoracic and segi@hs
(Figure 1).The functions offte spine include proténg the nerve roots and spinal cord;
supporting body weight; providing attachment points for the ribs, shoulder girdle, and
pelvic bones; and transmitting forces to allgeestural stability andphysical

movement

1.1.1 Vertebral Borks

Vertebral bodies are the bony structures of the spinal column. A typical vertebral
body consists of an anterior cylindrical body and postercin (Figure 2)The anterior
body is the main axial loaldearing structure of the spirleéis composed pri@rily of
cancellous bone encapsulated by an outer shell of cortical bone as well as superior and
inferior end plates of copacted cancellousone which themselves are covered with
thin layes of cartilageand act ashe attachment sites to the interverédlaiscs The
width and depth of vertebral bodies increase from the cervical to the lumbar regions

due to increasing axial loadMiele et al. 2012] Similarly, compression strength
1



increases from the cervical to lumbar regions. However, the strengthtelbral bodies
decrease with degenerative disease, injury, an@ agpecially beyond 40 years

[Panjabiet al.1980].

Cervical

Thoracic

Lumbar

Sacrum

Coccyx |

Figure 1: Lateral View Human Spinal Column. [adapted from Gray 1918]

Spinous process

Facet joint (adjacent

Superior articular process articular processs)

Lamina

Transverserocess

Pedicle

Inferior articular proces Vertebral body

Spinal canal

Figure 2: Vertebral Body and Nerve Structures.
Lateral Mew (left) and Superior View (rightJadapted from Gray 1918]



The vertebral arch begins bilaterally with pedicles which form junctions with:
the laterally protruding transverse pessegroviding attachment sites to muscles and
ligaments, the superior and inferior articular proce$éseming facet joints between
neighboring vertebraethe laminae extending around the spimahnal, and the
posteriorly protruding spinous prosgsrovding additional attachment sitestscles
and ligament$Miele et al.2012] The delicate spinal cord is enclosed within the rigid
spinal canal, formed by the posterior face of the vertebral body and the vertebral arch,
connected by facet joints efiokend in space along the entire spinal column. Nerve
roots above or below each vertebral level branch off from the spinal cord through
spaces, formed by articulating facet joints, called neuroforgivite and Panjabi
1990] These spaces are clinically impant because a reduction in diameter of the
spinal canal and/or neuroforamen, most commonly dumjtoy or degenerative

changes, is a direct sourcepafin[Moore et al. 2011]

1.12 Intervertebral Disc

The intervertebral disc sits between two vertebaalies and is composed of an
outer annulus fibrosus, which is continuous with the cartilaginous vertebral body
endplates, and inner nucleus pulpoftigure 3).Although these regions are strictly
defined in the representative image, it is important te tiwat these strict boundaries
do not exiseanatomicallyfHumzah andsoames 19898The disc height increases from
the cervical to the lumbar region from about 3mm to 9ragain due to increasing

axial loadgdZatsiorsky 1998].



annulus fibrosus

cartilage end plate

Figure 3: Three-dimensional Represatation of Intervertebral Disc. [Humzah andSoames 1988]
Reprinted with permission from John Wiley and Sons 2005.

The nucleus pulposyslP)is located posterocentrally in the disc and may take up 30
50% of t h es-seclional @@a It is a &aft, pressurized gelatinous region
composed of pohanionic proteoglycans, loose type Il collagen fibrils, mineral salts,
water, and cellular elements remaining from the primitive notocfidadtin et al.
2003. The type Il collgen fibers provide tensile strength to the NP [Cassiaalii
Kang 2000]. The proteoglycansontain many glycosaminoglycan attachments which
arehighly hydrophilic, pulling water into the inner region of the intervertebral disc via
osmosis. Water pressurs the region by forming hydrogen bonds with the
proteoglycans.This allows uniform force dispersion when the intervertebral disc
transfers loads between vertebral bodies of the spinal cdlbitnmzah and Soames
1988 Cassinelliand Kang200d. The water cotent in the NP may decrease due to
shortterm factors such as physical activity or lelegm factors such as aging and
disease. This leads to loss of spinal movement and therefore furCéssifelli and

Kang 200(.



The annulus fibrosu6AF) is designedfor structural support with concentric
layers of collagen fiber bundles. The orientation of the fibers alternates from layer to
layer, with fibers oriented at an angle of approximately % \8ith respect to the
horizontal plane and 120with respect to ezh other in adjacent layers. This
arrangement results in equally distributed forces within the disc, which provides
resistance to axial load, resistance to shearing and rotational forces, and tensile strength
[Humzah andSoames 1988Fibers comprising theuter portion of the AF are highly
organized and densely packed type | collagen fibers. Fibers comprising the inner
portion of the AF are more loosely packed type | and type Il collagen fibers with an
increasing percentage of proteoglycans relative tather portion, giving way to a
transition zone between the AF and N¥hatleyand Wer2012].

All fibers of the AF except the outermost attach to the cartilaginous endplates
of the vertebral bodies. The outermost layer, called Sharpey Fibers, attacly threct
the vertebral bodieflones and Boyde 19F4Because the intervertebral discs are
avascular structures, the cartilage layers proviggen anautrients for diffusion into
the discs[Humzah andSoames 1988]However, reduced porosity due to aging,
degeneration, or injury, may lead to low permeability and reduced nutrient exchange

[Wu et al.2013]

1.13 Ligaments

Vertebral bodies and intervertebral discs are held together by groups of
ligaments(Figure 4) including: the intertransverse ligament$L() and interspinous

ligaments (ISL), which attach to the transverse and spinous processes, respectively, or



adjacent vertebrae; the supraspinous ligament (SSL), which extends the length of the
spinal column posterior to the ISL and attaches firmly tdiphef each spinous process;

the capsular ligament (CL) surrounding each facet joint; the ligamentum flavum (LF),
which originates bilaterally on the anteriorinferior laminar surface of each superior
vertebral body and inserts on the posterosuperior lansndace of each inferior
vertebral body; the anterior longitudinal ligament (ALL), which extends the length of
the spinal column anterior to the vertebral bodies; and the posterior longitudinal
ligament (PLL), which extends the length of the spinal colpwsterior to the vertebral
bodies.Ligaments are composed of unidirectional type | collagen fibers, providing
strength and resistance, and elastin fibers, providing flexiblliyaments provide
passive stabilization to the spinal column by both fatiiig and limiting motion

[Miele et al.2012]

,LIGAMENTUM FLAVUM

INTERTRANSVERSE.
LIGAMENT

FACET
_-CAPSULAR
POSTERIOR —__ LIGAMENT
LONGITUDINAL
LIGAMENT

INTERSPINOUS
LIGAMENT

~SUPRASPINOUS
S LIGAMENT
ANTERIOR— vl e
LONGITUDINAL B4
LIGAMENT '

Figure 4: Ligaments of the Spine[Panjabiet al.198(Q
Reprinted with permission from Wolters Kluwer Health, Inc. 1980



1.2 SpineKinematics andBiomechanics

A motion segment un{iMSU) is the basic unit of study of the spine and consists
of two adjacent vertebrae and their interposed intervertebral[£hésiorsky 1998]
Each MSU has six degrees of freedom (Figurdr@pslation and rotation along three

orthogonal axes

Y
A el
I Q A ROTATION

Figure 5: Three-dimensional MSU Coordinate System.
Kinematic range about three principal orthogonal axes. [Panjabi 1988]
Reprinted with permission from Wolters Kluwer Health, Inc. 1988.

1.2.1 VertebraRange of Motion

There are two typs of joints in the spinal column: intervertebral joints
(synarthroses) between vertebral bodies and adjacent intervertebral discs and facet
joints (synovial joints) between the articular processes of neighboring vertebrae. These

joints allow the spine aswhole tgoroduce three movements: flexion/extension, lateral

7



bending, and axial rotatiqd@atsiorsky 1998]Movement at the intervertebral and facet
joints of the same MSU is coupletihe magnitude and direction of motion available

at each MSU depends ahe size of vertebral bodies and interposed discs, the
orientation of facet joint surfaces, the tensile and elastic properties of spinal ligaments,
and surrounding musculatuiatsiorsky 1998Miele et al.2012].

Two parameters often used to discuss apkinematics and stability (or
instability) are range of motion and neutral zone of motion. Range of Motion (ROM)
is defined theangle through which a joint moves from anatomical position to the
extreme limit of segment motion in a particular directiBQM is used to diagnose
spinal pathologies and is the most commonly reported kinematic characteristic of
vitro testingprotocols[Panjabi et al. 1994, Crawford et al. 1995, Goel et al. 1995,
Spenciner et al. 20Q06Vertebral bodies are considered rigmties, and the kinematic
characteristics of MSUO6s are measured as
body[Zatsiorsky 1998].

Stability of the spinal column is maintained by interdependent systems of
vertebrae separated by intervertebral disu$ aticulating joints, joined together by
passively restraining ligamenénd controlled by neuromuscular activation. When a
force is applied to an MSU, the unit will displace from a neutral position to a position
where a significant resistancesiscoungred [Mieleet al.2012]. The netral zone (NZ)
is defined as thisnitial region of intervertebral motion around the neutral position
where little resistance is given by the spinal colyRenjabi 1992]After a maximum
strain capacity of the NZ is reachemovement beyond that point causes the tissue

def ormity accor @a prigiciple of physice ktairig sthat|the fiorce

t



required to extend or compress a spring by some distance is proportional to that
distancé until any further movement results permanent deformation dailure

[Miele et al.2012].This region is called the elastic zone (EZ). Thus ROM wve®the

sum total displacement of the neutral and elastic z(@hgare 6).

The neutral zone appears to correlate with spinal stabithg inerdependent
spinal stability system adjusts to contain MSU movement within physiological
thresholds of the neutral zone. NZ increases with spinal instability due to injury, muscle
weakness, or degenerative changes and decreases with increasing mustiensas
well as the implementation of spinal fusion deviddsus NZ calculations are used to

measure clinicahstability [Panjabi 1992Wilke et al.199§.

DEFOAMATION

RN — — i —— ——

ELASTH: ZOME
(EZ}

AANGE OF MOTION
________ . (RO}
NEUTRAL ZONE
(MEZ)
o S .
LoD

Figure 6: Load-Displacement Curve lllustrating Spinal Motion. The lead-deformation curve of a
soft tissue or a body joint is divided into two parts: neutral zone (NZ), the region of high flexibility,
and the elastic zone (EZ), the region of high stiffness. The sum total of NZ and EZ is ROM.
[Panjabi 1992Reprinted with pemission from Wolters Kluwer Health, Inc. 1992
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1.22 Intervertebral Disc Mechanics

The intervertebral discs are essential to force transmission along the spinal
column[Whatleyand Wen2012] When a compressive force is applied to an MSU,
t he dipsessbriges,ielling water as proteoglyratuced osmotic pressure is
overcome by thaydrostatic pressuraeated by disc deformation. The expelled water
enters spaces between the fibrous lamellar layers of the AF and passes through the
cartilaginous edplates of adjacent vertebral bodies. Conversely, when a compressive
force is removed, the osmotic pressure of the NP is restored and the intervertebral disc
returns to its original heiglifohannesseet al.2004,0 6 C o nehatd011]

Thus intradisch NP pressures allows intervertebral discs to convert
compressive axial loads into dispersed radial loads acting on the AF, allowtdigdse
to act as shock absorbers (Figure .7Bgcause intervertebral discs contain both the
pressurized mMNéediss taardt t eM&Ed,] et hey are abl e
normal flexion/extension, lateral bending, and torsional movenj&asjabi 1980,
Humzah andSoames 1988]Specifically, during eccentrially-placed loads, the AF
fibers are compressed and butmethe side othe applied force ancbntract in tension
on the opposite side, and the NP is displaced to the opposite side of the fappéed
(Figure 7BE). In these ways the viscoelastic properties of the intervertebral discs
distribute stress along th&pinal column to maintain stable posture and facilitate
movement. Factors such as age, injury, nutritional imbalances, genetic conditions, and
degenerative di seases c o rearing mechamismtande s pi ne

stability [Panjabi 1980Adamsand Roughley2006].
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Sitting/standing upright:

}  axial compression

(@@=
-r

Bending Backward:

Bending forward: :
extension

flexion

Bending sideways:
lateral berding

Twisting:
axial rotation

Figure 7: Pressure Dispersion and Movements of Intervertebral Disc.

(A) Axial Compressiortauses radial expansion of NP and AB) Flexioncauses posterior
displacement of NP, anterior bulging of compres&Edibers, and posterior tension of AF
fibers (C) Extensiorcauses anterior displacement of NP, posterior bulging of compressed AF
fibers, and anterior tension of AF fibe(®) Lateral Bendingauses ipsilateral displacement
of NP, ipsilateral bulging ofompressed AF fibers, and contralateral tension of AF fibers.

(E) Axial Rotationcauses strain on NP and AF fibers.
[adapted from Palastanga and Soagts]

1.3 Natural Loading Behavior of the Lumbar Spine

The lumbar spine naturally resists forocasised by body weight, torso and pelvic

muscular activity, and additional external logt4oore et al. 201). The average

maximum flexion of a lumbar MS vivois 15’ [Adamsand Huttorll982],suggesting

that at such large degrees of flexion, the lumipames provides substantial bending

resistance. However, the average maximum extension and lateral bending of a lumbar

MSU rarely exceeds°5in vivo [Pearcy et al. 1984, Pearcy and Tibrewal 1984].
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Similarly, the maximal axial rotation of a lumbar MSU hasrbesported to be“dn

vivo [Pearcyand Tibrewal1984]. When bending or torsional moment loads on the
lumbar spine do occur, th@ccur in conjunction with compressive loads, presumably
due to body weighiMiller et al.1986].

A simplified model of physiagic body loading on the lumbar spine is shown in
Figure 8.The weight of the torso exhibits a force on the spine through the center of
mass and induces a different bending moment at each individual vertebral level. The
bending moment about a point is greduct of the force and perpendicular distance to
that point of rotatiofMow and Huiskes 2005]The body weight force vector ),
thought to lie along the line between the auricle of the ear to the center of the femoral
head, is offset a distance (dpmn the center of the MSU didahis distance varies
bet ween MSUOGs due to t hePFwlas$itwo @iponenir vat ur
forces: the shear force {fFacting along the plane of the disc and the axial loayl (F
acting along the plane perpendicutarthat of the disc. The angle that the superior
endpl ate of the MSUOGs upper vertebral body
to the angle‘() between the verticalls and axial . Thus the component forces can
be calculated as:

'O O Ai-©
'O 'O O&+

As the anglé increases, more of the body weight is transferred to the spine as
shear force (§), thought tobe resisted by the facet joint complexes and ligaments
[Zatsiorsky 1998] As the anglé decreases, moigody weight is transferred to the
spine as axial force ffy, absorbed and distributed by the intervertebral disc. The
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bending moment (M) is resisted te disc, ligaments, and facet joints. In fact, more
resistance to the peak bending moment of extension is provided by the facet joints
themselves than that of flexiofDickey and Gillespie 20Q3 indicating that the
posterior ligaments and intervertebidisc are heavily recruited for resistance in
flexion.

The lumbar spine in particular must frequently resist especially large loads in axial
compressiod more than 1000 Mnay be imposed on the lumbar vertebrae by daily
activities[Schultz 1987. Although putine daily activities seldom impose large loads
on the lumbar spine in bending or torsion movem&nénuous situation®ay occur,
such as large trunk movements during traumatic eventsvhen trunk muscle
contractions are recruited inappropriately mfamiliar andlarge weight bearing tasks
[Miller et al.1986] Thus thdoading schemef the lumbar spines further complicated
by the | ocation of the center of mass of
curvature of an i m duseole adtiviy,lodbplareepoalsiaand c ol um
moments and the presence of disease or tra{iodelt 2008]. Thus clinical stability

and loadsharing of the spine may be greatly affected by various factors.
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Figure 8: Simplified Lumbar Loading Mechanics. The action of the body weight force vectdrthe
L5-S1MSU induces a bending moment (M) and compressive forgg) (With two components: shear
force (Fs) along the disc plane and axial force)perpendicular to the discae.
[adapted from Gray 1918

1.3.1 Effects of Load History on Spiraéhavior

Loading within the physiological norms of the diurnal cycle, between 0.2 MPa
at rest in a supine position and 0.6 MPa in an upright posture while performing a load
beaing e.g. weight lifting activities of daily livingmaintains the cellular and overall
tissue health of the intervertebraldshi | e exchanging as much as
water content within one 2Hour cycle[Sivan et al. 2006]. However, sustained
compresive loads and/or repeated lagempressive load cycling has been shown to
generate increasedF stress concentrations and reduced NP pressures as well as
reducecheights in lumbar intervertebral discs, which may lead to alterations in cellular

metabolism structural disruption, and therefore back gaidamset al.1996]
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Loading events are therefore known to influertbeinternal mechanics of
intervertebral discs. Hydration plays a significant role of intervertebral disc
mechanobiologywith loading Water distribution within the NP acts to resist
compressive forces while the collagen fibers forming the AF acts to resist tensile forces
from the NPOsSs subsequent radial expansion t
[Humzah andSoames 1988Multiple studies using human, ovine, and murmedels
have investigated the changes in intervertebral disc mechanobiology withaxgaed
compressive load histories and recovery peribidgher loads cause greater water loss,
leading to reduced disc height, redd intradiscal pressure, and load transference from
the NP to the AF creating shear stress peaks throughout tlt@oaBley 2014]In fact,
reduced intradiscal pressure under a constant load results in an imbalance between the
transverse and axial stressmponents [Hwang et al. 2011]. Afiers af e | oadod r eco
periods which promote maintenance of intervertebral tissue metabotimos
exhibited full returns ofintradiscal pressuresdisc heights, and stresslaxation
propertie§Adamsand Huttorl 983,Adamset al.1996,Argoubi andShiraztAd| 1996,
Johannesseet al.2004 Stokesand latridis2004,Walshand Lotz2004,Sivanet al.

2006, van der Veeet al.2006, Charet al.2011, Hwangetal.2 011, Oét@onnel |
2011, Walteret al.20117].

During sistained loading of the spine, a progressive deformation of the spinal
column, <called ficreepo o0c cmagmstudg af wadingpey and
forces as well as tHeading direction oEompressive otreeploadinghas beewaried
across all studse making comparisons difficult.dnpressive axial loads have been

reported to increasesimultaneousiymeasured stiffness and decrease ROM in
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flexion/extensionlateral bendingand axial rotatiofPanjabiet al. 1977, Adamsand
Dolan1991,Janevicet al.1991,Criptonet al.2000, GarderMorse and Stokes 2003,
ShiraztAdl 2004. These larger moment stiffnesses have been obsengehaglly
moreflat andlinearload-displacement curvgMiller et al.1986 Edwardset al.1987,
Janevicet al.1991,Patwadhanet al.2003. On the other hand, prolonged compressive
loads applied in the direction of moment testing have been reported to decease stiffness
and increase ROM in flexion/extension, lateral bending, and axial rotation [Goel et al.
1988, Adams and Dah 1991, Little and Khalsa 2005, Zhao et al. 2005, Busscher et
al. 2011]. Siffnesses were shown to decrease particularly in the NZ, observed as more
steeply linear slopes in the range of the NZ on the-thspplacement curves [Busscher

et al. 2011]Theseresults imply that stiffness of the MSU is not constant over the range

of physiologic loads. Thisuggest that studies of loatiaring between active muscle

and tendons and passive vertebral bodies, intervertebral discs, and ligaments during
strenuous taskof large compressive loads should take into consideration these changes

in spinal flexibility and/or resistance characteristics.

1.3.2 Effects of Posture on Spinatliavior

In similar ways, postural changes, especially during loading events, are known
to influence the internal mechanics of intervertebral discs as well as spinal R@M.
effect of posture on spinal compressive strength and intradiscal pressure has been
previously examinedAdams and Hutton 1983Adamset al. 1994, Gooyerset al.
2012]. Results indicate that during compressive loading, intervertebral discs placed

under flexion conditions, such as that of sitting positions, lose more fluid and therefore
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lose height, especially from the NP, than do discs placed in neutral erect positisns. Th
fluid flow during flexion is large enough to aid in the nutrition of lumbar discs during
regular diurnal 24our cycles of daily livingAdams and Hutton 1983n full flexion,
the anterior vertebral bodies become weight bearing and intradiscal pressugh
due to the tension response of the posterior intervertebral ligaments. In extension, i.e.
lordotic curvature normally exhibited by the lumbar spine, the posterior vertebral
archesand facet jointbecome weight bearing, allowing decreased insiadipressure
and fluid redistribution in the intervertebral disc [Adams and Hutton 1983]. However,
the vertebral archesay bemoreeasily damagetly smaller compressive forces.

The lumbar spine is thought to best able to resist high compressive forees w
positioned at about 50% flexion [Adarasal.1994], indicating that sitting or standing
in a position of moderate flexion, i.e. flattening of the normal lordotic curvature or
sitting/standing Aup straight  tédtoihighepr ef er r
compressive forceslowever,thelumbar spinaloesresist large compressive loads
its natural lordotic curvatureparticularly when applied | ong a Af ol | ower 0
approximates the tangent to the natural curve of the lumbar gpaweardhanet al.
1999], suggeshg that the Ilumbar spinellows physiological mobility under

compressive Afoll owero | oads and bending m
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1.4 Clinical Relevance to LowBack Pain

Low back pain (LBP) is a multifactorial disorder affectimgny indivduals
worldwided approximately 15% o@dults and 27%f the elderly The prevalence of
LBP continues to increase in the United States. The risk factors for LBP include:
comorbidities, such as obesity, arthritis, anxiety, and depression; required occlipationa
movements, such as heavy lifting, pushing, pulling, and prolonged walking, standing,
or sitting; lifestyle behaviors, such as smoking, lack of exercise, and prolonged standing
or sitting; increasing age; and degenerative diseases of the spinal vedaetifae
intervertebral discCoupled with increasing health care costs, LBP causes significant
impairments on physical and psychological health andbeig, work performance,
and social responsibilities. LBP thus remains a difficult condition to manage
[Manchikantiet al.2012].

Recent studies have confirmed that mechanical stimulation of the lumbar
intervertebral discs can reproduce the symptoms of severe and chronic back pain
[Kuslich et a. 1991, Schwarzer et al. 1995]. Lumbar intervertebral distecources
of intrinsic pain with or without nerveoot involvement, due to the faittat the outer
third of the AF is innervated [Yoshizawa et al. 1980, Ashton et al. 1994]. However, the
mechanism by which pain at the intervertebral disc is producedinemaclear.
Several theories have been proposed: inflammatory disturbance [Crock 1986, Jaffray
and O6Brien 1986], excessive mechanical
associated with abnormal loading of the posterolateral AF and deprasisuriaf the

NP [McNally et al. 1996, Adams et al. 2000], as well as internally displaced disc tissue
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pressing directly on the pain receptors of innervated outer AF [Kramer 1990, Donelson
et al. 1997].

Pain relief may be obtained through physical therapgrases involving
repeated full backward bending movements of the lumbar spine, although the
mechanism through which pain is relieved has lveen fully explained. Extension
postures have been reported to improve and resolve symptoms of low badékqoien
et al. 1984, Nwugaand Nwugal985 Donelsonet al. 1990 Donelsonet al. 1991
Donelson and McKenzie 1992Delitto et al. 1993. Various theories have been
investigated to explain pain reduction with backward bending. Extension movements
cause anteriomigration of the NP thereby preventing painful posterior protrusions of
intervertebral disc§Schnebelet al. 1988, Schnebett al. 1989, Beatieet al. 1994,
Shepherdet al. 1995, Fennellet al. 1996. Extensionmovements act to transfer
compressive forcesom the MSU to the posterior facet joints, effectively reducing NP
compression and allowing rehydration, which can reduce forces acting on pain
sensitive tissuést hese effects are magnified by
loading [Adamsand Hutton198Q McNally and Adams1992, Adamset al. 1999.
Extension movements also reduce stress concentration peaks in the posterior AF, which
may reduce pain in patients whose painful discs are shielded by the vertebral arch in
extensiorfAdamset al.2000].All theoriesof intervertebral disc mechanics may relate
to spinal ROM and therefore overall function of the lumbar sgtoesture appears to
be an important mechanical factor to consider when assessing ability of lumbar spine

to resist injury.
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1.5 Study Objecties

This study is a continuation of a previous study investigating the difference in
biomechanical intervertebral disc pespes between high compressiading and
low compressive loading duringx vivoovine model experiments. High sustained
compressie loading, calledi adver se o | oadwithgeven tdnsieft. 75 MP
Achall enged 2 MPa | oads applied every 15 n
endplate permeability, reduced disc heights, and reduced intradiscal pressure
generation during chalge loading as well as and inhibited recovery of NP pressure
generation posthallenge loadingGoodley 2014. This study aims (1) to determine
the effect(s) of HAadverseo competensnsi ve | oa
whether or not postural inteemtions mayrovide protective effects dhe spinal ROM
wi t h fadveWehgpothesizeahdhitnd 1) fAadversed compres
an increasén spinal ROMleading to instabilityand that (2)extensionor backwards
bendingpr i or t o loAds placédlompinay segmentplacedunderiadv er s e o
loading will have a interventionakeffecton those changed spinal ROM.

To assess Ilumbar biomechanical function, force and displacement
measurements were collected using a manufactured apparapdy@ure moments
in flexion/extension and axial rotation directions. To asses kinematic MSU rotation in
each direction, local vertebral coordinate systems were constructed using optical
markers to calculate Euler angles between each vertebral body.

Ex vivo mechanical tests of sheep lumbar motion segments were used for all
data collection. The use of ovine models to investigate and extrapolate biomechanical
behaviors of the human lumbar spine has been previously validated and is commonly
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performed[Wilke et al. 1997,Smit 2002].The enclosed findings provide additional
understandhg of the dynamics dbading and recovery of lumbar kinematics with and
without postural intervention.

Applied loads used in this study were representative physiologicakvéiig
Afadverseo compressive resting | oads repres
occupations, or other lifestyle factprsuch as prolonged sitting or standimdyich
produceprolonged compressive stressest he neut r al sSpi ads ; and
represent intermittent weight bearing activities of daily livargoccupational labor
causing shofterm increased spinal compressidhis continuous, or ramp loading, of
the spine has been previously described and validated as a more physiological
techniqugWilke et al.1994 Crawford et al. 1995Increased and prolonged loading
magnitudes limit hydration recoweof the intervertebral dissndmay thereforénduce

laxity in the surrounding ligamentsesuling in accumulated destructive effects on

spinal biomechanics.
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Chapt®pi 2e Bi omechanical Test

2.1 Introduction

Methods of biomechanically testing the spine are generally categorized into two
groups: flexibility protocols (loadontrolled) or stiffness protocols (displacement

controlled. During flexibility testing, a linear and/or rotational load is applied to a

specimen and the resulting translational and/or rotational displacement is measured.

During stiffness testing, a translational and/or rotational displacement is applied to a
speimen while the resulting load is measured [Panjabi 1988prder to achieve
standardization of testing protocols, the following must be controlled: (1) the load
experienced at various vertebral levels should remain constant, regardless of the
stiffnessof the intact spine, and (2) the loads or displacements applied should not
inhibit or constrain the motion of the spinal segment [Goel et al. 1995].

The recommended testing method still remains controversial. Each method
requires certain assumptions arfters different advantages. Although the stiffness
protocol appears to better replicatevivo conditions, which would allow for a better
understanding of clinically valid responses to experimental interventions, the flexibility
protocol offers better carol over the complex variables involved in spinal
biomechanics testing. Specifically, pure moment methods of flexibility testing
protocols induce asimilar loading profile at each vertebral level, allowing for

comparisons between single as well as reitels [Goel et al. 1995].
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2.1.1 Flexibility Protocol (LoadControl)

The flexibility method allows complete freedom of movement at all vertebral
levels of the spine, achieving a more natural behavior of the spinal column. While the
lowest vertebral bodysifixed to a testing surface, many different types of translational
and/or rotational loads may be applied to the highest free and unsupported end of the
spinal segment [Panjabi 1988]. A typical and most common setup involves the superior
surface of the e segment attached to a cable and pulley system, allowing load
application in such a way to minimize shear stresses experibptkd spinal segment

(Figure 9. This setup may alsacludethe use of pneumatic actuators or gliding rails.

[t

Figure 9: lllustration of Typical Flexibility Protocol Setup. Pure moment is applied using a parallel
cable and pulleys system attached to the superior end of theeftebral levelFor the moment to
remain pure (Mug and constant deforrtian, the two forces (F) tangential to the disc (D) must always
remain parallel to each oth¢Ranjabi 200y Reprinted with permission from Elsevier 2016
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The pure moment applied to the free end of the spinal segment using this
protocolis appliedequallyto all segments of the specimen aanhains the same as the
spine deforms during testing [Panjab®92]. This method ixommonly used to
investigate basic biomechanical characteristics of the spine and study clinically
relevant problems, such adrsgd injury or instability [Panjabi et al. 1984, Goel et al.
1986, Abumi et al. 1990%pinal trauma [Oxland et al. 1994, Panjabi et al. 1994], spinal
fusion devicesPanjabi et al1988,Abumi et al. 1990Wilke et al. 19980da et al.
2001], and notiusion devices [Hitchon et al. 2005, Kotani et al 200&]ltidirectional
mechanical properties of the spisach as degrees of motion (flexion/extension, lateral
bending, and axial rotatiom)ay be obtained by applying moments along each of three
rotationalaxes within the local vertebral coordinate system.

Studies involving applications of loads to induce rotations around more than
one principle axis typically, however, involve removing the specimen or pieces of the
testing apparatus from the testing fralmetween individual tests [Frayr 2010].
Recentlytesting machines have been developed to allow testing around multiple axes
without specimen removal. These machines have the ability to drive one axis at a time,
making them unable to induce combined logdiscenarios which are normally
exhibited physiologically\Vilke et al. 1994, Cunningham et al. 2003, Panjabi R007

One common modification to the flexibility protocol is the use of a follower
load to simulate the stabilizing function of the surroundmigcles $chultz et al. 1979,
Panjabi et al. 1994atwardhan et al. 1999%However, physiological stabilization is
difficult to achieve may not show relevant spinal segment responses to a particular

intervention technique or device [DiAngelo et al. 2008]fact, since physiological
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spine loading cannot be measured -morasively, assumptions must be made about
loading limits during testing, leading to one important limitation to the flexibility
protocol [Fraysur 2010]. Additionally, the scenariatteimlar magnitudes of moment
are applied to each spinal level is not physyadal, given the natural lordotcurvature

of the spine [Zufelt 2008].

2.2.2 Stiffness Protocol (Displacemeontrol)

The stiffnessprotocol theoretically allows investigators toimic in vivo
behavior of the spine and can be run by a constrained rotational device or a commercial
testing frames with a sijte degree of freedom (Figure)1 this setup, the horizontal
lever arm is attached to the superior surface of the specingendnstrained fixture as
well as a slide bearing of the vertical actuator, allowing the application of a compressive

force [DiAngelo et al. 2003].

I LJLJ A SF

Free translation

Figure 10: lllustration of Eccentric Stiffness Protocol Setup.A horizortal moment arm
unconstrained along a slide bearing applies load at a distancalrorine specimen.
[adapted from Zufelt 2048
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The displacemenhput method of the stiffness protoaten causes practical
difficulties. The location of displacement ajgal is of crucial importanéeit is known
that different input locations cause different rotation axes, which resuihemnen
distribution of loading andmbiguous loadlisplacement curves [Panjabi et al. 2000].
A location which produces natural physiologi spinal movements is ideal but cannot
be known unless a preliminary test is performed and may furthermore move during
testing as the spine deforrffBanjabi 2007] Additionally, if the rotation axis is not
congruent with a natural axis of rotation, tresulting spinal movements may be

constrained and may cause injury to the specimen [Grassmann et al. 1998].

2.2 Pure Moment Testing

A popular method of flexibility (loagtontrolled) mechanical testing is the pure
moment protocol This is a technique in vith pure, relatively nowonstraining
moments are used to induce flexion/extension, lateral bending, and axial rotation in
spine specimesof two or more vertebral levels. A pure rotational load is applied to a
free and unsupported superior end of the @psegment, whiléhe opposite inferior
end of the spinal segment is either fixed to the base of the testing frame or placed on a
slide bearingmechanismallowing for more physiological translational movements
during bending mibons. Since the top of thepinal segment is supported by the testing
apparatus, shear deformation is minimized [Panjabi 1988, Goel et al. T985].
rotational moment may be applied via several constructs: deadweights on a rail or
pulley system [Goel et al. 1995, Esses et al. 1296ack et al. 20000 pneumatic

actuators on a sliding rail system [Pdmjd988, Panjabi 2007], or a muékial
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hydraulic testing frame in conjunction with a cable and pulley system [Crawfatd et
1995, Essestal. 1996 Eguizabal et al. 2010, CrawtbR011, Tang et al. 2012].

The most common testing frame used for pure moment protocols is hydraulic,
attached to a cable and pulley systemaj@ord et al. 1995]. Mthods for improving
the purity of pure moment loading in experiments whesersao hydralic test frame
is used to control the tension of a pulfeymed loop of cable have been descrihed
Asliding ringo mechanism attached to the s
moment [Eguizabal et al. 2010] antbst recentlya  Atf il roga r i msgqhwvithme ¢ h a
linear sliders and vertical bearinglso attached to the superior end of the specimen for
applying moment [Tang et al. 201@igure 1). The modifications address specific
aspects: (1) the maintenance of the parallelism of the cables, ahd (@)timization
of friction due to cables traveling across ftinetionless pulley system. Thus two
parallel forces equal in magnitude and separated by some distance are applied, resulting
in a cancellation of the opposing forces and application of agraemt in one direction
(Figure 13.

Specimens are testing in sagittal plane bending (flexion/extension), coronal
plane bending (lateral bending), and transverse plane rotation (axial rotation). Pure
moment methods should ideally induce the same loadinditians for every test,

allowing easy comparison between ROM values.
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Figure 11: Close-Up of 3D "Floating Ring" (left) and "Fixed Ring" (right). Dotted red lines
indicate the loading path for axial rotation in the floatimg rsetup. Dotted red lines indicate the
loading path for flexion/extension and bending motion (after the ring or specimen is rotasdb 90
its vertical axis) in the fixed ring setup. [Tang et al. 2012]
Reprinted with permission from Elsevier 2016

Figure 12: Example of Static FreeBody Diagram in Pure Moment Loading.Two 100 N forces

applied by opposite ends of a cable loop to a spine specimen are balanced by a single reaction force

(with x- and ycomponents) and a moment la¢ tpoint R, representing the sensing origin of a multi

axial load cell below the specimen. When the two ends of the cable are parallel and separated by a

diameter of the ring on the specimen (8 cm), although the forces cancel, the applied moment at the
certer of the ring (4 cm x 100 N + 4 cm x 100 N = 8 Nm) is the same as the reaction moment M of the

specimen at the point R (25 cm x 100 N7 cm x 100 N = 8 Nm). [Crawford 2011]
Reprinted with permission from Elsevier 2016
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2.3 Construction of an Apparatus Apply Pure Moments

The flexibility protocol via pure moment testing has become the most common
and accepted method to investigate spinal segment ROM in each direction
(fl exion/ extensi on, | at er al bendi ng, and
mechaism to apply rotational moments has been shown to apply consistent moments
despite varying specimen rigidity and length [Tang et al. 2012]. Since it has the
advantage to allow additional directions of pure unconstrained motion with linear
sliders and veital bearings, a similafi r i sysgten, also with a linear slider and
vertical bearingsto counterbalance themass of thefring, davas developed and
produced (Figure J)3with assistance from Howard Grossenbacher (Department of
Aerospace Engineering MachiBéop, University of MarylandY his system was used
to apply bending moments to the specimens via a ¢atdaled Spectra cable, 200 |b
capacity)andlow-fricionpul | ey | oop. Another #fAhex jJointoa
representative of a physiolagil torsional joint within the spine, was used to apply
rotational moments to thepecimens (Figure )14

Both systems were attached to the superior ends of the specimens as well as an
858 Mini Bionix Il material testing system (MTS Systems CorporationnEarie,
MN). Themulti-axial hydraulic actuator of thHdTS system was programmed to apply
either an upward force corresponding to a specific moif@ntlescribed previoysl|
for bending movements of the spine, or a specific torsional moment for aeitdno
of the spine. The inferior ends of the specimens were attached to a linear sliding

mechanism fixed on thbaseplate of the testing frapensuring that the specimens
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were free in the plane of the MTS base alwwing for further unconstrained

movenents, more natural and physiologically presentivo.

Figure 13; Pure Unconstrained L Mandfacturgd wittrRinearglider &
vertical barings to apply pure moments in flexion/extension and lateral bending.
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Figure 14: Hex Joint. Used to apply pure moments in axial rotation.

2.31 Flexion/Extension

Purebendingmoments were induceda a single cable attachedttee loading
fi r i meghanism and routed to the actuator of the MTS system wilien pulleys
attached to a statirame (Figure 15. The pulley positions were adjusted at the
beginning of each test to achieveloeearity of the cables extending froimetloading
firing.0 Changing positions of the pulleys and directions of the cable loop allowed for

loading in flexion and extension.

2.32 Lateral Bending

After rotating the spine 9@bout its vertical axis ahre-attaching the loading
mechanism, purberding moments were again induced via a single ealached to
t he | o a dmechgnism and rogfedl to the actuator of the MTS system via low
friction pulleys attached to a statirame (Fgure 15. Cabledirection and pulley
positions were adjusted ftaft and right lateral bendingndco-linearity of the cables
extending from the loadiniringd was maintained prior to the start of each test.
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Figure 15: MTS System Setup for Flexion/Extensiorand Lateral Bending.
For examp, one 50 N force applied by the MTS machine separates into two 25 N
are applied bypppositeends of the cablimop and are paralleteparated by a diametef
the Ari ngo oncmeblm)Apesuttingrd.& Nomgmerntdis appliedat the
center of the ringnd along the length of the specimen
(0.05m x25N +0.05 mx 25 N = 0.05 m x 50 N = 2\&n).



2.3.3 Axial Rotation

Torsional momentsver e applied via the

rotaion of the MTS system (Figure L6

Figure 16: MTS System Setup forAxial Rotation.
For example, a 2.5 Nm moment is applied at the hex gmidtalong the length of th
specimen by MTS machine.
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2.4 Performance of the Testing Apparatus

The test setup has its limitations in that there will always be herent
difference in the input force commaaddtheappliedmoment meased by the multi
axial load cell. This is due in part to an additional bending moment caused by the shifted
center of mass when the specimen deforms under bending loads. However, this artifact
i s assumed to be pr et eme c husedfdrdodl rotationr ent fih
and has beendocumentedt o0 be pr es ernitngion ntewgkdafora [s mi
flexion/extensiorand lateral bendinfirang et al. 2012JAdditionally, since the ovine
specimens were so small and often difficult to secure in bone cethenglight
variability in potting of each specimen, which may have causeeeofter or
mi saligned attachment o f both the Aringo
contributed to artifact momenénd additional shear stresses placed on the specimens

The addition of thdinear slidersand vertical bearings theloading ringsetup
seems to alleviate some of this differential in momeoivever, he main obstacle in
achieving ideal pure moment loadimg the flexion/extensiorand lateral bending
directionsis maintaining parallelism of the loading cable ends through applying enough
tension prior to each tdéstthe often required cable and/or pulley adjustments. Since
the position of the cable loop and pulleys weeeuredat the beginning of each test
and were subsequentlycontrolled by the MTSsystem the cables may not have
remained cdinear throughou&n entire test

The main obstacle in achieving ideal pure moment loading in the axial rotation
direction issteady and repeatable control of the makial load cell by the MTS
systemThisadditional challenge in applying pure moment loading via the MTS system
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is due to the proportionahtegratderivative (PID) mechanism of the MTS system
itself [Model 793.00 System Softwa®909g. The proportional (P)@n exerts effects

on present values of error, producing an output value proportional to the current error
valuein order to improve MTS system responsdiigh P gain results in a large change

in the output for a given change in the error, causing thtemy®increase the speed

of its response but may therefdyecome unstable, whereas a low P gain results in a
small output response to a large input error, causing the system to become less
responsiveor sluggish The integral (I) gain exerts effects dretpast values of error,
contributing to both the magnitude of the current error and the duration of the current
errorin order to minimize the amount of time it takes to improve the MTS system
accuracy The | gain thereforereduces the residual error whioccurs with a pure
proportional controller, but may cause the present output value to overmshoot
undershooits input command. The derivative (D) gain exerts effects on possible future
values of error, contributing to the stability of td& S system.

Pilot tests were performed to optimize the PID gamsoth bending and
rotatioral ROM testing however, the use of the PID algorithm does not guarantee
perfect control or stability of the MTS system, as seen bytiraal multiaxial load cell
discrepancige between input fore®r moment commands and actual forces or moments
applied(Figure 17) The reflective nature of the motion tracking markers also led to
additionalchallengesvhen collecting datasince any and all reflective surfaces of the
testing aparatus not carefully coved with spray paint and/or tapausedne or more
signak to fluctuate ordrop out during ROMrials. Unfortunately, ROM results from

the reflective markers did not show noticeable movement in asfation. Thus
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angularrotatni n t he <c¢cl ockwi s-el ackghséoahdftodnt e
measured by the MTS system it§elin important limitation in the use of reflective
markers for full ROM analysis.

After pilot testing, there was a noticeable and consistent differesiveeen
angular displacements in both rotational directionstation in thecounterclockwise
or 6l efirecti on wa-8me tobbe euite andtable, mesultirey an
consistentlyariedangulardefanat i on t han t hat ofetiiome c| ock
This was assumed to be due to the setup of the specimens within the MTS system. The
multi-axial load celwould reach its limit of axial rotation in trewunterclockwise or
Ale@fdir ect icanpensate by applyiegra large moment in a simadunt of
time, causing the system to become unstable. Shhhsequenangular deformation
analysis should only be carried out in one cimn of axial rotatiod clockwise or the

A r ioditedtion.

ROM Test: Bending
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Figure 17: Real-Time ROM Tests Over the course of one test with three cycles of loading,
differences can be seen between the MTS input or moment command and the
actual recorded moment applied for (top) one bending direction: flexion and (botterytation
direction:clockwiseo rright. 0
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Repeatabilityanalysis was performed the ROM testing directionssed in the
following study: flexion, extension, and axial rotati@gdver the course of one day, a
control specimen was testeédree times in each loading directionrROM angular
displacement was calculatedhe method used for displacement calculations is
described in the following chaptevariations between tests and within tegtsre
calculated from Analysis of Variance (ANOVA) and can be seen in Tabariations
both betwer and within tests were low for each direction of ROM testingalBes
greater than 0.05 indicate no statistical differences and therefore good repeatability of
guantitative ROM measurementsis control specimen was not used in any other tests

and is noa part of any subsequent data.

Table 1: ROM Measurement Repeatability. Variance and fvaluesof calculateddegrees of angular
displacemenbetween and within ROM tests in flexion, extension, and axial rotation

Variation Variation P-value
(degrees) (degrees)
between Tests  within Tests
Extension 0.020 0.043 0.65
Flexion 0.047 0.057 0.16
Axial Rotation 0.00053 0.000067 0.23
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ChaptEfrfs®dt Load HIivdthner WEHmM al

3.1 Introduction

Load history alters intgertebral disc mechanical properties by modifying
water distribution in the NP region, changing hydrostatic pressurthareforetissue
ROM response, when force is transmitted along the spiree ef f ect s t hat
loading profiles have on ovine Ilrar MSUflexibility and ROM were measured to
investigate the effects of load history gpinal stability Spinal segments subjected to
Aadver sed | oadi n g topas aresult of Ianited mtereertebral giscc t e
fluid recovery, loseheir stabiizing ability thereby generatingcreasedROM angular
displacement profiles demonstrating increased flexibiftyditionally, interventional
backward bending (extension) movensntere epected to limit the loss of
intervertebral dis¢luid and preventhe loss ofspinal stability This study contributes
to a greater understanding of load effects on lunflleaibility and/or stiffness and
overall health. Findings may alsdorm interventional efforts to reverpeobabldoss

of spinal stability and funain.

3.2 Materials and Methods

3.21 Specimen Preparation

Ovine lumbar motion segments (L2L3, L4L5) were previously harvested with
surroundingmuscular and ligamentousssuesas well as bonyrocessessuch as

transverse processes, removed. The haest® S U 6 svrappedrinesalinsoaked
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gauze, and frozerZ0°C) until testing. The crossectional areas of the intervertebral
discs were previously estimated by measuring disc long and short axes dimensions in
order to define an applied force requiredémerate target loading pressuispendix

A). Prior to testing, specimens were allowed to thaw overnight. Once thawed, superior
and inferior vertebral bodies were potted in a custoade fixture using Boswell
Fastray Dental Cement (Bosworth Company, $&ol.) so that the potted specimen
could easily be attached to the various components of the pure moment testing
apparatus. The entire fixture was posigdim an 858 Mini Bionix Il mé&erial testing
system (MTS Systas Corporation, Eden Prairie, MN).

Tenovi ne MSUOG6s wer e wuvseerds efoorl aaedsitn gt gc o dif
with backward bending eahsional interventions and fivathout. The L2L3 and L4L5
segments exposed to fadverseo | oading witht
were intermixed @ that differences between those with or without interventional

extensions could be studied independent of vertebral level.

3.22 Mechanical Testing

Prior to testing, each MSU underwent cyclic compression loading-(02%
MPa, 50 cycles at 1 Hz) to rdge any postmortem supdérydration effectsjicMillan
etal. 1996]A1 | ovi ne | umb:arre IMStUidwse Ir e cdeprgskivefi ad v er s
loading regimerof 0.75 MPa (between 200 N and 400 N applied fordeyated fom
physiological resting levelgnd multiple shoriterm, highl oad exerti on ficha
loadsof 2.0 MPa (between 500 N andQON applied force) every 30 minute&s
previously described, the 0.75 MPa creep loads were intended to replvatgforces

during every dayloading activitiegSato et al. 1999, Wilke et al. 1999, Claus et al.
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2008], and transient 2 MPa load exertions were intended to replicate high force
challenges such as heavy lifting, pushing or pulling, or other strenuous activities of

daily life. The challenge loads praed an opportunity to conduct a parallel
investigation, not reported in this present study, measuring intradiscal pressure and

axial stranThe MSUGO6s were divided into two group
a backwar ds ext en sonrdamagiing 4Nmenonveet (80 N applied of a
force)for 30 secondp r i or t o e ac hTofimnimad deleydrajianothel o a d .
MSUGs wer e s pr aybefterednsalineMedptean,sMahaasase YA

during the entire loading protocol.

Prior to the initiatm o f t he first 30 minute fAadver
each Achallenged | oad, the stf.bNmanomdtOM was
(50 N applied forcepver 10 seconds in flexion/extension and axial rotation directions
with no preloadUnfortunaely, due to lhe parallel investigation of irddiscal pressure
with a delicate pressure sensor placed laterally in each intervertebral disc, lateral
bending was neither applied nor investigated. Data was gathered on the third cycle of
testing in each dirg¢ion to reduce the effexf the viscoelastic response.

During flexion/exension ROM testing (Figure L3he midline that divides the
specimen into equal mediiteral halves was aligned to the custbuilt loadng
Ar i theg cable and pldy system, ad the hydraulic multaxial load cell actuator
arm, using the spinous processes as a guide. The line that divides the vertebral body
from the posterior vertebral arch of the inferior vertebrae of the specimen was aligned
to the hydraulic actuator arm. Thelley positions were adjusted at the beginning of

each ROM test to achieve-tinearity of the cableséexendi ng from t he | oac
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Changing positions of the pulleys and directions of the cable loop allowed for loading
in flexion and extension. Tmust om desi gn of the | oading #fl
to the superior veebraof the specimen ensured that the applied torque would transmit
to the specimen, negating the effects of minor misalignments. The baseplate sliding
mechanism &ched to the imrior vertebraof the specimen ensured that the specimen
was free to move iamore natural path while bending.

During axialrotation ROM testing (Figure }6both midlines that divide the
specimen into equal medikdteral halves and divide the vertebtady from the
posterior vertebttaarch of the inferior vertebraf the speimen werealigned to the
hydraulic actator arm. The superior vertelwaf t he speci men was atta
joint, 6 and t he Dbfrhe spedimen way againt attdehedhe baseplate
sliding mechanism, ensuring more nature physiological movement while rotating.

Axial force, torsional moment, and torsional displacement were recorded by th
MTS system at a frequency dd Hz. 3D kinematics of L2 and L& L4 and L5 were
collected at 8 Hz for the full duration of each ROM test usimppticalcamera system
(Vicon MXF40, Vicon Motion Systems Ltd., Oxford, UKArrays of four reflectve
markersmounted on lexan plates veeaffixed to each verted(Figure 18)using k
wires. The Vicon camera system utilizes four viewing angles (four separate cameras
surrounding the testing area) to deterngfabal positions of the reflective markers,
andthose positions were used to calculaiative 3Dangular rotational displacements

betweenvertebralby a custom MATLAB cod€Appendix B)

41



Figure 18 Reflective Marker Orientation and Attachment to Each Vertebra.

3.23 ThreeDimensional Motion Capture

To understand how the ROM data was acquired, the methbdalith 3D
coordinate reflective marker data is transformed into relative rigid body rotations must
be explainedSix independent measuremehtsanslations, rotations, or a combination
of bothd are required to fully describe the 3D motion of a rigid body.

The position of a body in spaedefined by the position of three roallinear
points of that body, or its rigid extension [Panjabi et al. 1981].-Real measurement
systems may be used to record the positional movements of a rigid body in space. The
MATLAB code uses the global coordinate positions of at least three reflective markers
for the rigid extensions of each vertebral body to determine adooatlinate system.
Although only three markers are requieddefine the position of a rigid bodyqur
were used to maintain a rigid body coordinate signal if any one of the four marker
signals is interrupted.

The most commotechniquédor calculating ROMotation angle$rom marker
coordinate data ithe Eulermethod, in which any change in rigid bodgientation
(neglecting overall translation) is characterized by an equivalent sequence of three
rotations, one about each fixed axis of the global coordinate sySt&wford et al.

1996].That is, the reorientation of a rigid body, such as a vertebdy, from its initial
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position described by i, jJ, k to its f
by calculating first the rotation Rx about the fixedxs followed by the rotation Ry
about the fixed yaxis followed by the rotation Rabout the fixed axis (RxA Ry A
Rz). These angles Rx, Ry, and Rz are often called Euler diRglagbi et al. 1981,
Panjabi et al. 1993, Oxland et al. 199the rotation matrix R to transform any points
from initial to final orientation is defined as:

Y 'Yé ahY 0OY £ dhY wdY € aRY @
In this equationRot (axis, angleyepresents the rotation matrix which is applied to
rotate points by aangleabout its correspondiraxis. The columns of the matrix R are
t he vect or s spectvely, asdndicatachirdthe Kollowingrset of three Euler
rotation matrices:

o Tt T
Y ¢ ofiY T OEYD | "No
T i Mo 0éEYw
OEYD T i QD
Y ¢ GhY @ Tt 0 Tt
[ RO OEYD

HEYa i kG T
YéEdfiva | 08d HEYa m
T T p

When studying rotational motions of the spine limited to a single plane, as in
this study, the selection of a particular rotation sequence is of little signifiCEimee.
the sequence used matched the arbitrary sequencd (RxA Rz) commonly used

in spinal biomechanics research [Crawford et al. 1996].
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3.2.4 Data Analysis

Flexibility in each direction, flexion,extension and axial rotation, was
demonstratedy the load-displacement diagram&nd ROM was quantified by the
magnitude of angular displacemgRanjabiet al. 1976]. Stiffness of the NZ was
approximated as the inverse of the slope in the range of thetiNzzone between the
points of the largest changesfiexibility in the momentangular displacement curve
[Smit et al. 2009].

Postchallenge loading ROM measurements were normalized against
respective baselinBOM values. Each specimen acted as its own control in order to
reduce the effects of intspecima variability. Statistical differences betweesnd
within groups with and without the interventional backwards bendexgension)
motion were assessed usisiggle factorANOVA, for which pvalues less than 0.05

were accepted as significant.

3.3 Results

Results were obtained from thex vivo biomechanicalflexibility testing
performed in repeatecycle fashion, in eackirection, on each of the ttdS U6 s
t hroughout the entire Aadverseo 1(@ading
baseline(2) pog-challenge #1(3) postchallenge #2, an@) postchallenge #3Load
displacement data collected during the third and last loading cycle were analyzed to
determine the ROM for each specimen in each condition. This method provides

sufficient time for theinfluence of viscoelasticity in the spinal tissues to wear off,

44

P



allowing the spine to reach near its final angular displacement during the last loading
cycle [Wilke et al. 1998Lee 2006]. The results quantified the effects of prolonged

Ailadver s e nthd ROM dfioving lunsbar specimens.

3.3.1 ROWMFlexibility in Extension

Flexion/extension (FE) flexibility curves for each specimen are included in
Appendix C(Figures32-33). The stiffness of theNZ can be generally described as
high, as shown by the sihalopes of these flexibility curvedhis indicates apparent
stability of the NZ in the extension directiolROM resuts for each specimen in
extensionare includedn Appendix D(Tables3-4). Each specimen contains a ROM
value in degrees, measured asddme and after each challenge loBdrcentages of
change in ROM after each challenge load, as compared to baseline ROM, were
calculated.Although exact values for NZ stiffness were particularly difficult to
calculate given the FE flexibility curves, iesated NZ stiffness results for each
specimen in extension are includedAppendix F (Tables 1213). Each specimen
contains an NZ stiffness value in Nm/degree, measured at baseline and after each
challenge load. Percentages of change in NZ stiffness esdtdr challenge load, as
compared to baseline NZ stiffness, were calculated.

As shown in Figure 1%the nmean L2L5 ROM in the extension direction for
+2.5 Nm of applied moments within specimens without interventional extension

movements were: 2.13 0.95 at baseline, 2.T# 0.68 after the first challenge load,
1.97° + 1.13 after thesecond challenge load, and 1°.Z3.7 I after the third challenge

load. No statistically significant differences between ROM after anygiadlenge
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load and baseline ROMere found in specimens without interventional extension
movementgAppendix ETable 9. As shown in Figure @ the mean percentages of
change in ROM from baseline wer#5.09% after the first challenge load (S.D.
+49.28%),-0.66% after the second chalggnload (S.D. £55.35%), andi3.83% after
the thirdchallenge load (S.D. £31.91%). As shown in Figure 1€amL2L5 ROM in

the extension direction for 2.5 Nm of applied moments within specimens with
interventional extension movements were: 200.82 at baseline, 1.9& 1.05 after

the first challenge load, 1.7@ 0.94 after thesecond challenge load, and I°.64.62
after the third chadinge loadAgain, no statistically significant differences between
ROM after any posthallenge load and basai ROM were found in specimens with
interventional extension movemerippendix ETable 10. As shown in Figure 20
the mean percentages of change in ROM from baseline v8&88% after the first
challenge load (S.D. +24.52%)22.71% after the second allenge load (S.D.
+19.50%), and18.78% after the third challenge load (S.D. +31.28Bh&percentages

of change in ROM results yieldedo statistically significant differencebetween

specimens with and #iout interventionamovementgAppendix ETable11).
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ROM: Extension
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Figure 19: Extension ROM at Baseline and after each Challenge Load
Mean angular displacement ROM values labeled, standard deviations marked with lines

ROM Percent Change: Extension
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Figure 20: Percent Changeg(%) between Baseline ROM anaach PostChallengeROM for
Extension Mean ercent tiange in ROM values labeled, standard deviations marked with lines.
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As shown in Figure 21, the mean-L8 NZ stiffness in the extension direction
for £2.5 Nm of applied moments within specimens without ugetional extension
movements were: 1.52 Nfr# 0.56 Nm? at baseline, 1.48 Nrh# 0.54 Nm? after the
first challenge load, 1.91 Nt 1.03 Nm? after the second challenge load, and 2.10
Nm/° £ 1.03Nm/° after the third challenge loalo statistically gnificant differences
betweenstiffnessafter any posthallenge load antlaseline stiffnessvere found in
specimens without interventional extension movements (Appendialie 1§. As
shown in Figure 22, the mean percentages of change in NZ stiffoeséseline
were: 8.56% after the first challenge load (S.D. £61.89%), 37.38% after the second
challenge load (S.D. £103.38%), and 40.87% after the third challenge load (S.D.
+56.37%). As shown in Figure 21, meanlL2 NZ stiffness in the extension diremti
for £2.5 Nm of applied moments within specimens with interventional extension
movements were: 1.58 Nfir# 0.73 Nm? at baseline, 2.02 Nrh4 1.08 Nm? after the
first challenge load, 2.31 Nt 1.45 Nm? after the second challenge load, and 2.12
Nm/° £ 1.35 Nm/? after the third challengad. Again, no statistically significant
differences betweestiffnessafter any posthallenge load andaseline stiffneswere
found in specimens with interventional extension movements (Appendebie 19.
As shown in Figure 22, the mean percentages of change in NZ stiffness from baseline
were: 27.80% after the first challenge load (S.D. £53.62%), 38.56% after the second
challenge load (S.D. £39.91%), and 38.79% after the third challenge load (S.D.
+57.48%). Thepercentages of ltange in NZ stiffnessesults yielded natatistically
significant differencebetween specimens with and mout interventionatnovements

(Appendix GTable 20.
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NZ Stiffness: Extension
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Figure 21: Extension NZ Stiffness at Baseline and after each Challenge Load
Mean stiffness values labeled, standard deviations marked with lines.
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Figure 22: Percent Change (%) between Baseline NZ Stiffness and each R@stallenge NZ
Stiffness for Extension Mean percent change in stiffness values labeled,
standard deviations anked with lines.
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3.3.2 ROM Flexibility in Flexion

Flexion/extension (FE) flexibility curves for each specimen are included in
Appendix C(Figures 3233). The stiffness of the NZ can be generally described as
high, as shown by the small slopes of thigsebility curves. This indicates apparent
stability of the NZ in the flexion direction. ROM results for each specimen in flexion
are included iPAppendix D (Tables %). Each specimen contains a ROM value in
degrees, measured at baseline and after dwdlecge load. Percentages of change in
ROM after each challenge load, as compared to baseline ROM, were calculated.
Although exact values for NZ stiffness were particularly difficult to calculate given the
FE flexibility curves, estimated NZ stiffness uéts for each specimen in flexion are
included in Appendid (Tables14-15). Each specimen contains an NZ stiffness value
in Nm/degree, measured at baseline and after each challenge load. Percentages of
change in NZ stiffness after each challenge loadpagpared to baseline NZ stiffness,
were calculated.

As shown in Figure 23nean L2L5 ROM in the flexion direction for £2.5 Nm
of applied moments within specimens without interventional extension movements
were: 256° £ 0.55° at baseline3.83 + 1.57 after the first challenge loa8,80° + 1.10°
after the second challenge load, @n&6° £ 1.94 after the third challenge loadhe
only statistically significant difference between ROM after any-pbatlenge load and
baseline ROM was found after the finehallenge (#3) in specimens without
interventional extensiomovementgAppendix E Table P As shown in Figure 24he
mean percentages of change in ROM from baseline wi&rd®% after the first

challenge load (S.D. 27.8%%0), 47.434% after the second ahbenge load (S.D.
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+20.42%0), and85.5% after the third challenge load (S.D4670%6). As shown in
Figure 23 mean L2L5 ROM in the flexiondirection for 2.5 Nm of applied moments
within specimens with interventional extension movements we8& 2 063° at
baseline,3.83 £ 142° after the first challenge load,.30° + 1.75 after the second
challenge load, and.44 = 1.06° after the third challenge load\gain, the only
statistically significant difference between ROM after any jobstlenge load and
baseline ROM was found after the final challenge (#3) in specimens without
interventional extension movemerippendix ETable 10Q. As shown in Figure 24
the mean percentages of change in ROM from baseline 3@/@P6 after the first
challenge load (®. +£20.78%), 46.22% after the second challenge load (S.D.
+32.26/0), and55.90% after the third challenge load (S.20t46%). The percentages
of change in ROM results yieldeab statistically significant differences between

specimens wih and without intarentionalmovementsAppendix ETable 1).

ROM: Flexion
No Intervention m Intervention
8.00 p=003 I
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6.00
et 7 4.86
T g 500 4.30 4.44
e (=]
: 3.83 3.83 3.
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T 2 2.86
3\ §’ 3.00 2.561
' 2.00
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Baseline Post-Challenge #1 Post-Challenge #2 Post-Challenge #3

Figure 23: Flexion ROM at Baseline and after each Challenge Load
Mean angular displacement ROM values labeled, standard deviations marked with lines
Statistically significant pralues shown.
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Figure 24: Percent Change (%) between Baseline ROM and each Pgshallenge ROM for
Flexion. Mean percent change in ROM values labeled, standard deviations marked with lines.

As shown in Figure 25, the mean-L8 NZ stiffness in the flexion direction
for £2.5 Nmof applied moments within specimens without interventional extension
movements were: 1.20 Nfr# 0.27 Nm? at baseline, 0.80 Nrh# 0.34 Nm? after the
first challenge load, 0.79 Nfit 0.26 Nm? after the second challenge load, and 0.64
Nm/° £ 0.34 Nm? after the third challenge loadtatistically significant differences
between NZ stiffness after the second and third-ploaslienge loads (#2 and #3) and
baseline Nz stiffness was found in specimens without interventional extension
movementgAppendix GTable 1§. As shown in Figure 26, the mean percentages of
change in NZ stiffness from baseline wefi®.23% after the first challenge load (S.D.
+24.28%),-34.52% after the second challenge load (S.D. +18.74%)4&88% after
the third challenge load 8. £27.79%). As shown in Figure 25, mean-IL2 NZ

stiffness in the flexion direction for 2.5 Nm of applied moments within specimens
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with interventional extension movements were: 0.93 N\end.21 Nm? at baseline,

0.75 Nm?f = 0.30 Nm? after the first chdénge load, 0.68 NriA 0.24 Nm? after the
second challenge load, and 0.58 Rim0.12 Nm? after the third challenge loa@he

only statistically significant difference between NZ stiffness after anyqiadtenge

load and baseline NZ stiffness was fduafter the final challenge (#3) in specimens
with interventional extensiomovementgAppendix GTable 19. As shown in Figure

26, the mean percentages of change in NZ stiffness from baseline 20e83% after

the first challenge load (S.D. £17.93%)8.49% after the second challenge load (S.D.
+12.88%), and36.60% after the third challenge load (S.D. £8.34%). The percentages
of change in NZ stiffness results yielded no statistically significant differences between

specimens with and #iout interventnalmovements (Appendix Gable 20.

NZ Stiffness: Flexion
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Figure 25: Flexion NZ Stiffness at Baseline and after each Challenge Load
Mean stiffness values labeled, standard deviations marked with lines.
Statistically significant pralues shown.
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NZ Stiffness Percent Change: Flexion
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Figure 26: Percent Change (%) between Baseline NZ Stiffness and each R@tallenge NZ
Stiffness for Flexion Mean percent change in stiffness values labeled,
standard deviations marked with lines.

3.3.3ROMFlexibility in Axial Rotation

Axial rotation (AR) flexibiity curves for each specimen are included in
Appendix C(Figures34-35). The stiffness of the NZ can be generally described as low,
as shown by the large slopes of these flexibility curves. This indicates apparent
instability of the NZin the axial rotatia direction ROM results for each specimen in
axial rotatiomareincluded inAppendix D (Tables-B). Each specimen contains a ROM
value in degrees, measured at baseline and after each challenge load. Percentages of
change in ROM after each challenge load, compared to baseline ROM, were
calculated.Estimated NZ stiffnessesultsfor each specimen iaxial rotationare
included in Appendix F (Tablels-17). Each specimecontains an NZ stiffness value

in Nm/degree, measured at baseline and after eaclerfpalload. Percentages of
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change in NZ stiffness after each challenge load, as compared to baseline NZ stiffness,
were calculated.

As shown in Figure 27 mean L2L5 ROM in theaxial rotation direction for
+2.5 Nm of applied moments within specimens withaterventional extension
movements were: 2.14 0.65 at baseline, 2.2t 0.42 after the first challenge load,
2.91° £ 0.7C after the second challenge load, and 2490.39 after the third challenge
load. No statistically significant differences taeeen ROM after any poshallenge
load and baseline ROM were found in specimens without interventional extension
movementgAppendix E Table B As shown in Figure 28the mean percentages of
change in ROM from baseline were: 7.50% after the first clgdleload (S.D.
+44.77%), 40.96% after the second challenge load (S.D. £32.00%), and 45.34% after
the third challenge load (S.D. £47%%. As shown in lgure 27 mean L2L5 ROM in
the axial rotation direction for £2.5 Nm of applied moments within specimatis w
interventional extension movements were: 2#49.19 at baseline, 2.66: 0.45 after
the first challenge load, 2.93 0.35 after the second challenge load, and 3:80.9C
after the third chadinge load. Again, no statistically significant ditnces between
ROM after any posthallenge load and baseline ROM were found in specimens with
interventional extension movemerippendix E Table 10 As slown in Figure 28
the mean percentages of change in ROM from baseline were: 43.00% aftertthe firs
challenge load (S.D. £105.01%), 69.50% after the second challenge load (S.D.
+146.15%), and 106.84% after the third challenge load (S.D. +214.1BBR#).

percentages of change in ROM results yieldedtatistically significant differences
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between specimenwith and wihout interventionamovementgAppendix E Table

11).

ROM: Axial Rotation
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Figure 27: Axial Rotation ROM at Baseline and after each Challenge Load
Mean angular displacement ROM values labeled, standard deviations marked with lines.
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Figure 28 PercentChange (%) between Baseline ROM and each Pe€hallenge ROM for Axial
Rotation. Mean percent change in ROM values labeled, standard deviations marked with lines.
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As shown in Figure 29the mean LZ5 NZ stiffness in theaxial rotation
direction for £2.5 Mn of applied moments within specimens without interventional
extension movements we@06Nm/° + 0.04Nm/° at baseline).04Nm/° + 0.03Nm/°
after the first challenge loa@,05Nm/° + 0.02Nm/° after the second challenge load,
and0.08 Nm/° £ 0.06 Nm/° after the third challenge loablo statistically significant
differences between stiffness after any pibsdllenge load and baseline stiffness were
found in specimens without interventional extension movements (Appendebld
18). As shown in Figure 30the mean percentages of change in NZ stiffness from
baseline were:19.726 after the first challenge load (S.063:0%%6), 1.77%6 after the
second challenge load (S.[6&3%26), and31.4%% after the third challenge load (S.D.
+42.53%). As shown in Figure92mean L2L5 NZ stiffness in the flexion direction
for £2.5 Nm of applied moments within specimens with interventional extension
movements werd.06 Nm/° £ 0.05Nm/° at baseline0.08Nm/° + 0.03Nm/° after the
first challenge load).06 Nm/° £ 0.01Nm/° after the second challenge load, &ad4
Nm/° £ 0.01 Nm/° after the third challenge loadgain, no statistically significant
differences between stiffness after any pbsllenge load and baseline stiffness were
found in specimens with interventionaitension movements (Appendix Table 19.

As shown in Figure 3@he mean percentages of change in NZngt#fs from baseline
were:-91.91% after the first challenge load (S.[2.48%), -93.6%% after the second
challenge load (S.D. &t8%%), and-94.94% after the third challenge load (S.D.
+1.968%). The percentages ofhange inNZ stiffness results yieldedtatistically
significant differencebetween specimens with and without interventional extensional

movematsafter all challenge load®\ppendix GTable D).
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NZ Stiffness: Axial Rotation
No Intervention mIntervention
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Figure 29: Axial Rotation NZ Stiffness at Baseline and after each Challenge Load
Mean stiffness values labeled, standard deviations marked with lines.

NZ Stiffness Percent Change: Axial Rotation

No Intervention ®Intervention
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Figure 30: Percent Change (%) between Baseline NZ Stiffness and each RGs$tallenge NZ
Stiffness for Axial Rotation. Mean percent change in stiffness values labeled,
standard deviations marked with lin&tatistically significant pralues shown.

58



3.4 Discussion

The objective of thigx vivoovine modelbiomechanicaltsidy was to quaify
and assegbe ROMand NZ stiffnress c hi eved after prolonged fa
loading conditions, with and without intermittent extension or backwards bending
movementsThe current study found reignificant differences between the change in
ROM in any directiorwith and without interventional extension movemditte study
found significant differences between ttigange inestimated NZ stiffness with and
with and without interventional extension movement in only the axial rotation
direction. Hovever, this difference did not demonstrate protective effects of the
interventional extension against spinal instability, i.e. decreased NZ stifffiesse
variableresultsmay be due to the variability in bone density and tigsa@ameters
within differert spinal MSU specimelsspecifically the degree of spinal ligament
stripping This difficulty with a large variability over spinal specimens has previously
been reported [Twomeyd Taylor 1982, Wilke et al. 189Busscher et al. 201T)ue
to the limited &ailability of ovine specimens and timeframe of completing the present
study, a small sample size was used.

InNnt eresting trends over the course of
observedA slight decreasén ROM in the extension direction and complertay
increase in NZ stiffness was observed over the course of the entire loading protocol in
specimens with and without interventional extension movements. An apparent increase
in ROM in the flexion direction and complementary decrease in NZ stiffness was
observed over the course of the entire loading protocol in specimens with and without
interventional extension movemeng apparent increase in RONIthe axial rotation
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direction was observed over the course of the entire loading protocol in spewitthens
andwithout interventional extension movemerti@wever, the NZ stiffness results in
the axial rotation direction were not consistent with ROM @atalecrease in the NZ
stiffness was observed over the course of the loading protocol in specimens with
interventional extension movements, but an initial decrease and subsequent increase in
NZ stiffness was observed over the course of the loading protocol in specimens without
interventional extension movements

The percentages athange in ROM and NZ stiffiss may have a more
significant i mpact on the | ar geldowever]l ati ve ¢
these outcomes addficult to compare to literature due to the fact tthere have been
few studies mostof which have used human cadavericcspens,nvestigatingROM
after prolongedtreeploadingd often applied in the direction of ROM testing, not in
axial compression alone

A larger ROM and complementary reduced NZ stiffness, indi¢hta the
spinal MSUGs became momoe urfsthbéexaftebprodbongedn d p ot
Aadverseo | oading, i ncreasi ngPanabel992ecessit
Oxland and Panjabi 1992 holewicki et al 1997].Prolonged creep loading has been
shown to inducduid loss in the NP; slack collagenoubdrs causing circumferential
clefts within the AF; andbxity in the ligaments, facet joint capsules, and intervertebral
disc® this laxity results in fewer reflexive stabilizing forces provided by surrounding
musculature Agroubni and ShirazAdl 1996, Sdomonow et al. 1999]. It is obvious

that in the preserex vivostudy, surrounding spinal ligamesmid muscular stabilizing
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forces are not present and therefore results should be carefully extrapolated and
interpreted for the ovine model vivo situation.

Results of the current study should be interpreted taking the studyqdrottoc
account. Different studiegse highly different protocols, and recommendations for
biomechanical testing of spinal segments are vari@awvford 2010, Busscher et al.

2011]. The recommendations of previous studies were followed for preparation of the
segments, test environment, and loading conditions [Crawford et al. 1995, Wilke et al.

1998, Lee 2006, Eguizabal et al. 2010, Tang et al. 2012]. Instantaneous loading with a
non-damaging applied moment 2.5 Nm was recommended for ROM testing in

ovine spinal segments [Lee 2006]. A pilot study in our test setup showed damage or
potting slippage of ovine MSUOGs when | oade
tests. Thug2.5 Nmappeared to be an appropriatagnitude ofapplied moment for

ROM evaluation, and 4 Nrfor 30 secondsippeared to be an appropriate applied

moment for interventional extension testing without potting or specimen damage.

Axial compressive forces placing8.7 MPa of fAadverseo | oadi
2.0 MPa of Achall engeodo | oaditorgplicgteneios ur e on
pressures placed on the lumbar spine duiregy dayloading activities such as sitting
or standing and transient exertional aiti such as heavy lifting, pushing or pulling,
etc. [Sato et al. 1999, Wilke et al. 1999, Claus et al. 2008, Goodley ®0dgt]|studies
describing biomedmical behavior apply a constant static or cyclic load between 15
and D minutes or up to 30 minws for older specimerj&aigle et al. 1992, McGill
and Brown 1992, Little and Khalsa 2Q0%an der Veen et al. 20D6As the present

study uses older ovine MSU specimens stored for an extended amount of time,
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Afadverseodo compressive mobadieg wasomappbi edc
load and subsequent ROM testing.

Furthermore, compressiveads, in a pure axial direction or a more natural
Af ol | owe r a welladahding bbdady each have a different influence on the
fluid loss of the NP, bimechanics of the intervertebral disc, and therefore motion
behavior of spinal segmeni@/ilke et al. 1998 Patwardhan et al. 200Stanley et al.
2004, Tawackoli et al 2004]. Bendimgeep most likely results in little fluid loss but
substantial viscoelaststrain of the fibers of the AF, but compression creep results in
substantial fluidoss [Busscher et al. 2011 the present study, compression was
applied in a purely axial direction due to the manufactured fixtures used for attachment
of t he oWM&SROMdesting apparatus and MTS systéhus load magnitude,
creep type, andf loading time and length of time during which specimens were placed
under interventional extension backward bending conditi@ie important
considerations when interpreginthe results of the current study, especially in

comparison to previous investigations.

3.41 Adverse LoadHistory DecreasefROMand Increases NZ Stiffness
in Extension

Although the current study found no significant differences between the change
in ROM with and without interventional extension movement, interesting ROM trends
in the extensiordirectionover the course of the fadvers
observedWithout intervention, ROM in the extension direction initially increased after
the firstchallenge load but then decreased after the second and third challenge loads,

until the ROM dkcreased by approximately 13.8dmpared to baseline ROM. With

62



intervention, ROM in the extension direction decreased after all challenge loads, until
the ROM @aeased by approximately 18.886mpared to baseline ROMIthough
NZ stiffness was extremely difficult to quantitatively determine from the varying load
deformation flexibility curvessimilar trends in NZ stiffness were observed. Without
intervention, NZm t he extension direction increased
loading protocol, until the NZ stiffness increased by approximatelyafiébthe third
challenge loadcompared to baseline NZ stiffness. With intervention, NZ in the
extension directiomcreased after all challenge loads, until the NZ stiffness increased
by approximately 39% compared to baseline NZ stiffnelesvever no statistically
significant differences of ROM or NZ stiffness between baseline and challenge loads
were observedboth between and within groups of specimens with and without
interventional extension movements

Contrary to our hypothesidhaseresults mayndicate increasingpinal MSU
stabilityi n t he extension directi on. Tleffdace r Nadve
joints,which progressively absorb more loads during extensiay, contribute to this
stability. This effect may be compoundedtegluced NP hydration amcreased laxity
of the AF ligaments, causing additional load sharing with the facet joints. Theosuperi
articular processes of the inferivertebral body exertonsiderable frictional forces
upon the superior vertebral body of the MSU, increasing resistance to motion in the
extension direction, leading to reduced flexibiligdditionally, the interventinal
backwards extension movement does seem to provide a protective effect of increasing

spinal stability in extension under dadver
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3.42 Adverse Loadfistory IncreaselROMand Dereases NZ Stiffness
in Flexion

Although the currendétudy found no significant differences between the change
in ROM with and without interventional extension movement, interesting ROM trends
in the flexion direction over the course
observed. Without intervention, ROM the flexion direction increased after all
challenge loads, until the ROMdreased by approximately 85.6ébmpared to
baseline ROM. With intervention, ROM in the flexion direction increased after all
challenge loads, until the ROM alsacreased by appximately 55.9%compared to
baseline ROM. Statistically signifint increases in ROM were obsedvbetween
baseline and ththird challenge loadin specimensvith andwithout interventional
extension movementélthoughNZ stiffness was extremely diffitito quantitatively
determine from the varying loatkformation flexibility curves, similar trends in NZ
stiffness were observed. Without intervention, NZ in the flexion direction decreased
over the course of the fa dtffeesssdecteaséddbadi ng p
approximately 47% after the thighallenge loadompared to baseline NZ stiffness.
With intervention, NZ in the flexion direction decreased after all challenge loads, until
the NZ stiffness decreased by approximately 37% compareastline NZ stiffness.
Statistically significant increases in NZ stiffness were observed between baseline and
the second and third challenge loads, in specimens without interventional extension
movements, and between baseline and the third challengeitoagecimens with

interventional extension movemenkowever, no statistically significant differences
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of change in ROM oNZ stiffness betweegroups of specimens with and without
interventional extension movements were observed

The fact that ROM is geger in flexion than extension is in agreement with
previouslyreportediiterature [Pearcy et al. 1984h agreement with our hypothesis,
these esults may indicate increasing spinal M&idtability in the flexion direction
after fAadver sdng ReducediNP leydratiomazwell as iacreased stress
concentrations and laxity in the AF ligaments and any other remaining spinal ligaments
may contribute to this instabiliguring flexion. The previously removed musculature;
ligaments, especially thelA, PLL, and spinous ligaments; and bony processes during
specimen harvesting, (all of which would which normally contribute to resisting
excessive flexioomovements) may have contributedthis instability.Additionally,
the interventional backwards beng extension movement does seem to provide a
protective effect againsedreasing spinal stability in flexiamn der fAadver seo |

conditions.

3.43 Adverse LoadHistory IncreasedROM andDecreasefNZ Stiffness
in Axial Rotation

Although the currenttady found no significant differences between the change
in ROM with and without interventional extension movement, interesting ROM trends
in the axial rotation directions over the
observedWithout interventim, ROM inthe axial rotation direction increased after all
challenge loads, until the ROMdreased by approximately 45.3ébmpared to
baseline ROM. With intervention, ROM in th&ial rotational direction also increased

after all challenge loads, untildliROM ircreased by approximately 106.&4mpared
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to baseline ROMThe particularly large angular deformations in the &&xoss most
specimens and loading conditiomsdicaie large spinal MSU instabilityn axial
rotation.Without interventionyesults withrelatively large errors were fouddNZ in
the axial rotation direction initially decreasedafter the first challenge load but
subsequently increasedv er t he cour se o ftocollustithie&dNd v er seo
stiffness increased by approximately?@after the third challenge loatcbmpared to
baseline NZ stiffness. Witimtervention, NZ in the axial rotatiodirection decreased
after all challenge loads, until the NZ stiffness decreased by apmtly 9%%6
compared to baseline NZ stiffness. Howeverstatistically significant differences of
ROM or NZ stiffness between baseline and challenge loads were observed within
groups of specimens with and without interventional extension movements. Finally,
although no statistically significant differences oaiobe in ROM between groups of
specimen with and without interventional extension movements were observed,
statistically significant differences of change in NZ stifmebetween groups were
observed.

In agreement with our hypothesis, these results magatelincreasing spinal
MSU instability in the axialdi r ecti on after Nfadvie sed con
previously removed musculature, ligaments, and bony processes during specimen
harvesting, as well as the dehydratom increased laxityf the AF fibes (all of which
would which normally contribute to resisting excessive rotational movements) may
have contributed to this high degree of instabil&glditionally, the interventional
backwards bending extension movemeraty not provide a protective effeeigainst

decreasing spinal stability in axial rotat
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3.44 Limitations

The flexibility testing protocol was successfully implented to quantitatively
assess he moti on o fThd 3Dmoteom cage bystem peal to be
reliable in capturing and quantifying the kinematics of the spine iftireal Although
the flexibility method allowed each ROM test to be repeatable with consistency,
variations in the features of each specimen such as age, bone densitygeaofl si
vertebral bodies required it to be handled indiviuahd with care.In fact, the small
size of ovine vertebral bodies necessitated the potting of specimen in a-coatEm
fixture with particular attention, making sure to keep the intervertehsal leivel
(parallel to the ground in its horizontal axis) and@dwer enough surface area on each
vertebral body with enough bone cement to maintain stability during ROM testing
reducing the possibility of specimen detaching from the bone cement

One paticular limitationthat is important taote is the challenge of attaching
the lexan plates with reflective motion tracking markers to each vertebral body in such
a way as to maintain constant signals to each camera. Because each specimen used in
the curret study had been used in a previous study, in which a hole was drilled
horizontally into the superior vertebral body of each MSU, maintaining rigid
attachment of the lexan plates containing motion tracking markers to that vertebral
body via kwire inserton was difficultd occasionally the redalme marker coordinate
data collected from the motion tracking cameras showed unintentional movement after
each loading cycle in one direction of spinal ROM. The reflective nature of the motion
tracking markerslso kd to additionathallengesvhen collecting dataBecause the
cameras are sensitive to any and all reflective surfaces within their capture volume,
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particular care in spray painting components of the testing apparatus was taken.
Additional surfaces founatbe reflective during testing were covered with tape, if and
when possible. When those additional reflections were unable to be covered, they often
interfered with the motion tracking marker signals, causing one or more ssignal
fluctuate and/ordrop ou during part or all of a single trial in one ROM
flexion/extensiondirection. As stated previously, due to the difficulty in measuring
axial rotation with the reflective markers, the MTS system itself calculated degree of
angular deformation in the ROM iakrotation directionAll limitations of the motion
tracking system combined caused difficulty in generating the flexibility curves of each
ROM test and therefore explicit calculation of MSU stiffness and complete
determination of stability afterproloegd fadver seod | oading condi't
The biomechanical ROM testing apparatus itseds shown to perform
repeatable measurements s many limitations. An inherent difference in the
applied moment rad the moment measured by the malktial load cell is alwgs
present, due to (1) the proportiomaldegratderivative (PID) mechasm of the MTS
system, and (2) aadditional bending moment causedtohe use of t he fihex
axial rotation orthe shifted center of mass typical pfur e mo ment Aringo
mechanisms [Tang et al. 201ig]flexion/extensionAlthough pilot testing with ovine
MSU6s was conducted to optimize PID value
moment application, the use of the PID algorithm does not guarantee perfect control or
stabiity of the MTS system.
Although the artifact moments caused by the shifting center of mass while

testing flexion/extensionROM wi t h t he Aringo mechanism w
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through the use of linear sliders and vertical bearings, the most impartaation in
applying pure moments is maintaining parallelism of the loading cable ends by
applying tension prior to each ROM test, as described previously. The loading cable
may not have remained dimear throughout the ROM test, as the MTS system was
programmed to control vertical motion of the cable loop to apply and release bending
moments Artifact momentsmay alsohave been induced while testing axial rotation
ROM with t he u%asitallbwsmultaireétibnal smovgntent astwell as
rotation, similar to a manufactured bahdsocket joint. Additionally, the slight
variability in potting of each specimen, which may have causeceofter or

mi saligned attachment of both the HAringo
contributed to artact, or nonpure, bending moment¥hus pure ROM testing was

not 100% successful throughout the entirety of this study.

Other limitations of the current study are relatedht® small sample size of
ovine MSU specimens as well &g nature of thex viw ovine model testinglt is
important to note that the 4 Nm backwards bending interventional extension moment
was applied for just 30 secordshis may not have been enough time to allow for
rehydration of the inner NP and outer AF fibers, which may hesieepted statistically
significant differences between specimens with and without interventional extension
movements from occurring. Additionaffluences that affect ROBId stiffnessesuls
include: age of the specimerdggree ofstripping of surroundig motionfacilitating
and motionlimiting musculature, tendons, ligaments, and bony structanesresidual
hydration effects due to storing specimen in a freezer for tem@ed period of time.

Furthermore, although the present study only tested single spinal unitsjaveilti
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segments have been shown to be more representative of the normal physiological
conditions [Adams 1995, Dickey and Kerr 2003, Goel et al. 2006].

As with all ex vivostudies, a final limitation of the current study is the-non
physiological testing environment. Al thougl
with saline throughout testing, the test environment and hydration status of the spinal
segments known to influence the biomechanical ROM characteristics [Pflaster et al.

1997, Race et al. 2000Thus the interpretation of the results should also carry the
understanding that the current study was limited to usrgvivo specimens
specifically wihout surrounding tissues i.epinatcolumn stabilizingmusculature,
which have been stored for a long period of time and have been used in previous

compressive loading experiments.

3.5 Significance

Load history influences the fluicklated biomechanscof the intervertebral disc
and spinal ROM. High compressive fAadversebo
regeneration of the NP of the intervertebral disc, thereby limiting the ability of the AF
and ligaments to provide MSU stabilization and preesicessive motionThis higher
ROM flexibility of thatceep Meoumaton coaung dusngg ge st
prolonged compressive loading. This indicates that surrounding musculature provides

compensating stabilizing forces to reduce the risk of irgutgw-back problems
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Chapt€@ondlusi ons

4.1 Summary

Sheep lumbar motion segments are validated and often used to assess spinal
biomechanical properties translatable to the human lumbar pififiee[et al. 1997,
Smit et al. 2002]The results of thewrent study provide an additional understanding
of the dynamics of longerm compressive loading in ovine intervertebdisc
mechanics and spinal ROM:

(I)Hi gh compr es s i weemideadse arinsre®ROM Hexiloilisy
and complementary decseEain NZ stiffnessand thereforencrease inspinal
instability in bothflexion and axial rotation directions. This may be due to the
limited fluid recovery of the intervertebral disc pressure regeneration of the NP,
which induces laxity into the AF fiberand limits the surroundingspinal
ligaments to prevent excessive bending and/or rotational mdtiowever,
compensating forces of the facet joints seem to cause a decrease in ROM
flexibility and complementary increase in NZ stiffness and therefore serea
in spinal stability in the extension direction.

(2) Interventional backwards bending or extension movements may provide a
protective but nossignificant effect against the increased spinal instability in
flexion/extension.

These results address the hypothes t ha't hi gh fadverseo
conditions cause changes in spinal R@RNJ NZ stiffnesswhich may in turn be

affected by interventional backwards bending motion.
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These findings also indicate and suggest confirmation of the théeaty
surrounding musculature provides compensating stabilizing forces to reduce the risk of
injury or low-back problem¢$Busscher et al. 2011] in everyday life. Body weight in a
seated or standing position, occupational demands, household chores, andite¢sure
physial activity behaviors often play roles in spinal instability and back pain. Further
interpretation may therefore provide human physiological insight into-itaeheced
biomechanical changes to guide and advance clinical investigations into the treatment

of low back pain and loss of lumbar spinal function in patients.

4.2 Future Directions

The present investigation was performed as part of longitudinal study aiming to
reveal the effects of load history on spinal ROM and intervertebral disc biomechanics
andidentify postural interventions effective at reversing spinal instability and critical
loss of biomebanical function. The testing apparatus manufactured for use in the
current study provides a method to apply physical thetagyp e movement s on N\
loadal in the MTS system. Conclusions of the current study indicate that extension or
backwards bending movements may act to mitigate the instability effects of prolonged
static Aadverseodo | oading on s {ypemwtionsbi omech
suchas flexion, lateral bending, axial rotation, traction, or some combination may be
investigated in future studieA.longer period of time to apply interventional postures
is also encourage®egular completion of such interventional, iowasive practices
may improve longerm functional health by mitigating or reversing the damaging

effects of fAadverseodo | oading.
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Additional manipulation of the testing fixtures used in conjunction with the
MTS system may be performed to further elucidate the effects augaloading
profiles, such as cyclic loading or creep loading in a specific bending directions, on
specific tissue response. Different loading conditions may have different effects on
spinal biomechanics, especially depending upon prior loading history.

The exact influence of differences in geometry of the vertebrae, facet joints, and
intervertebral discs should be investigated furtfiése influence of spinal implants,
fusions, and other interventional devicesspimal ROM and NZ stiffnesmay also be
investigated with the use of the biomechanical testing appasdtisugh theex vivo
testing conditions of these types of biomechanical studies require stripping of the
surrounding tendon and musculature tissues, the harvesting of surrounding spinal
ligaments and bony structureshould be carefully performed in future studies.
Furthermore, although most -levelsedmestsmapnl y t e
bemore representative of normal physiological situations.

Finally, the goals of future investigations must gitaneously include the
growth of spinal lomechanical knowledge and as well asiitgegrationinto patient
care therapies through lifestyle belmas and physical medicine and rehabilitation
practices. Meaningful findings and theories must be translated from -bemdb
clinical practice, in order to limit the loss of spinal function with diseases prevalent
worldwide, such as low back pain. Theeoarching aim of scientific research is to

improve upon and advance patient care.
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AppendA: Spenctiemevne r tCGeebornmaelt rDiessc

{ .
—

Figure 31: Two-Dimensional Representation of
Intervertebral Disc. Segment A of long axis and
segment B of short axis demonstrated by blue lin

Table 2: Disc Geometry Calculations.To calculate the length of segment A of lands and length

of segment B of short axis, the long and short axes of each disc were measured 3 times, averaged, and

divided in half. The area of each disc was calculated using the equation for the area of an ellipse:

area = ~AB. Theoraxe atlo cpenpereastsée vikadver sed and fAchal
was calculated using the respective target pressures: F = P*area.

Force to Force to
Segment A of Segment B of Area of Disc Generate 0.75 Generate 2.0
Specimen ID Long Axis Short Axis (mm?) MPa MPa
(mm) (mm) iAdver fiChallenged

Load (N) Load (N)
Sheep 5

LoL3 13.59 9.38 400.37 300.28 800.75
Sheep 5

LAL5 14.58 9.20 421.53 316.14 843.05
Sheep 6

LAL5 13.73 10.00 431.13 323.24 862.25
Sheep 8

LAL5 15.08 10.38 491.68 368.76 983.35
Sheep 7

L2L3 11.01 8.15 281.97 211.47 563.93
Sheep 7

LALS 12.45 8.54 334.06 250.55 668.13

S[‘;fg 2 13.20 10.33 428.21 321.16 856.43

Stgig 10 13.96 11.89 521.58 391.18 1043.16

SE‘;‘E‘; 1 13.33 10.55 441.64 331.23 883.28
Sheep 11

LAL5 14.16 10.40 462.63 346.97 925.26
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AppendB: MATLAB Code

The following MATLAB code and function returns relative rotational angles between
vertebral bodies, used to calculate absolute angular displacement between the

superior vertebral body relative to the inferior veré¢ibody:

% load global positions of reflective markers
load data

% calculate unit vectors of lower vertebral body to set up
orthogonal axes
I1x = data(:,1:3) - data(:,4:6);
1y = data(:,7:9) - data(:,4:6);
[1x = 11x./(sgrt(sum(I1x.”2,2))*ones(1,3));
I 1y = 11y./(sqgrt(sum(Ily.~2,2))*ones(1,3));
[1z = cross(I1x,I1y);
11z = 11z./(sqrt(sum(11z.72,2))*ones(1,3));
I1y = cross(l1z,11x);
1y = 11y./(sqrt(sum(Ily.~2,2))*ones(1,3));

% position matrix for lower vertebral body
RotGtol1(1,:,:) = I1x";

RotGtol1(2,: ) =11y,

RotGtol1(3,:,:) = 11z';

% calculate unit vectors of upper vertebral body to set up
orthogonal axes

2x = - data(;,10:12) + data(:,13:15);

2y = data(:,16:18) - data(:,10:12);

12x = 12x./(sqrt(sum(I12x.”2,2))*ones(1,3));

12y = 12y./(sqrt(sum(I2y A2,2))*ones(1,3));

12z = cross(12x,12y);
12z = 12z./(sqrt(sum(12z.72,2))*ones(1,3));
[2y = cross(12z,12x);
12y = 12y./(sgrt(sum(I2y.”2,2))*ones(1,3));

% position matrix for upper vertebral body
RotGtol2(1,:,:) = 12x’;

RotGtol2(2,:,:) = 12y";

RotGtol2(3, :;) =12z

for i=1:size(data,1)
% calculate rotation matrix
rot = RotGtoll(:,:,i)*RotGtol2(:,:,i)";
% calculate rotation angles
[rx ry rz]= GetEulerAngles(rot);
ang(i,:) = [rx ry rz].*180./pi;

end
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xlswrite(  ‘'results.xIs' ,ang);

function [rx ry rz]= GetEulerAngles(R)

% returns the rotation along X, y and z direction from a Rotation
Matrix
%lInputs:
% R= 3x3 Rotation Matrix
%Outputs:
% rx= Rotation along x direction in radians
% ry= Rotation along y direction in rad ians

% rz= Rotation along z direction in radians

% R=

% [ cos(ry)*cos(rz),

- cos(ry)*sin(rz), sin(ry)]

% [ cos(rx)*sin(rz) + cos(rz)*sin(rx)*sin(ry), cos(rx)*cos(rz)
sin(rx)*sin(ry)*si n(rz), - cos(ry)*sin(rx)]

% [ sin(rx)*sin(rz) - cos(rx)*cos(rz)*sin(ry), cos(rz)*sin(rx) +

cos(rx)*sin(ry)*sin(rz), cos(rx)*cos(ry)]

% Author : Sandeep Sasidharan
% http://sandeepsasidharan.webs.com

ry=asin(R(1,3));

rz=acos(R(1,1)/cos(ry));
rx=acos(R(3 ,3)/cos(ry));
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Figure 20: Flexibility curves during the last cycle of testing in flexion/extension (FE).
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Figure 21: Flexibility curves during the last cycle of testing in flexion/extension (FE3ontd.
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Figure 22: Flexibility curves during the last cycle of testing in axial rotation (AR).
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Figure 35: Flexibility curves during the last cycle of testing in &ial rotation (AR) contd.
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Appendi ROM Dat a

Table 3: ROM for each specimen in extensionwithout intervention. Absolute degree of angular
deformation (ROM), percent change between eachgi@dtenge load and baseline ROM.

Specimen Baseline Post Post Post PostChallenge PostChallenge PostChallenge
pelD (degrees) Challenge #1 Challenge #2 Challenge #3  #1 vs. Baseline  #2 vs. Baseline  #3 vs. Baseline
9 (degrees) (degrees) (degrees) (% change) (% change) (% change)
Sheep 5
L2L3 3.66 191 1.00 1.70 -47.81 -72.68 -53.55
Sheep 6
LAL5 2.28 2.52 2.77 2.32 10.53 21.49 1.75
Sheep 7 1.95 3.13 3.46 255 60.51 77.44 30.77
L2L3
Sheep 10
L1213 117 1.96 1.07 0.95 67.52 -8.55 -18.80
Sheep 11
LALS 157 1.33 1.24 1.11 -15.29 -21.02 -29.30
Mean 2.13 217 1.91 1.73 15.09 -0.66 -13.83
Std. Dev. 0.95 0.68 1.13 0.71 49.28 55.35 31.91

Table 4: ROM for each specimen inextension, with intervention.Absolute degree of angular
deformation (ROM), percent change between eashgi@llenge load and baseline ROM.

Specimen Baseline Post Post Post PostChallenge PostChallenge PostChallenge
P D (degrees) Challenge #1  Challenge #2 Challenge #3  #1 vs. Baseline  #2 vs. Baseline  #3 vs Baseline
9 (degrees) (degrees) (degrees) (% change) (% change) (% change)
Sheep 5
LAL5 3.13 3.50 291 1.80 11.82 -7.03 -42.49
Sheep 8
LaL5 2.13 2.39 2.16 1.91 12.21 1.41 -10.33
S 1.65 1.39 0.98 2.18 -15.76 -40.61 32.12
LALS
Sheep 9 0.98 0.88 0.57 0.57 -10.20 -41.84 -41.84
L2L3
SIS I 2.55 1.34 1.90 175 -47.45 -25.49 -31.37
L2L3
Mean 2.09 1.90 1.70 1.64 -9.88 -22.71 -18.78
Std. Dev. 0.82 1.05 0.94 0.62 24.52 19.50 31.28
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Table 5: ROM for each specimen inflexion, without intervention. Absolute degree of angular
defamation (ROM), percent change between each-plaalienge load and baseline ROM.

Specimen Baseline Post Post Post PostChallenge PostChallenge PostChallenge

p D (degrees) Challenge #1 Challenge #2 Challenge #3  #1 vs. Baseline  #2vs. Baseline  #3 vs. Baseline
9 (degrees) (degrees) (degrees) (% change) (% change) (% change)

Sheep's 214 2.82 3.60 435 31.78 68.22 103.27
LoL3

Sheep 261 437 3.89 5.78 67.43 49.04 121.46
L4LS

Sheep 7 3.48 6.36 5.53 7.54 82.76 58.91 116.67
LoL3

Sheep 10 2.17 2.66 2.48 2.33 22.58 14.29 7.37
LoL3

sz 2.40 2.95 3.52 4.30 22.92 46.67 79.17
L4LS
Mean 2.56 3.83 3.80 4.86 45.49 47.43 85.50

Std. Dev. 0.55 157 1.10 1.94 27.81 20.41 46.70

Table 6: ROM for each specimen inflexion, with intervention. Absolute degree of angular
deformation (ROM), percent change between eachgiwdtenge load and baseline ROM.

Specimen Baseline Post Post Post PostChallenge PostChallenge PostChallenge
p D (degrees) Challenge #1  Challenge #2 Challenge #3  #1 vs. Basehe #2 vs. Baseline  #3 vs. Baseline
g (degrees) (degrees) (degrees) (% change) (% change) (% change)
Sheep 5
LaL5 3.21 4.75 5.39 6.02 47.98 67.91 87.54
Sheep 8
LaL5 2.55 3.04 2.94 3.79 19.22 15.29 48.63
S[‘ffp ! 3.79 5.83 6.67 4.99 53.83 75.99 31.66
5
Sheep 9
1213 2.26 2.33 2.42 3.43 3.10 7.08 51.77
Sheepll 547 321 4.07 3.95 29.96 64.78 59.92
L2L3
Mean 2.86 3.83 4.30 4.44 30.81 46.21 55.90
Std. Dev. 0.63 1.42 1.75 1.06 20.78 32.36 20.46
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Table 7: ROM for each specimen iraxial rotation, without intervention. Absolute degree of
angular deformation (ROM), percent change between eacitipalé¢nge load and baseline ROM.

Specimen Baseline Post Post Post PostChallenge PostChallenge PostChallenge
P D (degrees) Challenge #1 Challenge #2 Challenge #3  #1 vs. Baseline  #2 vs. Baseline  #3 vs. Baseline
9 (degrees) (degrees) (degrees) (% change) (% change) (% change)
Sheep 5
1213 2.00 1.44 2.06 2.38 -28.00 3.00 19.00
Sheep 6 1.95 2.44 2.99 2.94 25.13 53.33 50.77
L4L5
Sheep 7
1213 2.94 2.46 3.67 2.93 -16.33 24.83 -0.34
Sheep10 558 2.02 3.50 3.48 2171 35.66 34.88
L2L3
Sheep11 4 5 2.23 2.35 2.78 78.40 88.00 122.40
L4L5
Mean 2.14 2.12 291 2.90 7.50 40.96 45.34
Std. Dev. 0.65 0.42 0.70 0.39 44.77 32.00 47.06

Table 8: ROM for each specimen iraxial rotation, with intervention. Absolute degree of angular
deformation (ROM), percent change between eachgi@gtenge load and baseline ROM.

Specimen Baseline Post Post Post PostChallenge PostChallenge PostChallenge
P D (degrees) Challenge #1 Challenge #2 Challenge #3  #1 vs. Baseline  #2 vs. Baseline  #3 vs. Baseline
9 (degrees) (degrees) (degress) (% change) (% change) (% change)
Sheep 5 gy
LaL5 2.85 3.10 3.12 2.58 8.77 9.47 9.47
Si‘ffg 8 0.69 2.27 2.94 4.05 228.99 326.09 486.96
i 7 3.63 2.66 2.40 2.93 -26.72 -33.88 -19.28
L4L5
Sheep 9 N
L2L3 3.32 3.13 3.35 4.59 5.72 0.90 38.25
Sz il 1.96 2.15 2.84 2.70 9.69 44.90 37.76
L2L3
Mean 2.49 2.66 2.93 3.37 43.00 69.50 106.84
Std. Dev. 1.19 0.45 0.35 0.90 105.01 146.15 214.13
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AppendRQMSHta sti cal Anal

Table 9: ANOVA Statistical Results Comparing each PosChallenge ROM with Baseline ROM
in Specimens without Irtervention. P-valuesof mean posthallenge ROM compared to mean

baseline ROMwithin group of specimens without interventadrextension, in each biomechanical
testing direction.

Testing Direction PostChallenge #1 PostChallenge #2 PostChallenge #3

Extension 0.94 0.75 0.47
Flexion 0.13 0.05 0.03
Axial Rotation 0.94 0.11 0.06

Table 10: ANOVA Statistical Results Comparing each PosiChallenge ROM with Baseline ROM
in Specimens with Irtervention. P-valuesof mean posthallenge ROM compared to mean baseline

ROM within group of specimens witinterventional extension, in each biomechanical testing
direction.

Testing Direction PostChallenge #1 PostChallenge #2 PostChallenge #3
Extension 0.76 0.51 0.36
Flexion 0.20 0.12 0.02
Axial Rotation 0.77 0.45 0.22

Table 11: ANOVA Statistical ResultsComparing Specimens with and without Inervention. P-
valuesof percent changef postchallenge ROMcompared to baseline RObetween group of
specimens without interventional extension movement and group of specimens with interventional
extension movement, in each biomechanical testing direction.

Testing Direction PostChallenge #1 PostChallenge #2 PostChallenge #3

Extension 0.34 0.43 0.81
Flexion 0.37 0.95 0.23
Axial Rotation 0.51 0.68 0.55
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Appendi x F: NZ Stiffness

Table 12: NZ Stiffness for each specimen in extension, without interventiokstimated stiffness,
percentthange between each pasiallenge load and baseline ROM.

Post Post Post Post Post Post
Swen Samlte cioioss  Crtomare Craogera SIS Omrosz  crlone s
(Nm/degreg (Nm/degreg (Nm/degree (% change) (% change) (% change)

S{‘;&” 2 0.91 1.95 2.87 2.08 114.29 215.38 128.57
Sheep 6

heer 1.24 112 0.90 115 0,68 -27.42 7.26
Sheep 7

=% 1.24 0.81 0.72 115 -34.68 -41.94 -7.26
Sheep 10 2.28 1.47 2.77 361 -35.53 21.49 58.33

LoL3
Sheep 11

2 1.91 2.07 2.28 252 8.38 19.37 31.94

Mean 1.52 1.48 191 2.10 8.56 37.38 40.87
Std. Dev. 0.56 0.54 1.03 1.03 61.89 103.38 56.37

Table 13: NZ Stiffness for each specimen in extension, with interventiofEstimated stiffness,
percent change between each mistllenge load and baseline ROM.

Post Post Post
Specimen Baseline post post post Challenge #1  Challenge #2  Challenge #3
ID (Nm/degreg Challenge #1 Challenge #2 Challenge #3 vs. Baseline vs. Baseline vs. Baseline
(Nm/degreg (Nm/degreg (Nm/degree (%' change) (%' change) (%' change)
Sz 0.88 0.75 1.00 1.83 -14.77 13.64 107.95
L4L5
Sheep 8 ; :
L 1.36 1.05 1.32 1.40 22.79 2.94 2.94
Szl 7 1.80 2.64 3.60 1.09 46.67 100.00 -39.44
L4L5
Sheep 9 2.73 3.28 4.15 4.48 2015 52.01 64.10
L2L3
Sz il 113 2.37 1.47 1.79 100.73 30.09 58.41
L2L3
Mean 1.58 2.02 2.31 2.12 27.80 38.56 38.79
Std. Dev. 0.73 1.08 1.45 1.35 53.62 39.91 57.48
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Table 14: NZ Stiffness for each specimen in flexion, without interventionEstimated stfness,
percent change between each miwtllenge load and baseline ROM.

Post Post Post

. . Post Post Post
Sooden Solte oty craogere Crogera Clokee1 Chlomee e s
(Nm/degreg (Nm/degreg (Nm/degreg (%' change) (%' change) (%' change)
Sz s 1.64 0.98 0.86 0.65 4024 -47.56 -60.37
LoL3
Sheep 6
s 1.14 0.55 0.68 0.41 51.75 -40.35 -64.04
Sz 7 0.89 0.37 0.45 031 58.43 -49.44 -65.17
LoL3
Sheep 10
neer 119 12 115 1.20 168 -3.36 0.84
Sz il 1.16 0.90 0.79 063 22.41 -31.90 -45.69
LaLs
Mean 1.20 0.80 0.79 0.64 3423 -34.52 -46.88
Std. Dev. 0.27 0.34 0.26 0.34 24.28 18.74 27.79

Table 15: NZ Stiffness for each specimen in flexion, with interventiorEstimated stiffness, percent
change between each pasiallenge load and baseline ROM.

Post Post Post

. . Post Post Post
P Nedogeg  Challenge #1 Challenge #2  Challenge#3 (RO RL  Ceienati® - Charendt s
(Nm/degreg (Nm/degreg (Nm/degree (% change) (% change) (% change)
Szl 3 0.77 0.58 0.50 0.43 24,68 -35.06 -44.16
LaL5
Sheep 8 0.97 0.78 0.82 0.65 -19.59 -15.46 -32.99
LaLs
Szl 7 0.65 0.42 0.36 0.49 -35.38 -44.62 2462
LaL5
Sheep 9 : :
heer 1.12 1.22 0.95 0.62 8.93 15.18 44.64
Sheep 11 112 0.74 0.76 071 -33.93 32.14 -36.61
LoL3
Mean 0.93 0.75 0.68 0.58 -20.93 -28.49 -36.60
Std. Dev. 0.21 0.30 0.24 0.12 17.93 12.88 8.34
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Table 16: NZ Stiffness for each specimen in axial rotationwithout intervention. Estimated
stiffness, percent change between each-glzsienge load and baseline ROM.

Post Post Post
Specimen Baseline ch EOSP ch EOSP 5 ch iost— 3 Challenge #1  Challenge #2  Challenge #3
ID (Nm/degreg Na/snge #1 Na/snge # Na/gnge # vs.Baseline vs. Baseline vs. Baseline
(Nm/degreg (Nm/degreg (Nm/degreg (% change) (% change) (% change)
Shegpe 0.03 0.04 0.06 0.05 33.33 100.00 66.67
L2L3
Sheep 6 0.05 0.03 0.04 0.09 -40.00 -20.00 80.00
L4L5
Sheep 7
oLy 0.05 0.08 0.05 0.04 60.00 0.00 -20.00
Sheep 10 0.04 0.01 0.03 0.04 -75.00 -25.00 0.00
L2L3
SIEED I 0.13 0.03 0.07 0.17 76.92 -46.15 30.77
L4L5
Mean 0.06 0.04 0.05 0.08 -19.72 1.77 31.49
Std. Dev. 0.04 0.03 0.02 0.06 63.07 57.31 4253

Table 17: Nz Stiffness for each specimen imxial rotation, with intervention. Estimated stiffness,
percent change between each mistllenge load and baseline ROM.

Post Post Post Post Post Post
Swnen | Salie oo ctimgrr chaogea SeTerL Crosts  Crkone
(Nm/degreg (Nm/degreg (Nm/degreg (%' change) (%' change) (%' change)
Sheep 5
ek 0.05 0.08 0.06 0.05 89,61 9221 -03.51
Sheep 8
e 0.02 0.05 0.06 0.03 -94.85 -93.81 -96.91
Szl 7 0.14 0.04 0.04 0.05 -93.85 -03.85 9231
LaL5
Sheep 9 0.03 0.12 0.06 0.04 -89.29 -04.64 -96.43
L2L3
Sz il 0.07 0.09 0.07 0.05 -91.96 -93.75 -95.54
L2L3
Mean 0.06 0.08 0.06 0.04 -91.91 -93.65 -04.94
Std. Dev. 0.05 0.03 0.01 0.01 2.48 0.89 1.96
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Appendi x GesdNZStSatif$tini cal

Table 18 ANOVA Statistical Results Comparing each PosChallenge NZ Stiffness with Baseline
Nz Stiffness in Specimens without Itervention. P-valuesof mean posthallenge NZ stiffness

compared to mean baseline NZ stiffnesthin group of specimens without interventional extension,

in each biomechanical testing direction.

Testing Direction PostChallenge #1 PostChallenge #2 PostChallenge #3

Extension 0.93 0.48 0.30
Flexion 0.07 0.4 0.2
Axial Rotation 0.33 0.62 0.57

Table 19 ANOVA Statistical Results Comparing each PosChallenge NZ Stiffness with Baseline
Nz Stiffness in Specimens with ltervention. P-valuesof mean posthallenge NZ stiffness
compared to mean baseline NZ stiffnesthin group of specimens witinterventional extension, in
each biomechanical testing direction.

Testing Direction PostChallenge #1 PostChallenge #2 PostChallenge #3

Extension 047 0.36 0.46
Flexion 031 0.12 0.01
Axial Rotation 0.60 0.86 0.43

Table 20 ANOVA Statistical Results Comparing Specimens with and without Inervention. P-
valuesof percent change of peshallenge NZ stiffness compared to baseline NZ stiffbesseen
group of specimens without interventional extension movement and group of specimens with
interventional etension movement, in each biomechanical testing direction.

Testing Direction PostChallenge #1 PostChallenge #2 PostChallenge #3

Extension 0.61 0.98 0.96
Flexion 0.35 0.57 0.45
Axial Rotation 0.03 0.01 0.001
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Appendi Xopyright Clearance

The Pllowing documentation includes all license agreements between myself and
publishers taeproducdigures from previoushpublished textbooks arat journal

articles obtained through the Copyright Clearance Center
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